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1  Introduction  
Current mobile and fixed networks have been developed and standardized almost 
independently from each other over the last decades. Therefore, the current level of 
pooling and sharing between fixed and mobile infrastructure and equipment 
resources, called structural convergence [1], is low and does not support an efficient 
use of all available network resources, whether fixed, mobile or Wi-Fi. However, 
upcoming 5G networks are envisioned to be designed with a high level of network 
convergence in mind [2]. Whereas Task 3.2 is focused on the functional convergence 
of networks [3], the goal of COMBO’s Task 3.3 is to define and develop candidate 
architecture for structural convergence. Specifically, Task 3.3 focuses on converged 
transport in access and aggregation networks. As illustrated in Figure 1, the 
considered scope goes from the small cell site up to the Core Central Office (CO), 
which is the boundary between the aggregation network and the core network. 

 
Figure 1: The scope of study of Task 3.3 – from cell sites up to the Core CO 

This deliverable describes and analyses converged access and aggregation 
transport architecture taking into account the boundary conditions from fixed access 
network evolution (like access node consolidation) and from mobile networks 
evolution (like need for coordination between new mobile sites). As a matter of fact, 
the future transport architecture needs to be much more cost-efficient than current 
solutions. Understanding the potential of structural convergence based on available 
transport technologies and the requirements from network evolution paths is vital for 
streamlining future fixed and mobile infrastructures. 
This deliverable addresses one central question regarding convergence: Assuming 
there is a widespread fixed fibre infrastructure for residential customers in 2020, can 
it be reused for/shared with (possibly with some adaptations) mobile small cell and 
macro cell backhaul traffic? Or do operators need to deploy a dedicated network for 
mobile traffic? 
The focus of this deliverable is on the network evolution path towards convergence, 
whereas D3.4 will take into account the requirements from 5G, which are still under 
discussion, and assess their impact on the convergence of access and aggregation 
networks.  
The deliverable is organized as follows: 
Chapter 2 presents the motivations for structural convergence. In Chapter 3, we 
present the Radio Access Network (RAN) architecture options investigated in the two 
deliverables of this task, including the data rate and latency requirements on the 
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2 Motivation for Structural Convergence  
Fixed, Wi-Fi and mobile networks have been independently developed and are, 
especially in the access network segment, separated in terms of infrastructure 
(fibres), systems as well as planning, design and operation. Today, there is only a 
partial convergence in the aggregation network [1]. Furthermore, the network 
termination points of fixed and mobile networks are not at the same location. There is 
typically no common location between the fixed network nodes (e.g., the cabinets) 
and the mobile network nodes (e.g., the radio base stations) because these are 
planned by different criteria. Due to the huge number of end points in the fixed 
network, the access structure and topology is clearly determined by the fixed 
network. In the past (2G, 3G and initial deployments of 4G), the number of radio base 
stations (mobile and public Wi-Fi) and the low traffic amount generated in these 
networks, did not have a significant impact on the fixed access and aggregation 
network traffic (Chapters 3 and 5 in [6]). 
With the evolution of 4G, Wi-Fi, and the future development of 5G, including 3rd 
Generation Partnership Project (3GPP) radio access over unlicensed bands, a strong 
increase of wireless traffic is forecasted, which leads to both a capacity upgrade of 
existing macro base stations and Wi-Fi access points but as well as a significant 
deployment of new low cost radio sites with smaller cell diameter. The densification 
of radio sites brings the fixed and mobile network topologies closer together and the 
strongly increasing numbers of radio sites require new cost-efficient connections. 
Furthermore, new centralised RAN concepts [55] and fixed-access network-node 
consolidation [61] enables co-location of equipment from fixed and mobile networks. 
These developments together with increasing fibre roll out in the fixed access 
network towards Fibre to the Cabinet (FTTC) or even Fibre to the Home (FTTH) 
deployments foster the design of a structurally converged access and aggregation 
network targeting clearly cost-minimised network deployments. This can be achieved 
by an optimal pooling / sharing of available network infrastructure (e.g., ducts, cables, 
fibres, and locations) between the different types of networks as well as the usage of 
a common transport technology as far as possible. 
The development of a converged access and aggregation network has to cope with 
the foreseeable network evolution for the fixed, Wi-Fi and mobile networks, including 
the evolution to 5G. For the fixed access network, this evolution includes node 
consolidation, concentration of access equipment in the Main CO, and the roll out of 
a passive fibre network towards the residential customers in an FTTC or FTTH 
approach, as studied in the FP7 project OASE [61]. Besides enhancements of mobile 
network capacity on the antenna side by technology improvements (e.g., Multiple 
Input, Multiple Output [MIMO]) and new frequency spectra, which already generate 
higher requirements on the transport network to connect the sites, densification of 
radio sites raises other challenges. The addition of a potentially large amount of new 
sites operating on the same radio frequencies, which will be necessary because of 
the scarce frequency resources, creates interference problems that significantly limit 
the throughput performance of the air interfaces. To avoid this and to get maximum 
coordination gain, coordination among the neighbouring radio cells is preferred. 
Therefore, it is preferred to have a radio coordination controller in the network, either 
centralised or distributed, to take care of the coordination between adjacent radio 
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Table 1: Coordination schemes and their requirements 

 
The focus of the work in COMBO is on the tight and very tight coordination schemes 
requiring very low delay, below 1 ms, since these schemes are enabling the highest 
coordination gains and at the same time putting the most tight delay constraints for 
the potential architecture options and underlying transport solutions. 

3.2 RAN Architecture Options  
Whilst there is an absolute ambition in COMBO to secure future support for 5G, the 
nature of this 5G is still under definition. The telecom industry seems to be reaching a 
consensus regarding how 5G relates to its predecessors, not least LTE and LTE-A, 
which have proven to provide extremely robust and optimised solutions. One still 
open key issue from a transport/backhauling perspective and, hence, of high 
relevance to COMBO and structural convergence, is how the new 5G radio nodes will 
be backhauled. One obvious direction would be by looking at 4G, where we see two 
dominant ways of connecting the small cell sites: Packet-based backhauling of a full 
MBS or Common Public Radio Interface (CPRI)-based fronthauling of RRUs. With 
5G, the industry is also exploring other options, including splitting higher up in the 
RAN stack in order to keep the 5G small cells as simple as possible as well as to be 
able to sustain their requirements for connectivity. At the same time, there are also 
efforts ongoing to explore less demanding versions of fronthauling. As for COMBO, 
the only reasonable approach has been to base our assumptions on existing models, 
and not speculate too much on potential 5G scenarios. As 5G gets increasingly clear, 
we will analyse potential network impacts and account for this in the next deliverable.  
Today, radio sites are typically connected via dedicated fixed access links or 
microwave to the fixed aggregation network. From there the traffic is tunnelled 
through towards the mobile core following the fixed network structure. This results in 
a centralised topology where all physical network links are through-connected up to 
an access router in a Core CO.  
The LTE RAN architecture is designed without any centralised RCC. Therefore, 
communication among the eNBs is required to enable, e.g., handover or radio 









 

Grant Agreement N°: 317762 

D3.3 - Analysis of transport network architectures for 
structural convergence 

 

Doc. ID: 
COMBO_D3.3_WP3_30June2015_EAB_v1.0.docx 

 Page 16 of 163 

Version: 1.0   
 

compatible with LTE-Advanced, and possibly even lower values for 5G. In order to 
illustrate the impact of this latency requirement on coverage of antenna sites by COs, 
Figure 6 represents the cumulated number of antenna sites versus the link length 
between the antenna site and the nearest Main CO, Core CO, or IP mobile backbone 
node of the operator. These numbers were derived from a sample of more than 9,000 
antenna sites in typical high density areas (urban and ultra-dense urban) in a 
European country. Even with the tight 150 µs RTT limit, 90% of the antennas are 
under the fronthaul coverage of a Main CO, which confirms the Main CO as the best 
trade-off between BBUH centralisation degree and reachable antennas. Figure 6 also 
shows the coverage with maximum allowed RTT, where again we used 400 µs. 

 
Figure 6: Coverage of antenna sites by Main COs, Core COs and IP mobile backbone node, in relation to 

fronthaul link maximum length 

The fronthaul concept supports inherently all radio coordination schemes, described 
in Section 3.1, since the BBUH is in charge of processing the entire baseband signals 
on L1/2/3. Basically, the BBUH has X2 Interfaces for the communication between the 
BBU processing of neighbouring cells. The fronthaul transport dimensioning in the 
access network mainly depends on the mobile technology and the applied radio 
configuration, which determine the CPRI radio signal data rate.  
Since the complex I/Q samples are transported via CPRI, the traffic is constant and 
independent from the real user traffic.  
The fronthaul link capacity demand depends on the used spectrum and MIMO 
configuration as shown in Figure 7. 
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Figure 7: LTE-A CPRI data rate per sector 

As obvious in Figure 7, fronthaul of MBS may become challenging under 
consideration of significant spectrum increase and massive MIMO due to the high 
transport capacity, which will result in scalability and cost issues. 

3.2.3 Midhaul Architecture 
Between backhaul and fronthaul as described in sections 3.2.1 and 3.2.2, a third 
variant is likely to develop in the future, called midhaul. Depending on the exact 
definition, the resulting architecture will be different from the ones described before. 
Currently, the term midhaul is ambiguous since two completely different definitions 
exist. One definition of midhaul is based on a different functional RAN split of the 
respective cell-site equipment. It is sometimes also regarded as a re-definition, or 
future version, of fronthaul and is mostly related to small cells. The different functional 
split is indicated in Figure 8 [7], [8], [10].  

 
Figure 8: Midhaul resulting from functional split of (macro or) small cell 

The exact functional split of a small cell today is not yet clear. This definition of 
midhaul is mainly pushed by the upcoming 5G radio technology, which would require 
vast bandwidths and strict synchronization, jitter and delay specifications for its 
fronthaul. Therefore, different functional splits are considered for relaxing these 
specifications. This is, amongst others, followed in the EU H2020 project iCirrus [9]. 
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4 Converged Architecture Options 
Depending on where the BBUs and RCCs are placed, several RAN architecture 
options can be identified that enable different implementation strategies under 
consideration of network transport and aggregation constraints such as maximal 
latency and meaningful numbers for aggregation as well as radio coordination. 
Figure 10 shows the most likely options for placement of BBU and RCC in a 
centralised and decentralised flavour considering backhaul and fronthaul RAN 
architecture as well as MBS and small cell deployment. 

 
Figure 10: RAN architecture options in focus of COMBO 

The focus of this deliverable is on centralised backhaul and fronthaul at Main CO 
(highlighted in light blue in Figure 10). The decentralised architecture options where 
the small cells are directly connected to the MBS, either via backhaul or via fronthaul 
will be described and analysed in D3.4. 

4.1 Backhaul with RCC Centralised at Main CO 
The small cells as well as the MBSs are connected via an access/aggregation 
technology directly to a centralised RCC in the Main CO as shown in Figure 11. In 
this case, the S1 and X2 traffic is terminated in the RCC, whereas the S1 traffic is 
forwarded towards the Evolved Packet Core (EPC). The RCC receives the X2 traffic 
of all connected cells and handles among other things the interference coordination 
between neighbouring macro and small cells. Low latency switching at the IP edge 
Broadband Network Gateway (BNG) might alternatively allow an aggregation of 
backhaul links by connecting them first through the IP edge BNG node towards the 
RCC, under consideration of the CoMP latency requirements. 
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Figure 11: All-backhaul variant – Centralised RCC in the Main CO 

4.2 Fronthaul with BBU Hotel Centralised at Main CO 
The small cells as well as the MBS CPRI links are connected via an 
access/aggregation technology directly to a centralised BBUH in the Main CO. A 
connection of the CPRI links through the IP edge BNG node towards the BBUH 
would not be feasible due to the stringent latency requirement. Therefore, the CPRI 
links are terminated in the BBUH, whereas the S1 traffic is forwarded towards the 
EPC. The X2 links for inter-BBU communication between the basebands of all 
connected cells are forwarded to the RCC, which is located next to or even integrated 
into the BBUH. Figure 12 shows the fronthaul architecture with a centralised BBUH 
and exemplarily an integrated RCC unit.  

 
Figure 12: All-Fronthaul variant – BBU hotel and RCC in the Main CO 



 

Grant Agreement N°: 317762 

D3.3 - Analysis of transport network architectures for 
structural convergence 

 

Doc. ID: 
COMBO_D3.3_WP3_30June2015_EAB_v1.0.docx 

 Page 21 of 163 

Version: 1.0   
 

4.3 Mixture of Fronthaul and Backhaul Centralised at Main CO 
The motivation for this mixed variant comes from the expected high transport 
capacity and associated cost for MBS fronthaul. In this mixed variant the MBS are 
still connected via backhaul, and only the small cells are connected via fronthaul. 
Figure 13 shows the mixed back-/fronthaul architecture with a centralised BBUH and 
a centralised RCC, which serves for backhaul as well as fronthaul links.  

 
Figure 13: Mixed back-/fronthaul variant – small cell fronthaul and MBS backhaul 
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5 The 2020 Reference Network Architecture 
This chapter describes the reference network architecture for 2020 and the 
assessment methodology for the comparison with the FMC network architecture 
options analysed in Chapter 6. The proposed architecture represents a fixed and 
mobile network architecture for 2020 and beyond assuming some basic convergence 
aspects between fixed and mobile. 

5.1 Assessment Methodology  
The structural convergence architecture evaluation comprises the assessment fields 
shown in Figure 14 as input for the converged architecture design and dimensioning. 

  
Figure 14: Key topics for structural convergence architecture evaluation 

Radio coordination and RAN topologies design considerations are described in 
chapters 3 and 4. Different access and aggregation technologies are considered for 
the design of the 2020 reference architecture and for FMC architecture options in 
Chapter 6. Node consolidation is included in the motivation and in the design 
considerations, deploying the access nodes in the Main CO as described in previous 
chapters.  
The developed converged architecture options from Chapter 4 are dimensioned and 
analysed in the segments between the base stations and the Main CO location for 
different transport technologies based on these assessment fields. The results are 
compared against the 2020 reference network architecture (described in Section 5.2), 
which assumes a non-converged evolution of today´s networks. 
The reference network architecture for 2020 represents the starting point of the 
assessment, taking into account the existing fixed mass-market access and 
aggregation technologies and different geotypes. The PtP CWDM technology is 
considered for the backhaul and fronthaul deployment from 2020 and beyond as a 
reference in the comparison with converged backhaul and fronthaul solutions taking 
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Figure 16: The 2020 reference network architecture exemplary with mobile backhaul 

The previous picture shows the Main CO as the common location used for 
comparison with FMC architecture options. In the left side are represented the 
different customers connected to the access network following the previous 
assumptions whereas in the right side is shown the aggregation and backbone 
network with the different mobile/Wi-Fi/fixed cores. 
The Main CO connects the IP/MPLS aggregation network to the IP/MPLS backbone 
and it contains also other mobile network elements for 2G/3G networks, such as the 
BSC and the RNC, connected to the Mobile Aggregation Site Gateway (MASG), 
needed to de-encapsulate the Ethernet traffic and send it to the core controllers. 

5.3 Analysis of the 2020 Reference Architecture including Mobile 
Backhaul 

Figure 17 provides more details about how a mobile backhaul service with radio 
coordination can be provided in the reference architecture (including fixed services). 
Figure 17 focuses on the network segments from the customer premises up to the 
Main CO, as the main differences will be in these areas. CWDM bidirectional 
Coloured Transceivers (CTs), using Single Fibre Single Wavelength (SFSW), have 
been considered as an evolution of what it is deployed in today’s backhaul networks. 
This is a result of network operators’ interest in saving fibres and the increased level 
of maturity of the CWDM technology until 2020 (1 Gb/s SFSW CWDM technology 
with a reach of 60 km is currently available and 10 Gb/s modules will be ready before 
2020).  
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Figure 17: Detailed 2020 reference network architecture for 2020 with mobile backhaul for MBS and SC 

At the Main CO, the BNG is the fixed IP edge and forwards the traffic for all services 
towards the Core CO, the OLTs aggregates the residential and business traffic, and 
the RCC aggregates the mobile traffic and manages the scheduling of transmissions 
to the UE to minimize interferences. 
CWDM CTs are connected directly to the BNG and the RCC, so there is no need to 
use additional active OLT shelves in between. It is worth to mention that a solution 
based on passive shelves and CTs in the Main CO could not be always possible and 
it could be needed to add a CWDM demarcation point to separate the backhaul 
network to the internal network. That could be the case for a multivendor or a multi-
operator scenario. 
Table 22 included in Appendix A.5 contains the summary of the quantitative analysis 
with the main network elements following the methodology described in Section 5.1. 
This table is used in used in Chapter 6 for comparison with other architecture options 
and in Chapter 7 for the cost analysis. 

5.4 Analysis of the 2020 Reference Architecture including Mobile 
Fronthaul 

Figure 17 represents a similar network architecture taking also fronthaul into account. 
In this case, CPRI is used instead Ethernet in a centralised RAN environment. CPRI 
links are transmitted over CWDM and they terminate at the Main CO, where a BBUH 
terminates the BBUs of the mobile BS. This scenario requires higher bandwidth than 
mobile backhaul (see CPRI transport requirements in Section 3.2.2), for that reason 
CPRI over CWDM has been considered the best solution for the 2020 reference 
network to transport the mobile data.  
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Figure 18: Detailed 2020 reference network architecture with mobile fronthaul for MBS and SC 

Table 22 included in Appendix A.5 contains the summary of the quantitative analysis 
with the main network elements following the methodology described in Section 5.1. 
This table is used in used in Chapter 6 for comparison with other architecture options 
and in Chapter 7 for the cost analysis. 

5.5 Summary of the 2020 Reference Network Architecture 
The reference network architecture for 2020 is the starting point of the comparison 
with other FMC network architecture options detailed in the next chapters. From the 
FMC point of view, the same technology (i.e., PtP CWDM) is used for mobile back- 
and fronthaul and for DSLAM backhaul. However, there is no convergence at system 
level in the Main CO for fixed and mobile services. Additionally, TWDM-PON is only 
used for fixed services and fibres are not shared between fixed and mobile services 
up to the Main CO. 
The 2020 reference framework architecture based on CWDM does not need any 
optical amplifiers and only requires a passive shelf in the Main CO as the coloured 
transceivers are directly plugged to the BNG and the RCC. However, coloured 
transceivers add a high complexity to the operation. The main reason for that 
complexity is that 16 different types of CWDM transceivers multiplied by 2 or 3 
maximum reach types will require an exhaustive operational management during the 
purchase, planning, deployment and replacement activities, compared to tuneable 
solutions that only deal with a small number of variants. 
Comparing mobile backhaul and fronthaul, the number of transceivers needed is 
around 38% higher in the fronthaul case (requiring 18% of them an increased bitrate 
of 10 Gb/s instead of 3 Gb/s), the length of fibres is higher in less populated areas 
(e.g., 5% in the urban case and 35% in rural areas) and the number of CWDM 
mux/demux devices is also increased (e.g., 64% in the urban case). The main reason 
for such increase is the higher capacity demands in fronthauling, which impact on the 
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6.2.1 NG-PON2 and WDM-PON  
In Full Service Access Network (FSAN) and ITU-T SG15-Q.2, NG-PON2 is regarded 
a specifically specified variant of WDM-PON. Apart from the G.989.x Series of 
Recommendations, G.9802 and the draft recommendation G.metro, no further strict 
standards for WDM-PON exist. This is complemented by the G.698.x 
Recommendations that describe various aspects of passive DWDM systems. If we 
further assume that the most common understanding of WDM-PON refers to systems 
with 32-40 wavelength pairs for upstream and downstream in C-band and L-band, 
respectively, then there is overlap of this WDM-PON definition and one possible NG-
PON2 variant. In addition, there are NG-PON2 variants with smaller wavelength-
channel count and certain added, specific requirements. 
According to the requirements defined in [15], NG-PON2 can be split into several 
distinct variants.  
For residential access, the most relevant part of NG-PON2 are 4-8 channel pairs 
(with each channel pair comprising one downstream and one upstream wavelength 
channel) which make use of combined Time- and Wavelength-Division Multiplexing, 
TWDM. Per-channel-pair TWDM bit rates are 10 Gb/s downstream (DS) and 10 Gb/s 
upstream (US), 10 Gb/s DS and 2.5 Gb/s US, or  2.5 Gb/s DS and 2.5 Gb/s US, 
respectively.  
In addition to the 4-8 TWDM channel pairs, so-called point-to-point (PtP) WDM 
channel pairs are required as an option. These PtP WDM channels must be based 
on tuneable lasers. The PtP WDM channels have to support all relevant bit rates 
known from Ethernet, SDH/OTN, and also CPRI [22]. These protocols form three bit 
rate classes around 1.25 Gb/s, 2.5 Gb/s, and 10 Gb/s, respectively. 

 
Figure 19: Shared-Spectrum TWDM plus PtP WDM NG-PON2 system (top, with WS-ODN, and connected via 
coexistence element CEMx), and Expanded-Spectrum PtP WDM NG-PON2 system (bottom, with WR-ODN). 
CAWG: Cyclic Arrayed Waveguide Grating. WM: Wavelength Multiplexer. R/S and S/R-CG/P: NG-PON2 
reference points acc. to G.989.2 [16]. 
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Figure 20: Differences between WR-WDM-PON (top) and WS-WDM-PON systems (bottom). Apart from the ODN, 
the main difference refers to additional components in the ONU which are required for WS-WDM-PON. RN: 
remote node. APD: avalanche photo diode. TIA/LA: transimpedance amplifier and limiting amplifier. AMCC: 
Auxiliary Management and Communications Channel. LDD: laser-diode driver 
Both WDM-PON variants can use the same Optical Line Termination (OLT), i.e., the 
headend or CO equipment. In its simplest form, the OLT uses fixed-wavelength 
transceivers for downstream (DS) traffic in the L-band region. Upstream (US) traffic is 
then using the C-band. DS/US can be multiplexed/demultiplexed in the OLT with 
(cyclic) Arrayed Waveguide Gratings, AWGs. Then, the main differences between the 
WR and WS approach refer to the passive elements in the ODN (WDM filters vs. 
wavelength-agnostic power splitters), and to the required ONU functionality. Since 
WS-ODN broadcasts all DS signals, WS-WDM-PON ONUs must have wavelength-
selective receivers. For direct detection (which is the choice today due to cost 
advantages, e.g., see [21]), the receive path in the ONU then requires tuneable filters 
(T-F1 in Figure 20). Such filters are not in common use today, but concepts have 
been presented, e.g., in [33]. The tuneable filter is one of the drivers behind cost 
differences between transceivers for WR- and WS-WDM-PON. In the WS-WDM-PON 
ONU, a second tuneable filter, T-F2, is shown (in a dashed box, indicating this is an 
optional device). This filter can become necessary for the US if a certain number of 
US channels is exceeded, and a certain ODN differential path loss is allowed, in 
order to prevent prohibitive intra-channel crosstalk. The DS/US AMCC is required to 
have new ONUs tune their lasers correctly. This channel is attached to each 
wavelength, e.g., by slow added amplitude modulation. 
Example applications of WR-WDM-PON and WS-WDM-PON are shown in Figure 21. 
The upper part shows WR-WDM-PON for mobile fronthaul and wireline backhaul, the 
lower part of Figure 21 shows WS-POM-PON in a pure backhaul scenario. The figure 
also shows some details of the WDM-PON OLT and its connection to the BBUH, the 
RCC and the BNG, respectively. Since in scenarios with fronthaul/backhaul toward 
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the Main CO the OLTs are co-located with the BBUH / RCC / BNG, these 
connections are based on pluggable short-reach (SR) grey interfaces. 

  

 
Figure 21: Application of WDM-PON in WR-ODN (top) and WS-ODN (bottom) in a fixed/mobile infrastructure 
convergence scenario. RGW: residential gateway. RRU: remote radio unit. BP L2: Layer 2 aggregation switch 
with backplane connectivity. UL: uplink interfaces. 

For both ODN types (WR, WS), two-stage optics are shown in Figure 21. For WR-
ODN, the first stage can be based on multiplexers/demultiplexers which 
combine/separate groups of wavelengths (Gr-MD), followed by a secondary stage of 
multiplexers/demultiplexers which combine/separate individual channels (Ch-MD). In 
WS-ODN, cascaded power splitters are used. Note that the secondary stage can be 
placed flexibly, as indicated, in the COs or in cabinets. Apart from the differences that 
result from the overall scenario (fronthaul vs. backhaul) and the ODN (WR vs. WS), a 
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discussed later. In addition, it is at least questionable that a high level of flexibility is 
necessary in an ODN that primarily targets wireline backhaul, mobile front- or 
backhaul, and business access, all of which only require infrequent reconfigurations 
in today’s network. Finally, certain variants of WR-ODN can support certain levels of 
wavelength assignment. This requires, in the remote nodes, using cyclic N × M 
arrayed waveguide routers (i.e., AWGs with multiple input and multiple output ports) 
[32].  
Flexibility of the ODN with regard to simple adaptation to the needs is another 
potential area for differences between WS- and WR-WDM-PON. This refers to 
number and port-count granularity of cascaded remote nodes, assuming that single 
lumped RNs are no preference for most applications. For WS-WDM-PON, such 
flexibility can easily be achieved since cascaded power splitters with the common 
split ratios (1:2, 1:3, 1:4, 1:8, etc.) can be used. This is, however, subject to 
accumulated insertion loss of the longest path. For WR-WDM-PON, such flexibility 
may be less obvious but is possible. Instead of using a lumped AWG in a single RN, 
cascaded add/drop filters (of any add/drop wavelength number) can be used, much 
the way it has been done in metro WDM rings for almost two decades. Figure 22 
shows different implementations for such add/drop nodes. Hence, regarding ODN 
flexibility, no significant differences can be identified. An interesting difference 
however is given for sites which need to, e.g., be served with 7 wavelengths. Both, 
WR- and WS-ODN can provide means for providing 8 wavelengths (as the nearest 
number of common filter and power-splitter design). The difference is that in WR-
WDM-PON, the eighth wavelength is lost (it cannot be reused elsewhere since it has 
been routed to that particular site and, hence, contributes to underutilization of the 
system). On the other hand, if in the given example an additional requirement is to 
provide an eighth spare wavelength for future capacity increase, no wavelengths are 
lost. 

 
Figure 22: Options for filter implementation in WR-WDM-PON (top), and distributed power splitters (bottom). All 
add/drop (A/D) nodes add and drop groups of (e.g., 8) WDM channels. For A/D 1 and A/D 2, the add/drop filter in 
the main PON line and the clients are not co-located, keeping the add/drop nodes potentially fully passive. The 
two differ in the number of required drop-line fibres. For node N, the add/drop filter is co-located with the client 
equipment, making it an active node. The architecture can support a second OLT (B) for dual parenting. 
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addition, the per-channel fibre launch power is restricted to +8 dBm to avoid the 
necessity of additional anti-SBS means. Then, reach of unamplified and amplified 
WR- and WS-WDM-PON can be derived, see Figure 23.  

 
Figure 23: Reach of WR- and WS-WDM-PON with different channel count, and with and without added 
amplification.  

Here, WR-WDM-PON variants with 40 and 80 channels have been analysed, 
respectively. They are compared to WS variants with 32 and 64 channels, 
respectively. In addition, 8-channel variants for WS-ODN have been considered here. 
Such channel number may result, e.g., in NG-PON2 systems when limited spectrum 
is available for reasons of coexistence requirements (Shared-Spectrum variant of 
NG-PON2 PtP WDM PON).  
From Figure 23, significantly higher reach of unamplified WR-WDM-PON can be 
derived. It can also be clearly seen that OLT-based RE only gives a moderate reach 
increase for both WDM-PON variants (shifting, however, WR-WDM-PON into the 
50-60 km region). With ODN-based RE, WS-WDM-PON can heavily benefit in reach, 
achieving almost similar distances than the filtered variants. This assumes placement 
of the RE in the first RN, seen from the OLT, and that the fibre in-between (the feeder 
fibre) accounts for the majority of the distance to be traversed in the respective PON. 
The massive gain in reach then relates to the fact that the RE is almost perfectly 
placed between strong feeder-fibre loss on one side and strong power-splitter loss on 
the other side, compensating both equally good.  
It must be noted that the reach performance shown in Figure 23 is achieved 
according to Table 6, i.e., for 10-Gb/s channels without additional Forward Error 
Correction (FEC), and with moderately low launch power. These settings have been 
used to calculate the reach which is achievable under the worst-case conditions of 
highest considered bit rate (10 Gb/s), no permission of FEC (e.g., in cases of CPRI 
transport), and full-band tuneability of the transceiver in an SFP+ form factor (which 
limits the maximum allowance for complexity and heat dissipation, and thus the 
launch power). 
The aspect possibly leading to the strongest difference between WR-ODN and WS-
ODN is linear crosstalk, specifically in the upstream direction, in a multi-channel 
PON.  
In general, linear crosstalk in a WDM system splits into two categories; see, e.g., 
[35]: 

0

20

40

60

80

0 40 80

R
ea

ch
 [k

m
]

Number of Clients

WS-ODN
WS-ODN RE/OLT
WS-ODN RE/ODN
WR-ODN
WR-ODN RE/OLT
WR-ODN RE/ODN







 

Grant Agreement N°: 317762 

D3.3 - Analysis of transport network architectures for 
structural convergence 

 

Doc. ID: 
COMBO_D3.3_WP3_30June2015_EAB_v1.0.docx 

 Page 46 of 163 

Version: 1.0   
 

 
Figure 24: Spectra of several DFB lasers. RBW: resolution bandwidth. Measurement courtesy of British Telecom.  

For an analysis of the required side-mode suppression in WS-ODN, the following 
values have been used: crosstalk penalty = 1.0 dB, POP = 1.0 dB, ER = 10 and LDODN 
= 5.0 dB. All aggressors are set to guaranteed launch power that is 2 dB above the 
launch power of the victim. In total, these settings are optimistic, thus compensating 
for the side-mode decay assumption and over all giving realistic results. In particular, 
the crosstalk penalty must be considered carefully, since it leads to a related 
requirement of sensitivity and/or guaranteed launch power increase. Also, the ER 
and POP values would not allow the use of cost-efficient, directly modulated lasers. 
Likewise, LDODN has been massively decreased, e.g., compared to initial NG-PON2 
requirements. It would therefore require power-levelling techniques, something that 
so far has not been described in relevant PON standards (GPON, EPON, 10G-
EPON, XG-PON1).  
The resulting SMSR (side-mode suppression ratio) for all lasers in WS-WDM-PON is 
shown in Figure 25 for target BER of 10-12 and for increasing WDM channel number. 

 
Figure 25: Required SMSR as a function of channel count in WS-WDM-PON without additional side-mode filtering.  
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Figure 27: Reach of Shared-Spectrum NG-PON2 with a maximum of 16 channels on WS-ODN with variable power 
split. Resulting reach is shown for 10 Gb/s (black) vs. 3 Gb/s per channel (red), and without FEC (solid lines) and 

with FEC (dashed lines), respectively 

Even for splitting ratio as high as 1:128, reach up into the range of 60 km is possible. 
Figure 27 shows that reach for 3 Gb/s is always somewhat better than the respective 
10-Gb/s configuration. This is due to the receiver sensitivity which is better at lower 
bit rates. The reach increase by using FEC is clearly visible. It is ~13 km, assuming 
coding gain of 4.5 dB (which is the gain in NG-PON2). Similar to Figure 23, reach 
increase enabled by REs (placed either at the OLT, or in the ODN) can also be 
identified. When comparing the reach shown here to the results from Figure 23, it 
must be noted that we used high-power transmitters with guaranteed launch power of 
+4 dBm here. The higher launch power is possible by narrowing down the tuning 
range (and thus complexity) to the Shared-Spectrum range. This allows a maximum 
of 16 channels. The respective transceiver configurations are compatible with ODN 
class N1 (with FEC, but without RE), and with class E2 (with FEC, with RE) 
according to Table 5, respectively.  
The general NG-PON2 full convergence architecture is shown in Figure 28, 
exemplarily for the backhaul case. The fronthaul case looks somewhat different since 
for example, the MBSs are connected via dedicated fronthaul links and a BBUH is 
placed at Main CO, which will be described in more detail in Section 6.2.2. 
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Figure 29: NG-PON2 network architecture and mobile backhaul 

A different NG-PON2 deployment is considered in FTTC areas for comparison 
reasons with the other technologies, using only the PtP WDM overlay part (i.e., no 
TWDM) and a single-stage power splitter in the CO, as shown in Figure 101 in 
Appendix A.4. This gives the opportunity for a later integration of convergence in 
case of a subsequent mass-market TWDM-PON rollout in those areas via adding 
CEMx and an additional power splitting stage, depending on the operator needs. 
In order to fulfil the stringent CoMP latency requirements (less than 1 ms), the public 
outdoor and indoor small cells as well as MBSs are connected via PtP WDM overlay 
without Time-division multiplexing (TDM) using data rate channels of 3G. In 
exceptional cases with locally huge small cell demand, an AWG, e.g., at the cabinet, 
could be used in order to save power splitter ports for the FTTH mass-market (limited 
to maximal 16). In this study, the DSLAMs are connected via PtP WDM overlay, but 
could alternative also be connected via TWDM, whereas FTTH residential users, 
femto cells at home and Wi-Fi access points are connected via TWDM, because of 
the less stringent latency requirements and the limited WDM overlay wavelength 
number in the shared spectrum band. 
The NG-PON2 OLT and the RCC are located in the Main CO next to the BNG. All 
mobile backhaul connections are terminated at the PtP WDM module of the NG-
PON2 OLT using coloured pluggable transceivers, which allow growing according the 
wavelength demand. The mobile backhaul traffics are aggregated on Layer 2 and 
sent via grey uplink interface(s) towards the RCC for interference coordination, 
whereas the DSLAM traffic are directly sent to the BNG. Instead of pluggable 
transceivers, multi-channel photonic-integrated circuits (PIC) could be used 
alternatively, allowing “zero touch” operation at the OLT, however potentially at lower 
wavelength utilisation. Simplified operations then result from the fact that the 
respective transceivers have already been installed in the beginning and only need to 
be activated via software. Reduced utilization results since in most cases, even 
toward end-of-life, not all channels of the PIC may be used. 
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The RCC forwards the S1 data traffic towards the core node and handles the X2 
traffic from all connected small cells and MBSs for interference coordination between 
neighbouring cells. Low latency switching at BNG might alternatively allow an 
aggregation of backhaul links by connecting them first through the IP edge BNG 
node towards the RCC, under consideration of the CoMP latency requirements. This 
might require a separation of S1 and X2 traffic at the base stations, if the BNG does 
not support S1 and X2 traffic handling. 
Table 24 in Appendix A.4 contains the summary of the quantitative analysis with the 
main network elements following the methodology described in Chapter 5. 

6.3.2 Analysis of NG-PON2 including Mobile Fronthaul 
Figure 30 illustrates how a mobile fronthaul service can be provided using NG-PON2. 
As it is shown, it keeps the Main CO as the reference CO, so the location of the NG-
PON2 network access OLT node at the Main CO does not change compared to 
mobile backhaul. The main reason for that is because the service area of the Main 
CO is below the maximum reach required by latency constrains in mobile fronthaul 
(less than 40 km). 

 
Figure 30: NG-PON2 network architecture and mobile fronthaul 

A different NG-PON2 deployment is considered in FTTC areas, using only the PtP 
WDM overlay part (i.e., no TWDM) and a single-stage power splitter in the CO. In 
contrast to the backhaul case (Appendix A.4, Figure 101), the MBSs stay fronthauled 
via the NG-PON2 PtP (WR) WDM PON option also in FTTC areas. 
The NG-PON2 OLT is composed of a small set of TDM/TDMA wavelengths shared 
by multiple ONUs at residential users, business users or other network access 
nodes, such as DSLAMs or Wi-Fi access points and an additional set of PtP WDM 
overlay wavelengths (up to 16 bidirectional channels, depending on operators’ 
needs) each operating at 3 or 10 Gb/s. PtP WDM ONUs use these overlay 
wavelengths to transport CPRI traffic between the RRU modules of the mobile base 
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Figure 31: TWDM-PON with WDM overlay mixed network architecture with SC fronthaul and MBS BH 

6.3.4 Comparison of Backhaul, Fronthaul and Mixed Back-/Fronthaul 
The following table compares the backhaul and fronthaul dimensioning results for the 
NG-PON2 technology exemplarily for an urban area. The main difference of the all-
fronthaul case results from the almost twice as high interface amount and higher 
interface capacity up to 10 Gb/s compared to the all-backhaul case, which also 
causes a higher amount of OLT shelves and AWG/BF. Reasons are the higher 
number of wavelengths primary for MBS fronthaul as well as additional grey 
interfaces between the NG-PON2 OLT and the BBUH and also between the Multiport 
ONU and the RRUs at the MBS. The mixed back-/fronthaul variant allows a 
significant reduction of the interface amount of more than 25% compared to the all-
fronthaul case, while keeping the best radio cell coordination performance for small 
cells by the fronthaul concept. Furthermore, photonic integrated circuit interfaces 
(PICs) may significantly reduce the difference of the physical interface number 
between backhaul and fronthaul, which will be further studied in D3.4.  Much fewer 
amplifiers are required in the all-backhaul case, because interfaces with FEC can be 
used especially for small cell backhaul, supporting a higher power budget class in 
contrast to the all-fronthaul and the mixed back-/fronthaul cases. The difference in 
the total fibre length is negligible, because of the similar splitting structure for small 
cell and DSLAM back-/fronthaul via 1:128 power split as well as for MBS back-
/fronthaul using either the 1:4 power splitter or the 1:4 band-filter in the CO. 

Table 8: NG-PON2 backhaul vs. fronthaul vs. mixed back-/fronthaul dimensioning 

NG-PON2 Backhaul vs. 
Fronthaul (exemplarily Urban) Backhaul Fronthaul Mixed Back-

/Fronthaul 

System 
OLT shelves 3 6 5 
∑ 3 Gb/s interfaces 1122 1766 1582 
∑ 10 Gb/s interfaces - 414 - 
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Figure 32: WDM-PON network architecture. Here, the WR-ODN and mobile fronthaul case is shown 

This WDM-PON-based infrastructure serves DSL cabinets, (existing, 2G, 3G, 4G) 
macro cells or macro base stations, new (4G, 5G) small cells, and potentially also 
dedicated broadband enterprise access. Without certain additions (per-wavelength 
TDMA burst mode), it will not directly support residential access. In Figure 32, this is 
done by NG-PON2.  
WDM-PON can support the related requirements due to its inherent capabilities with 
regard to bandwidth scaling, reach, transparency, jitter, and latency (given proper 
implementation).  
Amongst the most important requirements are reach up to the 50 km range for rural 
areas (as already stated in [21]), and per channel bit rate capability of ~10 Gb/s, thus 
covering 10GbE for next-generation backhaul and dedicated broadband business 
access, and CPRI line rate options 7, 7A, 8 and 9 (8.11008…12.16512 Gb/s) [22]. 
Also, WDM-PON can natively support any protocol without added framing (but then 
also without added forward error correction), thus enabling low latency (<10 ns end-
to-end for all electronics, without any fibre propagation delay) and, given proper 
design, low differential directional latency. The latter can be kept <50 ns for both, 
single- and dual-fibre working. 
For the dimensioning, WDM-PON systems with 80 bi-directional channels (2×80 
wavelengths in C-band and L-band, WR-WDM-PON) and 64 bi-directional (2×64 
wavelengths in C-band and L-band, WS-WDM-PON), respectively, were used. 

6.4.1 Analysis of Expanded-Spectrum WDM-PON Options including Mobile 
Backhaul 

The backhaul scenario with WS-WDM-PON as infrastructure solution was already 
shown in the bottom part of Figure 21. As a complement, the backhaul solution based 
on WR-WDM-PON is shown in Figure 33. 
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Figure 33: Backhaul scenario with WR-WDM-PON 

Again, the two backhaul WDM-PON solutions are similar to each other, and also 
similar to the respective part of the NG-PON2 solution. The main difference again 
refers to the required amplifiers, and also to the number of feeder fibres, as can be 
derived from Table 26 and Table 27, included in Appendix A.5.  
From these tables, it can be seen that no differences with regard to interface 
numbers exist. This is clear since the same number of clients (BBUs, cabinets) is 
supported. However, for WR-ODN, the WDM interfaces do not need any tuneable 
filters, whereas for WS-ODN, they must be equipped with tuneable filters, making 
them slightly more costly.  
The main difference refers to the number of amplifiers. It is higher for WS-ODN due 
to the higher accumulated insertion loss of the passive optics. Outside ultra-dense 
urban areas, WS-ODN also leads to somewhat higher feeder-fibre requirements. 

6.4.2 Analysis of Expanded-Spectrum WDM-PON Options including Mobile 
Fronthaul 

The fronthaul scenario for WR-WDM-PON has already been shown in the upper part 
of Figure 21. For comparison, Figure 34 shows the fronthaul scenario based on WS-
WDM-PON. 
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Figure 34: Fronthaul scenario with WS-WDM-PON 

Basically, the WDM-PON fronthaul solution looks similar to the one based on NG-
PON2, compare Figure 30. This specifically holds for the OLTs and the use of multi-
port ONUs for macro-cell fronthaul. The main difference relates to the strict ODN 
separation between mobile fronthaul and cabinet backhaul (WDM-PON) on the one 
hand, and residential access and Wi-Fi access-point backhaul (TWDM) on the other. 
Apart from the difference between WDM filters and power splitters, the solutions 
based on WR- and WS-WDM-PON look similar. One major difference relates to the 
number of amplifiers (REs). Dimensioning results for both WDM-PON variants are 
summarized in Table 28 and Table 29 in Appendix A.5, respectively. 
Differences between WR-ODN and WS-ODN similar to the ones for backhaul can be 
identified. In particular, WS-ODN leads to the requirement for significantly more 
amplifiers.  

6.4.3 Comparison of Backhaul and Fronthaul 
The overview comparison of backhaul vs. fronthaul for the WDM-PON variants and 
for the urban area-type can be derived from Table 26 to Table 29. The relevant 
results are summarized in Table 10 and Table 11. 

Table 10: Comparison of backhaul and fronthaul for WR-WDM-PON 

WR-WDM-PON (Urban) Backhaul Fronthaul 

System 
elements 

per 
service 

area 

OLT shelf 3 5 
∑ 3 Gb/s interfaces 1122 1766 
∑ 10 Gb/s interfaces - 414 
Passive optics (filters) 89 115 
Amplifiers (bi-directional) 0 0  
System specifics 2×80 channels 2×80 channels 
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space optics, microwave or wireless technologies) but also through fibre deployment 
based on mobile transport requirements. This may lead to the presence of a large 
number of active nodes with high sustainable bandwidth needs.  
In this section we consider alternative starting scenarios compared to the scenario 
described in Chapter 5 (also depicted in Figure 35). Five alternative starting 
scenarios are described in Section 6.6.1 and different solution alternatives for some 
of these are further analysed in sections 6.6.2-6.6.4.   

 
Figure 35: Reference figure of the starting scenario described in Chapter 5 

6.6.1 Description of Alternative Scenarios 
Figure 36 shows a starting scenario consisting of fixed access based on TDM-PON 
served from the CO. The scenario resembles the original starting scenario defined in 
Chapter 5 in terms of the deployed residential fibre infrastructure but differs in terms 
of system assumptions. In the scenario considered here, the operator keeps the 
TDM-PON system for fixed access. The scenario is relevant for the case where the 
operator sees little benefit in replacing deployed GPON with TWDM. Based on this 
starting point, several convergence alternatives exist of which three are depicted in 
Figure 36.   

 



 

Grant Agreement N°: 317762 

D3.3 - Analysis of transport network architectures for 
structural convergence 

 

Doc. ID: 
COMBO_D3.3_WP3_30June2015_EAB_v1.0.docx 

 Page 66 of 163 

Version: 1.0   
 

Figure 36: Alternative starting scenario a) consisting of power splitter based fibre infrastructure and a TDM-PON 
system (red) at CO for fixed access and different convergence cases b), c) and d) based on the alternative 

starting scenario considering different extensions of a DWDM-centric domain (blue) 

Figure 37 depicts a second alternative starting scenario where the operator keeps 
deployed PtP residential access systems at the CO, whether it is DSL or Ethernet 
PtP. The convergence cases are similar to that of GPON (Figure 36) except that the 
DSL case limits possible fronthaul deployments. For Ethernet PtP the fibre based 
infrastructure can be reused by connecting access fibres directly to the DWDM-
centric domain. 

 
Figure 37: Alternative starting scenario a) based on DSL or Eth PtP from the CO and different convergence cases 

b) and c) considering different extensions of a DWDM-centric domain (blue) 

Figure 38 depicts a third alternative where the operator, as part of the starting 
scenario already has upgraded to an FTTC deployment either based on Ethernet PtP 
or DSL and may not have plans to further migrate to PON. This case is partially 
addressed in the starting scenario in Chapter 5 as it considers 70% FTTC. For the 
case of 100% FTTC, two backhaul alternatives are depicted in Figure 38 differing in 
the extension of the DWDM-centric domain. A general disadvantage of any scenario 
with plenty of distributed active remote nodes is the operational cost associated with 
these. However, a potential advantage of distributed access nodes is the improved 
scalability towards higher data rates and more clients. In these scenarios, segments 
that need to be dimensioned for peak rate and sustainable rate are decoupled 
through the remote nodes and required data rates on each “side” of the remote node 
(uplink/downlink) can be evolved independently depending on evolution of traffic. In 
contrast, T(W)DM-PON systems are exposed to a more delicate cost balance where 
also forthcoming system generations require an optimal balance between peak rate, 
sustainable rate, reach, fan-out, etc. over the existing PON infrastructure at a 
sufficiently low interface cost.  
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Figure 38: Alternative FTTC starting scenario a) with active remote nodes at the cabinet and different backhaul 

scenarios b) and c) considering different extensions of the DWDM-centric domain (blue) 

Figure 39 depicts a fourth alternative where the operator, as part of the starting 
scenario already has upgraded to an FTTB deployment either based on Ethernet PtP 
or DSL. In Figure 39 two different backhaul solutions are depicted based on DWDM 
or TWDM. Operator preference may depend on the geotype, traffic volumes and 
preferred choice for RAN deployment. 

 
Figure 39: Alternative FTTB starting scenario a) with active remote nodes at the building and different backhaul 

scenarios b) and c) based on DWDM or TWDM 

The fifth alternative scenario is shown in Figure 40 which may be the case where an 
operator has prioritized investments in the mobile transport. Existing fixed access 
systems are similar to what is described in Figure 36 and Figure 37. In addition to this 
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Figure 41: Convergence scenario based on a GPON starting scenario implementing fronthaul for small cells via 

WDM-PtP 

 

 
Figure 42: Convergence scenario based on a GPON starting scenario implementing backhaul for small cells via 

WDM-PtP 
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Figure 43: Convergence scenario based on a GPON starting scenario exploiting GPON for small cell backhaul 

Figure 41 shows the case where the GPON infrastructure is exploited for fronthaul. 
Since the power splitter based GPON infrastructure is exploited for small cell 
connectivity the WDM-PON system is in reality a hybrid WR/WS-WDM-PON where 
tuneable filters are required at the clients (small cells) connected via the GPON ODN. 
The distribution of the small cells will determine the number of GPON ODNs that 
must be connected to the DWDM-centric domain. With large concentration of small 
cells to fewer areas only a few ODNs need to be connected. For a more even 
distribution of small cells there will be few small cells per ODN and more ODNs must 
be connected. Table 30 in Appendix A.5 details the dimensioning results for the 
previous scenarios. 

6.6.3 Existing FTTC with WR-WDM-PON (for Cell Sites and OLT/DSLAM 
Backhaul)  

Figure 44-Figure 45 show the dimensioning of WR-WDM-PON for the convergence 
scenario depicted in Figure 37 for the two cases fronthaul and backhaul. Table 31 in 
Appendix A.5 contains the dimensioning results for the following scenarios. 
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Figure 44: Convergence scenario based on an active cabinet starting scenario implementing fronthaul for small 

cells via WDM 

 

 
Figure 45: Convergence scenario based on an active cabinet starting scenario implementing backhaul for small 

cells via the active cabinets 

6.6.4 Existing GPON/DSL and Dedicated Small Cell Transport, with WR-WDM-
PON (for Macro Sites and OLT/DSLAM Backhaul)  

Figure 46-Figure 47 show the dimensioning of WR-WDM-PON for the convergence 
scenario depicted in Figure 40 for the two cases fronthaul and backhaul. For this last 
example there are implications on the RAN architecture and suitable location of the 
BBU. Assuming direct links between small cells and macros, BBUs for the small cells 
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are with favour placed at the Macro site.  Table 32 in Appendix A.5 contains the 
dimensioning results for the following scenarios. 

 
Figure 46: Convergence scenario for existing G-PON/DSL and small cell transport with WR-WDM-PON for 

backhaul 

 
Figure 47: Convergence scenario for existing G-PON/DSL and small cell transport with WR-WDM-PON for 

backhaul 

6.6.5 Conclusions 
This section shows the importance of the starting scenario for how structural 
convergence can evolve. Depending on the starting scenario with the infrastructure 
and systems that will be reused, there will be different requirements on the deployed 
transport solution. For example, for the DWDM-centric solution considered in 
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Figure 49: BBU consolidation (R), with W = 4, K = 6; for all the geotypes (continue line: OTN; dashed line: 

Overlay) 

6.7.7 Conclusions 
In this section, we have formalized the BBU placement problem for C-RAN 
infrastructures based on WDM aggregation networks, considering both OTN 
aggregation and Overlay for fronthaul transport. Numerical simulations obtained over 
realistic instances show that Overlay enables higher BBU consolidation (fewer BBUH 
sites). Using the proposed approach, we show also how, under different geotype 
scenarios, different multiplexing/routing choices for the fronthaul and placements of 
the BBUHs might appear in the optimized aggregation network design.  
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Figure 50: Cost Assessment Process 

The scope of the cost assessment, after the restructuring of the COMBO project, 
was restricted to pure CapEx assessment, excluding OpEx and business aspects. 
Therefore, the study of the current deliverable will be focusing on deployment costs. 
As described in Chapter 5, we are considering a brownfield deployment for our 
FMC architecture options, reusing the available infrastructure of the fixed and mobile 
networks. The cost assessment focuses in the differences between the proposed 
converged network scenarios and the non-converged (or partially converged) 2020 
reference network architecture. Therefore, cost elements independent from the 
deployment options outlined in Chapter 6 are not considered (e.g., mass-market fixed 
broadband CPEs, or the cost of mobile base stations themselves, besides the 
backhaul/fronthaul network). 
The cost model and dimensioning of the fibre infrastructure is explained in Appendix 
A.2. In general, it follows the above described rationale, focusing on the differences 
brought by moving to one or the other FMC architecture, and excludes the costs 
independent from FMC. 

7.1.1 Network Dimensioning 
The BoM, i.e., the necessary amount of network elements (interfaces, splitters, 
AWGs, etc.), was calculated for each of the four investigated transport technologies: 
the “reference” PtP CWDM, and the FMC solutions NG-PON2, WR-WDM-PON and 
WS-WDM-PON. The dimensioning calculations were made for both the fronthaul and 
backhaul architectural versions of these network technologies, as described in the 
previous chapters.  
The physical layer considerations of the dimensioning are detailed in chapters 5 & 6. 
Considering also physical constraints were necessary to reveal the impact of 
geographic characteristic on the network topologies, including, e.g., the different 
reach considerations of wavelength-routed or power-split technologies. 

7.1.2 Cost Database 
A comparison purely based on the BoM is difficult, as different systems use different 
components. Therefore, it is difficult to estimate the real cost difference. For the sake 
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Figure 51: Total CAPEX of backhaul and fronthaul architecture per geotype 

On the other hand, both for backhaul and fronthaul architecture, WR-WDM-PON 
leads to the lowest cost among the four investigated technologies, but the cost 
differences are more pronounced in the fronthaul case (up to 20-23%), while in the 
backhaul case the difference is in the range of 10%. NG-PON2 and WS-WDM-PON 
fall in between PtP CWDM and WR-WDM-PON.  
Introducing fronthaul has a significant impact on the network dimensioning (including, 
e.g., different interfaces, higher fibre counts, amplifiers where needed). Fronthaul has 
the highest impact on the reference PtP CWDM costs and the lowest cost impact on 
the WR-WDM-PON is not surprising. A deeper investigation of this phenomenon is 
presented later, in the subchapter dedicated to the backhaul cost components. 

7.2.2 Fronthaul vs. Backhaul Solutions 
Figure 52 depicts the “fronthaul sensitivity”, i.e., the cost difference between the 
fronthaul and backhaul cases of each technology over all the geotypes (100% is the 
cost of the backhaul case of the same technology). The figure indicates that the FMC 
solutions are more “fronthaul-compliant”, i.e., adapt to fronthaul requirements with 
lower cost penalty than the reference PtP CWDM technology. 
With lower connection densities, the fronthaul sensitivity difference between the 
reference and the FMC solutions becomes higher, especially on the rural geotype. 
However, evaluating a relative cost difference between fronthaul/backhaul cases of 
the investigated technologies is difficult, due to the absence of a common reference 
point. Therefore, in Figure 53, all fronthaul network costs are compared to a common 
reference: the cost of P2P CWDM backhaul equals to 100%. There, the cost values 
of the various fronthaul architecture options are cross-comparable. 
The two figures together support the conclusion of the three FMC solutions being 
more “flexible” when fronthaul requirements have to be met: the introduction of 
fronthaul instead of backhaul in any case leads to higher costs, but as even the 
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reference PtP CWDM backhaul was not more cost-efficient than the FMC solutions, 
in the fronthaul case, the converged solutions have a clear cost-efficiency gain. 

 
Figure 52: Fronthaul vs. Backhaul costs I 

 
Figure 53: Fronthaul vs. Backhaul costs II 

7.2.3 Cost Breakdown – Backhaul 
In addition to the impact of population density and cost implications of backhaul vs. 
fronthaul, we can further dive in the details, to understand the factors being 
responsible for the cost differences. In Figure 54, not only the total cost, but also a 
partition of the cost per location type is depicted for the backhaul case, over the 
urban geotype. The ultra-dense and sub-urban geotypes show similar trends, 
whereas the rural case will be shown and discussed below. As the results show, the 
highest costs arise in the Main CO and for fibre cabling. 
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Figure 54: Location-based CapEx of urban backhaul architecture 

The three FMC technologies have a cost advantage in the fibre cabling due to the 
higher wavelength count for the WDM PON options, and due to the fibre reuse for the 
NG-PON2. As the diagram clearly shows, the Main CO cost makes the power split 
technologies (NG-PON2 & WS-WDM-PON) more costly than WR-WDM-PON. 
A “higher resolution view” of the Main CO costs is shown on Figure 55. The coloured 
interfaces, AWGs and amplifiers, are altogether responsible for 70-90% of the Main 
CO costs (depending on the technology and geotype). Hence, the diagram focuses 
on these cost components. Within the MCO, clearly the AWG costs (due to the higher 
port count AWGs) make the WR/WS-WDM-PON solutions more cost efficient than 
NG-PON2 with WDM overlay. In case of the reference PtP CWDM, the higher 
interface costs and the absence of AWGs compensate each other.  

 
Figure 55: Main CO cost components of urban backhaul architecture 
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In case of the rural scenario (Figure 56), the cable plant costs become overwhelming. 
Therefore, the approximately 10% cost saving achieved there by the WDM PON 
technologies leads to an approximately 10% lower cost in total. NG-PON2 has lost its 
gain in fibre/cabling costs, as we do not assume existing FTTH deployments in rural 
areas. The absence of existing FTTH deployments does not allow the re-use of 
existing fibre. Therefore, in the rural scenarios, NG-PON2 WDM overlay structure 
leads to a fibre infrastructure like the other WDM PON networks. 

 
Figure 56: Location-based CapEx of rural backhaul architecture 

7.2.4 Cost Breakdown – Fronthaul 
The contribution of distinct cost components in the fronthaul case is shown in Figure 
57, for the urban geotype. The ultra-dense and sub-urban geotypes show similar 
trends, whereas the rural case will be shown and discussed below. 
A significant effect of structural convergence is visible in the fibre cabling: the three 
FMC solutions allow 20% cost saving in fibre/cabling compared to the PtP CWDM, 
which results in a total cost saving of 10% (fibre/cabling costs make approximately 
half of the total cost). The reason is the higher wavelength counts in case of WR/WS-
WDM-PON and the fibre reuse in case of NG-PON2. These numbers are valid with 
respect to the initial assumptions of this chapter, i.e., full FTTC coverage, 30% FTTH 
penetration and 10 small cells per MBS; except for the rural geotype, only with FTTC 
coverage, and without small cell deployments. 
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Figure 57: Location-based CapEx of urban fronthaul architecture 

The cost of connecting macro sites is higher than that for the backhaul case (due to 
multiple higher bitrate interfaces), but the costs are similar for all four fronthaul 
architecture options. Similarly, no significant difference is visible at the small cell 
sites: both in the fronthaul or backhaul case, since the lower bit-rate (3Gb/s) optical 
interface is still sufficient to connect small cells. 
Focusing on the three FMC options, WR/WS-WDM-PON FH have lower costs related 
to the Main CO. Since the differentiator between the FMC technologies are the Main 
CO costs, it is worth to have a deeper look on it. The detailed Main CO costs are 
depicted in Figure 58, which has some similarities with the respective figure for 
backhaul, in the previous section. PtP CWDM is a kind of an outlier here: it has by far 
the highest coloured interface costs, but no AWGs or amplifiers. The comparison of 
the three FMC options is more interesting and reveals that mainly AWGs make NG-
PON2 more expensive than the WR/WS-WDM-PON technologies, as already shown 
in the backhaul case. 
One of the reasons should be the different types of AWGs used: in case of NG-PON2 
WDM overlay, 1:16 AWGs are deployed, as the narrow-band spectrum restricts the 
number of possible additional wavelengths sharing the fibre with the NG-PON2. In 
case of WDM PON technologies, the fibre is dedicated to the WDM system, therefore 
1:80 AWGs are used – the lower per-wavelength cost of high port count AWGs 
explains the results. On the other hand, re-using the existing fibre for NG-PON2 (in 
case of existing FTTH deployments) leads to savings in the fibre costs for NG-PON2 
– but not for the WDM PON solutions. 
The FTTH penetration rate decides which effect becomes stronger: the higher 
channel (wavelengths) count leading to better utilization of the AWGs deployed at the 
Main CO; or fibre re-use leading to lower fibre costs for NG-PON2. The 
consequences of different FTTH deployment ratios will be analysed in Section 7.3. 
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Figure 58: Main CO cost components of urban fronthaul architecture 

Comparing the rural scenario (Figure 59) to the urban case shows the difference 
brought by the sparsely populated rural environment (small cells are not part of the 
rural scenarios, and no FTTH deployment is assumed there). The cost of the 
fibre/cabling was increased significantly, due to the higher distances traversed by the 
access network: a two-threefold growth can be observed versus the urban case 
(Figure 57). Therefore, in rural areas, the fibre/cabling is responsible for 2/3 of the 
total cost. 
Besides the cable plant costs, also the (per connection) cost of equipment in the 
access/distribution segment, at cabinets or the CO is higher, while the central (Main 
CO) costs were increased by approximately 50% - which is also a consequence of 
the sparse population density and the adaptation of the network structure to the 
larger area with less connections. 
Even if one could expect that the more advanced network technologies do not pay off 
in rural environments, due to the high importance of the cable plant costs, and the 
benefits of structural convergence on fibre level, the FMC options seem to provide 
cost-effective solutions even in rural areas. 
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Figure 59: Location-based CapEx of rural fronthaul architecture 

7.2.5 Cost Breakdown – Mixed Back-/Fronthaul 
As introduced in Section 4.3 and detailed in Section 6.3.3, the motivation for this 
mixed variant comes from the higher transport capacity and cost for fronthaul of a 
MBS, especially in the Main CO and at the macro sites, which likely becomes more 
demanding with 5G evolutions. If looking at the cost per radio site, the situation of 
small cell fronthaul is more relaxed due to the lower interface capacity and lower 
wavelength count compared to MBS fronthaul. Therefore, this mixed variant aims to 
optimise the MBS connections keeping them still connected via backhaul, while only 
the small cells are connected via fronthaul. It is expected that the effect on costs, 
caused by this mixed variant, will be similar for the different technologies and 
geotypes and will therefore only be evaluated for the NG-PON2 technology 
exemplarily. Figure 60 shows a CapEx comparison between the all-backhaul, mixed 
back-/fronthaul and all-fronthaul variant for the NG-PON2 technology. 
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Figure 60: Cost comparison of all-backhaul, mixed back-/fronthaul and all-fronthaul for NG-PON2 

The mixed back-/fronthaul variant causes 6% higher system cost in the Main CO at 
the NG-PON2 OLT due to the additional interface between the OLT and the BBUH 
for small cell fronthaul. On the other hand, the mixed variant allows total cost savings 
of about 11% compared to the all-fronthaul case, caused by the use of more cost-
efficient backhaul for the MBS connections, while keeping the full baseband 
processing for small cells at a central location in the Main CO. 

7.3 Analysis of Convergence Potential 
So far, the CWDM network reference and variants of NG-PON2 and WDM-PON have 
been analysed and compared against each other for backhaul and fronthaul 
scenarios with fixed parameters (number of SCs, etc., including the respective bit 
rate requirements) according to Table 2 and Table 3. With these fixed parameters no 
prediction can be made if the different solutions behave differently under conditions 
of significantly deviating input parameters. Here, like in Section 6.5, we restrict the 
sensitivity analysis to the urban area geo type, because of the expected similar result 
relations between the different technologies in the other geotypes. 

7.3.1 Variation of Small Cell Density and FTTC/FTTH Area Ratio 
Since the scenarios evaluated so far, are based on a 30% FTTH and 70% FTTC area 
ratio and a small cell density of 10 SC per MBS, we therefore investigate variations of 
the mass-market FTTH deployment ratio between 0-100% as well as the small cell 
density from 3-150 SC per MBS.  
Firstly we are looking at small cell density variations in pure FTTC and pure FTTH 
areas. The following figure shows for a pure FTTC area on the left side the total 
backhaul CapEx per technology and on the right side the relative CapEx compared to 
the NG-PON2 solution. 
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Backhaul: Variation of small cell density in FTTC areas 

 
Figure 61: Backhaul CapEx: Variation of small cell density in FTTC areas 

As obvious in Figure 61, as long as the relative cost value is below 1 a separate 
solution, not merged with the residential solution is preferable to connect the small 
cells. The dedicated WR-WDM PON is the cheapest technology in FTTC areas, 
which does not change with variation of the small cell density. It is mainly caused by 
the lower WR-WDM-PON system cost and higher wavelength count (up to 80 
wavelengths) on the feeder fibres. The NG-PON2 cannot exploit its fibre 
infrastructure convergence potential in FTTC areas, since it is considered as 
dedicated PtP WDM solution like the other technologies. The PtP CWDM reference is 
the most-expensive solution with about 12% higher total CapEx compared to the WR-
WDM-PON, due to the higher optics costs and lower wavelength count per fibre. The 
slight variations in the curves in the right figure result from the small cell density 
dependent system utilisation, which is different per technology, especially for low 
small cell densities. 
Figure 62 shows for a pure FTTH area the total backhaul CapEx per technology and 
the relative CapEx compared to the NG-PON2 full-convergence solution. The 
variation of the small cell density has been evaluated for two different fibre 
deployment cases. In case 1, an existing fibre-rich mass-market FTTH deployment is 
assumed, requiring only low add-on costs for fibre-connections. In case 2, an existing 
fibre-poor mass-market FTTH deployment is assumed, requiring high add-on costs 
for new fibre cablings and connections (fibre cost model see annex chapter 12.2). 
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the cheapest technology already for FTTH ratios >20% in case of 10 SC per MBS 
and for FTTH ratios >15% in case of 30 SC per MBS. 
The same evaluation has been carried out for the Fronthaul case. As a general result 
compared to backhaul, the NG-PON2 convergence benefit gets lower in the fronthaul 
case, which is mainly driven by the higher NG-PON2 system related cost (incl. 
additional amplifiers) compared to the WDM PON variants. That means that the fibre 
infrastructure convergence benefit of the NG-PON2 has a slightly lower relevance in 
the fronthaul case. 
Figure 65 shows for a pure FTTC area on the left side the total fronthaul CapEx per 
technology and on the right side the relative CapEx compared to the NG-PON2 
technology. 

Fronthaul: Variation of small cell density in FTTC areas 

 
Figure 65: Fronthaul CapEx: Variation of small cell density in FTTC areas 

Also in the fronthaul case, the dedicated WR-WDM-PON is the cheapest technology 
in FTTC areas, which does not change with variation of the small cell density. It is 
mainly caused by the lower WR-WDM-PON system cost and higher wavelength 
count on the feeder fibres. The NG-PON2 cannot exploit its fibre infrastructure 
convergence potential in FTTC areas, as it is considered as dedicated PtP WDM 
solution like the other technologies. As a difference to the backhaul case, the PtP 
CWDM reference has a higher cost delta compared to the other technologies for low 
small cell densities. The reason for this is the higher cost ratio of MBS fronthaul in 
case of low small cell densities, because additional feeder fibres are needed for MBS 
fronthaul in the PtP CWDM reference due to the movement of the CO wavelength 
mux towards the MBS (Figure 18). In the reference no additional band-filter are used 
in the CO, in contrast to the other technologies. Therefore, the PtP CWDM cost-delta 
reaches up to 20% higher CapEx for low small cell densities and about 13% higher 
CapEx for high small cell densities compared to the WR-WDM-PON. 
Figure 66 shows for a pure FTTH area the total fronthaul CapEx per technology and 
the relative CapEx compared to the NG-PON2 full-convergence solution. 
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A APPENDIX 

A.1 Geo-Data of a Typical Main CO 
The geo-data of a typical Main CO area in Central Europe, which have been 
considered for the assessment, are summarised in the following table for all area 
types. 

Table 20: Geo-data of a typical Main CO area in Central Europe 

Avg. Geo-data of a typical Main 
CO area in Central Europe 

Ultra  
DU 

Urban Sub-  
urban 

Rural 

Number of COs 1 2.9 5.9 10.8 
Main CO area size 2 km² 15 km² 142 km² 615 km² 
Number of buildings 2,440 6,850 20,400 22,000 
Number of homes 15,820 44,500 51,000 33,000 
Number of cabinets 100 285 380 325 
Avg. distances BS ↔ CO 0.5 km 1.5 km 2.5 km 3.5 km 
Max. distances BS ↔ CO 2 km 3 km 4 km 5 km 
Avg. distances CO ↔ Main CO - 1.9 km 5.9 km 15.6 km 
Max. distances CO ↔ Main CO - 10 km 30 km 50 km 

A.2 Fibre Infrastructure Cost Model 
The fibre infrastructure cost model takes all cost items into account which cause a 
difference for the technology comparison. The model differentiates between FTTC 
and FTTH areas and the different parts in the first mile and feeder network. Since no 
splitting stage has been chosen between the mobile BS and the cabinets, this first 
mile network part is equal in all variants and has therefore not been considered for 
the comparison. From the operator experience, a certain degree of fibre over-
provisioning can be considered in mass-market FTTH areas, offering a sufficient 
amount of available reserve fibres, which can be used for mobile x-haul. However, 
also in those areas fix cost per used fibre, e.g., for planning, travelling, preparation, 
and fibre splicing needs to be considered. In the FTTC areas, it is assumed that the 
amount of fibres between the cabinets and the CO will typically not be sufficient, 
requiring additional costs for new fibre cabling including, e.g., exploration, planning, 
travelling, preparation, fibre cable blowing or pulling, fibre splicing, documentation 
etc. The fibre cabling in FTTC areas would be required for all technology variants, 
and thus, the potential demand for digging and ducting can be regarded as the same 
in all variants and has therefore not been considered for the assessment. The feeder 
fibre network between the CO and the Main CO is usually dimensioned by demand 
with a low over-provisioning degree, causing the need for new fibre cabling in 
addition to the fix costs per fibre. The cabling cost per fibre is lower in the feeder part 
compared to the first mile, because of the larger feeder cable size, whereas the fix 
cost per fibre is higher in the feeder part typically. The following table summarises the 
fibre cost model assumptions.         
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