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Abstract 

 
This deliverable D2.4 “ARN interface for LTE and beyond mobile services with support for legacy 
services” is provided to define and specify the interfaces to deliver traffic to radio base stations 
(RBS) at the active remote node (ARN) and also to offer an Ethernet interconnection point for 
legacy services. This interface offers metro Ethernet (MEF) specifications to the operators’ side 
and adapts SODALES specifications to the network. Efficient time and frequency synchronization 
solutions are also provided.  
 
One lesson learned in WP2 is that the SODALES architecture allows efficient deployment of 4G. 
It can also be used for 5G, provided that new front-haul concepts for Cloud-RAN are realized 
based on ETHERNET as transport protocol. This idea is considered in the H2020 project iCirrus 
and also standardized by the IEEE 1904.3 Radio over Ethernet (RoE) group. The ARN concept is 
considered relevant towards 5G because it enables efficient spectrum and infrastructure sharing 
among multiple operators, small cell aggregation at the macro-cell site and the mixed use of fixed 
and wireless final drop technologies for the deployment of mobile networks. Altogether, the ARN 
is regarded as a key component enabling fixed-mobile convergence in the access domain. 
 
Annex 1: Software-Defined Open Access for Flexible and Service-Oriented 5G Deployment 
includes the vision of the project regarding 5G technologies and how SODALES may impact on 
them. 
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1 Introduction 

In this deliverable D2.4 of the SODALES project, we consider the support for mobile operators in 
the SODALES architecture. Following the evolution of mobile radio, besides 2G and first 3G 
UMTS systems, which are less demanding and can be supported using circuit emulation service 
(CES) over Ethernet, 3G HSPA as well as 4G LTE and LTE-Advanced networks use packet 
switched backhaul architecture that is natively supported by using Ethernet. 

New ideas which are supported by placing the ARN at the network edge in the SODALES 
architecture are convergence between fixed and mobile networks, multi-technology as well as 
multi-operator support by means of using a common Ethernet-based transport platform and  by 
means of virtualization and software-defined networking (SDN), respectively.  

The deployment of mobile networks has originally followed a single-operator infrastructure 
approach, i.e., each operator deploys its own network physically across the whole country 
including transport-, metro- and access-aggregation network domains, followed by its own base 
station sites and antenna mast. Network sharing is a new aspect in mobile networks. It is limited 
to cases where coverage is an issue, i.e. in Austria due to the Alps, while in Germany, three 
independent infrastructures are deployed (T-Mobile, Vodafone, O2). During the LTE roll-out, 
sharing was used in rural areas. With the ever increasing demand for more bandwidth, it is 
expected that the sharing support in SODALES will regarded as a key advantage. 

Another new aspect is mobile fronthaul for centralized RAN (C-RAN) recently requested with the 
aim to save costs by incumbent operators owning a diverse fibre optical network. Fronthaul 
support is currently limited to the optical layer in SODALES as the CPRI protocol is incompatible 
with Ethernet. For enabling the flexibility and sharing aspects of SDN also in this part of the 
mobile network, new technologies like CPRI over Ethernet need to be developed which goes 
beyond the scope of SODALES. However, it can be shown that the alternative backhaul-oriented 
distributed cooperative RAN (D-AN) can be easily implemented in the SODALES architecture. D-
RAN offers the same performance advantages as C-RAN, however the demand for fibre 
transport capacity is much lower, due to data transport instead of digitized radio waveforms and 
because the small-and macro-cell aggregation at the ARN can capitalize significantly from 
statistical multiplexing gains that are possible in the mobile backhaul. 

This deliverable is intended to highlight both, the great advantages of the SODALES architecture 
for efficient deployment and operation of 3G and 4G mobile networks, and its high potential to 
offer enhanced flexibility of deployment and to keep costs at reasonable levels despite the huge 
increase of area capacity that is expected from future mobile networks (5G). 

2 Requirements for LTE and legacy services 

In the following, we will summarize the main requirements of LTE and legacy services for the 
SODALES architecture. First we mention the two main deployment approaches: the more 
conventional D-RAN based on backhauling, and the C-RAN approach which is mostly based on 
the fronthaul and considered as a future architecture for next-generation converged wireless-
wireline access networks. The suitable integration of both approaches (as appropriate) in the 
SODALES architecture is discussed. The required data-rates for both options are quantified 
based on LTE Rel. 8 and Rel. 10 (LTE-Advanced). The need for future technologies in order to 
support C-RAN at the ARN will be discussed. 
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2.1 Support for mobile backhaul and fronthaul  

SODALES as a network architecture is seeking to provide new, intelligent functionalities closer to 
end-users, via the location of a powered active remote node (ARN) at an intermediate point 
between the central office (CO) and the final-drops to the end-users.  

End-user access bandwidths of 1 Gb/s (for residential) and 10 Gb/s for SMEs and RBSs are one 
of the objectives of SODALES. Achieving such bandwidths is a techno-economic challenge, 
demanding careful deployment (CapEx & OpEx) of future-proofed technology, whilst balancing 
other issues such as energy efficiency and sustainability (energy-consumption, life-cycle carbon 
footprint etc.) and other critical long-term trends, such as wireless-wireline convergence 
(Edholm’s Law). 

In a mobile communications network, the backhaul is the link between the radio baseband signal 
processing and the fixed network, while the fronthaul is the link between the radio baseband 
processing and the antennas over which the digitized radio waveforms are transported. 

In a 4G LTE-Advanced mobile network, there is a consensus that small cells will be added to the 
network. They are at least controlled by the nearest macro-cell base station. These small cells 
can be attached to the macrocell via fronthaul, or via any other network connection by using the 
backhaul. There are two different deployment options, denoted as D-RAN and C-RAN.  

   

Figure 1: Difference between D-RAN (left) and C-RAN (right), see text. 

The Distributed Radio Access Network (D-RAN) concept is more typical for 3G and 4G LTE. It is 
based on distributed baseband units (BBUs) nearby the antennas that are connected via pure 
backhaul to the mobile core network. Small cells are easily integrated into this concept by 
controlling them from the macro-cell site and placing an aggregation node at the same site,  
where local information exchange can be handled already at the macro-cell site. 

In contrast, in the Centralized Radio Access Network (C-RAN), that is envisioned by incumbent 
mobile operators having enough fibers deployed, the BBUs are centralized (pooled), e.g. at the 
Central Office (CO), and digitized waveforms are sent over the fronthaul to the remote antenna 
units (RAUs) which are deployed at the macro-and small-cell sites. This is a significant change as 
now all transport is fronthaul, and in particular the data-rates in the access network are higher 
because waveforms and not data are exchanged. 

In SODALES, it is proposed to place the ARN near the radio base station (RBS) to support LTE 
and legacy mobile services. Assuming the D-RAN architecture therefore, the mobile backhaul is 
then basically realized over the link between the CO and the ARN.  

When originally conceived, the convergence of the SODALES with future 5G architectures, 
tending towards the C-RAN concept, was not envisaged. As time has progressed, the 
appropriateness of the SODALES network with 5G architectures is becoming more evident, as 



 

Deliverable D2.4 
	

Project SODALES 
Doc ARN Interface 
Date 14/11/2015 

 

	

	 	
	
3	

well as its ability to support legacy services. For this reason, we also discuss evolutions of the 
original SODALES concept to support fronthaul-assisted C-RAN architectures. 

With regard to the backhaul, fibre-to-the-home (FTTH) architectures with a PON between the 
central office (local exchange) and the ARN continues to be a favoured solution, although the 
economics remain problematic: the civil-engineering/trench-digging costs are high (variously 
estimated at 80% of overall costs) and a PON requires also a substantial investment in fibre 
cables in the ground from the CO over passive splitter to each individual end user. 

From this perspective, in the SODALES architecture we are also suggesting the use of high-
speed mm-wave and optical wireless technologies, both of which are advancing rapidly. 
Furthermore, in the context of ARN interconnection for restoration and resilience (as well as 
possible bandwidth and load-balancing applications) we can also consider the spectral region 
beyond the 60 GHz ISM region, i.e. the E-band at 70-90 GHz where atmospheric oxygen is not 
as important and thus allows higher throughputs or enables longer distances. The higher 
frequencies can also have the advantage of reduced-size antenna elements that can be better 
integrated with the radio frontend while large dish antennas always offer several km’s path 
lengths offering a path loss that is basically independent of frequency.  

As both high-capacity optical fibre and wireless systems favour OFDM to combat various 
impairment effects in the transmission channels, 100G OFDM-PON may represent a second 
future technology option appropriate for converged optical and wireless backhaul architectures. 

 
Figure 2: Generic schematic of more advanced SODALES architecture’s with converged fixed/wireless support 

For the mobile backhaul support in the SODALES architecture, there are two forms (wireline and 
wireless) of interconnecting small cells to the ARN: 

• Wireline uses FTTH to exploit the roll-out of fibre infrastructure to offer 1 Gb/s to end-
users and/or 10 Gb/s to SMEs and RBSs by means of optical fibre;  

• The wireless approach exploits advances in optical wireless and mm-wave transmission 
to deliver a 1 Gb/s wireless final-drop to the end-user, and/or 10 Gb/s to SMEs and RBSs. 
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Both solutions are inherently symmetrical in nature and they can be used to deliver the required 
multi-Gb/s rates. Additionally, by taking advantage of the powering available at the ARN, L2-port 
interconnection to the RBS can be offered in an integrated manner, to allow interconnection of 
legacy fixed infrastructures like CATV and DSL technologies, by installing a CMTS or a DSLAM 
at the ARN site (co-located with the macro-RBS) and using the already-present (legacy) outside 
plant to connect to end-users.  

In the case of optical wireless links, LEDs and lenses can be appropriately designed to have the 
appropriate high directivity. Data-rates up to 1 Gb/s can be supported over distances below 
200 m at low cost and with high availability. Note that proposals for future work include also an 
evolution of the optical wireless links to 10 Gb/s and beyond by using WDM and MIMO 
technologies. 

70-90 GHz directive links can be deployed if longer distances need to be bridged - of course, 
both wireless approaches can alternatively be replaced by optical fibre if available. Having 
backhaul links deployed at first wirelessly, simplifies the network deployment and the time-to-
market for the operators. It also offers a competitive advantage, since it allows accelerated 
bandwidth-provisioning. 

We also note that the link between small and macro-cell RBSs tend to be line-of-sight (LoS), 
especially because the macro-RBS is usually deployed above rooftops. With small cells 
deployment, shorter distances are associated, as compared to the inter-site distance between the 
macro-cell RBS. Intra-RBS communications can therefore be implemented using optical wireless 
or mm-wave links in order to offer network resilience as well as optimized access to content that 
may be available at each ARN, so as to additionally create a true distributed cloud and content 
delivery access infrastructure. 

As opposed to the backhaul, the SODALES architecture does not yet show the full potential for 
mobile fronthaul. The main reasons are the lack of frequency synchronization over Ethernet-type 
of links used for end-users and the huge data-rates required, see below. CPRI signals are not 
compatible with Ethernet; hence it has been proposed to allocate a dedicated wavelength per 
RBS, that is bypassed at the ARN, if the radio baseband processing is located at the CO. 

2.2 Required backhaul data-rates  

The backhaul data-rates reached by LTE are distinguished into the quiet time peak (where the 
network is little loaded and there is minor interference), and the busy time mean (where the 
network is fully loaded and, hence, operated in interference-limited mode). Results for different 
deployment categories 1-5 are given below. 

 

Figure 3: Mobile network model used for backhaul estimation, from [1]. 
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Figure 4: LTE backhaul estimation results, from [1]. 

It is interesting that there is a big difference between these two numbers. In the quiet time, a high 
peak data-rate is needed, because few users are actively demanding the peak rate and there is 
little interference. In busy hours, a smaller mean rate is possible because many users are active 
and interference is high. While the traffic in quiet time is random over time and very burst-like, 
constant traffic can be assumed in the fully loaded network. 

These observations suggest the use of an aggregation node serving multiple eNBs in order to 
enable statistical multiplexing during quiet time. During busy hours, the aggregation node sums 
up the individual mean rates.  

For deployment, there is an optimal multiplexing factor K denoting the number of aggregated 
RBSs, where K * busy time mean = quiet time peak, where the optimal K is between 2-3 in uplink 
and 4-6 in the downlink [1]. In macro-cell deployments, K=3 for the three sectors at each site. 
Obviously, placing an ARN collocated with the macro-cell RBS, as proposed in SODALES, is 
nearly optimal to realize the potential statistical multiplexing gains for the mobile traffic data.  

 

Figure 5: LTE backhaul estimation results for small cells, from [2]. 

Small cells tend to have a higher quiet time peak, but similar busy time mean traffic, as compared 
to macro-cells, assuming the same bandwidth and numbers of antennas [2]. Hence, the optimal 
statistical multiplexing factor is little higher as compared to macro-cells, i.e. more small cells can 
be aggregated at the ARN. 

For LTE Rel. 8 and its evolution step LTE-Advanced Rel. 10, N MIMO antennas and C frequency 
carriers are deployed per remote radio head, where N and C depend on the standard evolution 
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and the option selected by the network operator. E.g. we can have up to 4 antennas in LTE Rel. 
8, while up to 8 antennas are used in LTE Rel.10.  

According to NGMN, some aggregation should be considered at the macro-cell site so that the 
basis for backhaul estimation is the larger of the two numbers, either K times the busy time mean 
or the quiet time peak.  

In LTE Rel. 8, there is no carrier aggregation (C=1) hence the maximum number of N=4 
antennas.  As the quiet time peak is higher for K=3, the typical data-rate in the backhaul of a 
triple-sectored RBS for LTE Rel. 8 is 136 Mb/s including 14% overhead assumed by NGMN.  

As the user data-rate of 1 Gb/s is assumed in SODALES, an LTE Rel. 8 RBS can be attached to 
the ARN like a residential user, where however a much smaller statistical multiplexing factor as 
compared to fixed users has to be considered. The reason is that the mobile RBS already 
aggregates the traffic of multiple users, while residential users have an individual link in which no 
statistical multiplexing can be assumed. Note also that the ARN ports used for LTE Rel. 8 RBS 
should be non-blocking because of the handover latency requirements between the cells (several 
ten milliseconds). 

In LTE-Advanced, data rates are further increased because now C and N are both larger. Typical 
deployments need C=1.5 (10 MHZ@ 800 MHz, 20 MHz@ 1.8 GHz) and N=8. The advanced 
interference mitigation in LTE-Advanced by using inter-cell interference cancellation (ICIC) and 
multiuser MIMO leads to around 60% higher busy times mean values (60 Mbit/s for C=1.5) due to 
spectral efficiency gains communicated by 3GPP, while the peak rates advertised by 3GPP are 
much higher (900 Mb/s per sector for C=1.5 and N=8 streams in multiuser MIMO mode).  

For estimating the backhaul, the larger of K times the busy time mean and the quiet time peak 
rates are used. For a single LTE-Advanced base station with 3 sectors, the busy time mean is 
180 Mb/s. But due to the significantly increased quiet time peak, a backhaul data rate of nearly 
1 Gb/s is needed including overhead.  

Integration into the SODALES architecture is still possible using a 1 Gb/s final-drop; however, no 
sharing with other domestic users or RBS is possible in case of LTE-Advanced.  

But as the quiet time peak is 5 times the busy time mean, further small cells can be aggregated 
using the same backhaul bandwidth. NGMN recommends the use of the following simple formula: 

Provisioning for N cells = max (peak, N * busy time mean) 

For small cells, we assume C=1 yielding a busy time mean of 40 Mb/s, while the quiet time peak 
is 150 Mb/s. It is interesting to note that 720 Mb/s more backhaul capacity is available, after 
subtracting 180 Mb/s busy time mean for the three macro-cell sectors until the quiet time peak at 
the macro cell site is reached.  

This capacity can be filled in with the busy times mean of many small cells. The numbers 
translate into 18 small cells in total, or 6 small cells per macro-cell sector, which can be added 
without increasing the required backhaul data rate of only 1 Gb/s.  

Moreover, one would like to attach many small cells using wireless technologies, in order to 
accelerate the deployment and to save the costs for digging the fiber. These individual links need 
to support 150 Mb/s which is the quiet time peak for small cells. The good thing is that such 
wireless technologies, e.g. based on mm-wave or optical wireless, are readily available and 
promise very low cost for both device and deployment. These facts indicate that the SODALES 
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proposal is in fact suitable for low-cost deployment of small mobile cells. Obviously, having the 
ARN co-located with the macro-cell mobile base station offers excellent potential for aggregating 
also the small cell mobile data traffic. 

In summary, the SODALES architecture is perfectly suited to provide the backhaul for 4G and 
legacy mobile networks, and it is a great advantage for the deployment that the ARN is co-
located with the macro-cell mobile radio base station. LTE Rel. 8 can be easily hosted, and for 
LTE-Advanced, a dedicated 1 Gb/s backhaul link without congestion is enough. Due to the 
statistical multiplexing in the mobile network, the traffic from a large number of small cells can be 
aggregated in addition at the ARN at minor additional cost for the backhaul. 

2.3 Required fronthaul data rates  

In the following it is shown that fronthauling is in general more demanding compared to 
backhauling. The SODALES architecture needs to be further advanced by new technologies if 
the delivery of C-RAN concepts recently discussed by mobile operators is to be included in the 
SODALES service catalogue. 

A typical data rate for the common public radio interface (CPRI) per complex-valued digitized IQ 
antenna signal for 20 MHz carrier signal bandwidth is 30.72 MHz*12 bit*2*1.06 = 781 Mb/s 
including 6% overhead.  

In LTE Rel. 8, there is no carrier aggregation (C=1) hence the maximum number of 4 antennas 
requires 3.12 Gb/s fronthaul capacity per sector. The 3 sectors at one macro-RBS can be 
aggregated altogether in a 10 Gb/s CPRI signal.  

Compared to the required backhaul capacity in the alternative D-RAN architecture, which was 
only 136 Mb/s, fronthauling requires 60 times more capacity already in case of pure macro-cell 
deployment. The main reason is that fronthauling is unable to capitalize from the statistical 
multiplexing gains in both; the mobile access network aggregating already the traffic from many 
mobile users and in the aggregation network. 

In order to support C-RAN in the SODALES architecture, the LTE Rel. 8 baseband processing is 
placed at the CO and the antennas at the RBS site above rooftops, see figure below. One would 
allocate a dedicated wavelength, that is bypassed at the ARN, and feed it further to the antennas.  

In LTE-Advanced, data rates go beyond current specifications which end at 10 Gb/s for CPRI. 
Macro-cells typically need C=1.5 (10 MHZ@ 800 MHz, 20 MHz@ 1.8 GHz) and N=8*3. This 
translates into fronthaul data rates of 3x10 Gb/s per macro-RBS. Using the original SODALES 
architecture, one would need three wavelengths services with 10 Gb/s each to support the 
macro-cell in LTE-Advanced base station according to the C-RAN concept. 

When adding small cells, C=1 is assumed again as above. Accordingly, CPRI rates for attaching 
a small cell are around 6 Gb/s. Small cells in LTE Rel. 10 can be supported from the CO in the 
same way like LTE Rel. 8 macro-cells by using a separate wavelength and using a 10 Gb/s CPRI 
link. However, the opportunity to serve small cells using a wireless link is hindered by the huge 
data rate that is needed for fronthaul. New wireless technologies supporting these high data rates 
need to be developed, and more spectrum is then needed, compared to the traditional D-RAN 
architecture. 
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Figure 6: Realization of the fronthaul for LTE and legacy systems in the SODALES architecture 

Moreover, let us compare the same small-cell deployment (1 macro-cell RBS, 18 small-cell RBS), 
for which altogether just 1 Gb/s backhaul data rate was sufficient in the D-RAN architecture after 
aggregating all the small- and macro-cell traffic at the ARN, with the same deployment using the 
C-RAN approach. Therefore, 30+18x6=138 Gb/s are needed, or realistically as much as 21 
dedicated wavelengths operated in parallel using 10 Gb/s CPRI.  

It was already suggested in the SODALES consortium to add a CPRI switch, as shown in Fig. 2, 
that is co-located at the ARN, in order to aggregate the CPRI traffic from multiple sectors and 
small cells into one higher data rate CPRI stream. The CPRI standard would obviously need to 
be extended to 100 Gb/s, therefore, and a new switch component needs to be developed. This is 
more than 2 orders of magnitude more capacity than the 1 Gb/s backhaul data rate that is 
needed in the traditional D-RAN concept.  

All this is an important cost factor for the deployment, as a dedicated wavelength service is 
required for each sector and each small cell, compared to a residential user service with limited 
statistical multiplexing. 

In summary, there is a big price to be paid when implementing the C-RAN concept using the 
current CPRI protocol in SODALES, waveforms are transported instead of data and the statistical 
multiplexing gains cannot be efficiently realized. Fpor example, if LTE-Advanced with 6 small 
cells per sector is used, C-RAN based on CPRI needs more than 100 times higher data rates 
than the traditional D-RAN architecture. A revised fronthaul transport protocol is obviously 
needed towards 5G in order to allow centralized baseband processing. Transport should be 
based on ETHERNET and the functional split between centralized processing and remote radio 
head may be revised. These two new approaches are meanwhile commonly accepted as a way 
forward. Development and standardization take place in the H2020 project iCirrus and the IEEE 
1904.3 task group, respectively. 
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2.4 Low latency  

2.4.1 LTE/SAE network architecture 

Latency in the mobile network is mostly related to the handover procedure. In order to understand 
the handover procedure in LTE, we need to explain the LTE/SAE network architecture behind the 
base station. The mobile data traffic is served from the advanced gateway (aGW) to each base 
station over the so-called S1 interface, which is also denoted as the feeder link. There is another 
link, the interconnection between the base stations, which is denoted as X2, over which base 
stations can exchange information directly.  

Physically, S1 and X2 are realized in the classical Ethernet tree architecture so that these two 
interfaces S1 and X2 are regarded as virtual network links that can be established with very low 
latency by means of existing virtual LAN technologies, where a VLAN identifier (VID) is added to 
each packet and the switches and routers in the network already know to which output port a 
packet carrying this VID is redirected in the network.  

If a mobile is now switched to another base station, new data are immediately redirected at the 
aGW. However, there may be old data remaining at the old base station. These old data are 
delivered to the new base station now over the direct X2 link. Worst-case latency in LTE is mostly 
related to the time needed for this process. 

Now it is natural to ask why the latency of LTE is hardly better than around 20 ms, given that the 
physical distance to the next aggregation node is only a few km, typically, which translates into a 
transport time of 50 µs/km. Somehow, these packets seem to go much longer paths. 

 

 
Figure 7: Backhaul architecture for LTE. Left: Logical architecture. Right: Implementation in the SODALES architecture using the ARN 

as an aggregation point (AGP). 
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2.4.2 Centralized security  

The essential reason for higher latency can be found in the security architecture typically 
implemented for LTE (see Figure 8). The link between the base station and the central control, 
where the evolved packet core (EPC) and possibly also the aGW are situated, goes through the 
whole access, metro and transport network, and only part of these networks is typically owned by 
the operator.  

In particular in metro and access, there may be several links that are rented from other operators 
and thus shared only on IP level, where the so-called “bit-stream” service is typically offered. 
Physically, all packets in a shared link use the same Ethernet transport infrastructure, and 
therefore, such shared telecom infrastructures are a-priori considered not secure. 

The only way out for the mobile operator to provide privacy for the user data contained in X2 
packets is use a centralized security architecture (Fig. 8, right) Packets are fed through an IPSec 
gateway at the base station, then all the way up to the central control (EPC), where the first 
IPSec tunnel ends, and then back through another IP tunnel to the other base station. 
Accordingly, even if two base stations are only 500 m away physically, the X2 traffic needs to go 
up to and down to and from the EPC, respectively, that can be several hundreds of kilometers 
away. Assuming that the EPC is 200 km away, two times the distance needs 20 ms, which is the 
typical latency discussed for the LTE backhaul network. 

The point that no such new architecture is needed for lower latency in 5G is one of the top 
arguments in favor of the C-RAN architecture, where the baseband is already centralized in the 
CO, which may nearer, so that the latency can be reduced by factor 10, approximately. However, 
the costs are high in this way, as described above. 

2.4.3 Distributed security 

For the SODALES architecture, a distributed security architecture is proposed (Fig. 8, right). It is 
obvious that a distributed, end-to-end security solution, where the X2 traffic is encrypted, routed 
over the nearest common aggregation point in the backhaul network and decrypted directly at the 
other base station, would imply significantly advantages and even lower values in terms of 
latency, because the nearest common aggregation point is either the ARN, which is less than 1 
km away, or in case of inter-site hand-over (which is relevant only for the 20% of users served by 
macro-cells in a heterogeneous network), the aggregation point one level above, which may be at 
the CO up to 20 km away. As most traffic is offloaded to small cells in the future, in most cases, 
the latency in can be lowered by two orders of magnitude to significantly less than 1 ms if the 
security architecture is changed. This is highly relevant for future machine-type communications, 
as well as for advanced transmission schemes in mobile communications such as coordinated 
multipoint (CoMP) enabling higher spectral efficiency and providing consistent service at the cell 
edge. 

The beauty of this new approach is that it can be realized with very low cost because it is fully 
compatible with the SODALES architecture. Moreover, it can be implemented with existing 
technology, to be further evolved with distributed encryption and decryption independent of the 
EPC. Moreover, it does not need the expensive new technologies required for C-RAN. 
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Figure 8: Centralized security architecture used in LTE (left). Proposed new security architecture for low latency in 
SODALES (right). 

 

In summary, we have identified the origin of the 20 ms latency typically required for LTE. It is due 
to the handover, where security concerns in shared networks lead to a centralized architecture 
that determines the latency. For SODALES, a distributed security solution is proposed, to 
significantly lower the latency while relying on the low-cost infrastructure provided by SODALES. 
This architecture is very promising for new machine-type communication services as well as for 
cooperative transmission in mobile networks.     

2.5 Synchronization and legacy support  

2.5.1 LTE synchronization requirements 

Synchronization requirements for LTE are summarized in Table 1. While FDD LTE requires no 
time reference, because up- and downlink are in separate frequency bands, uplink and downlink 
time slots in TDD LTE need to be synchronized also among different sites in order to avoid 
various sorts of interference: between the base station and other-cell base stations, between the 
base station and other-cell terminals, between a terminal and other-cell base stations and 
between terminals in adjacent cells. 

The required time precision is 1/3 of the duration of the length of the cyclic prefix (CP), which is 
4.7 µs reserved for synchronization and equalization of multi-paths at the LTE physical layer. 

Multimedia broadcasting over single-frequency networks (MBSFN) is also supported in LTE, 
however this mode is not yet widely deployed. Time synchronization is then needed between 
base stations even in FDD mode, because the same signals are sent from multiple sites, added 
over the wireless channel and handled like multipath at the receiver. The MBSFN mode uses the 
long CP (16 µs) so that signals even from distant sites in rural areas fall inside the CP. 
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Table 1: Current frequency and time reference clock requirements in different versions of LTE, see 
www.electronicvdesign.com 

For coordinated multi-point, which is not yet used in LTE Rel. 10, even higher requirements for 
time synchronization have been identified. In case of frequency reference, although the scheme 
is very sensitive in asynchronous operation [4], it is clear that the frequency errors are very static 
and can be measured precisely over the air at the terminal side, fed back and pre-compensated 
at the distributed base stations. Hence, no need for tighter specifications of the frequency 
reference was considered thus far. 

For the residential mode, obviously, the requirements for base stations were relaxed where 
possible in order to lower their cost. This mode is possible because different frequency bands are 
currently used for small- and macro-cells. However, the relaxed requirement puts more stress 
onto the terminal algorithms. 

2.5.2 Synchronization for LTE 

While GPS is a standard solution at the base station side, it is commonly considered as an 
expensive solution because an expensive oscillator is required by the GPS to yield the frequency 
reference. However, as outlined already in [4]Error! Reference source not found., such an 
oscillator is already part of each base station; the only function that is needed is the GPS receiver 
and the phase-locked loop. Costs are only slightly increased when GPS-locking is integrated into 
the base station. The more obvious disadvantage is that GPS is not available indoors, where 
alternative solutions are needed. Three options are therefore described as follows. 

1. Synchronous Ethernet (SynchE) is a method for carrying a primary reference clock (PRC) 
via the Ethernet PHY by means of the bit clock. This clock provides a very accurate 
frequency reference with high stability and minimal wander, so it can be easily used to 
synchronize radios in an LTE FDD base station. SyncE cannot carry time synchronization 
(phase component). Alone it can only be used for FDD-based radio synchronization. 

2. The Network Time Protocol (NTP) is an Internet protocol designed to synchronize the 
clocks of computers and other devices to some available time reference. It works over 
packet-switched variable latency data networks. NTP may be an alternative if synch 
requirements are reduced, like for small LTE cells.  

The Precision Time Protocol (IEEE 1588 PTP) is intended to establish time (also denoted as 
phase) synchronization across packet networks. PTP is a master-slave protocol, and it has the 
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means for the slave clock to measure packet flight times on the uplink and downlink sides of the 
path. PTP can also deliver both a phase signal (timing information) in the form of one pulse per 
second (1 PPS) and derive a frequency reference from it, similar to how GPS receivers do this. 
However, it is unknown if the precision of the frequency reference derived from PTP is enough. 
The means for synchronization of LTE discussed previously are combinations of SyncE and/or 
PTP. In the combined form, the frequency reference may be derived from SynchE and the time 
reference from PTP. If PTP is exclusively used, the frequency recovery function of SynchE is 
replaced by PTP, and it is implemented at each base station. In residential LTE base stations, 
also called small cells, given the reduced frequency reference requirements, simpler 
synchronization based on PTP/NTP may be useful. 

2.5.3 Distributed synchronization  

The ARN will be designed to relay PTP packets with minor delay, which can be reached using a 
strict prioritization of these packets, so that growing queue length plays a minor role if the traffic 
load increases. Because time-of-flight measurements are done between the grand master in the 
network and each individual base station, measurement accuracy is due to the number of 
network nodes between the grand master and each base station. It is intuitive to reduce the 
number of such intermediate nodes in order to improve the precision of time synchronization. 

In classical PONs, there are additional delay problems, because each user can get another time 
slot and the position of the assigned slot is no longer known at the Ethernet layer. Assignment of 
resources among multiple users in a PON can lead to a reduced precision of time 
synchronization. These problems are naturally avoided in the SODALES architecture because 
the OLT is replaced by the ARN. Improved synchronization is obviously an advantage of the 
ARN, as opposed to the PON architecture.  

In order to make PTP measurements more precise, as described above, it is suggested in 
general to place the PTP grandmaster at the CO or even at the ARN where it is co-located with 
the macro-base station, the line-of-sight to the sky is free and it can be precisely locked to the 
GPS. In this way, there are only one or two hops in the network for the PTP measurement and a 
higher precision can be expected than by placing the master centrally in the core network.  

 
Figure 9: SODALES proposal for distributed, network-assisted synchronization of base stations. 
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This new idea is sketched in Figure 9, where the two ideas of distributed synchronization based 
on GPS, which were proposed and tested successfully in the field in in [7], and the more recent 
ideas of network-assisted synchronization, preferably based on PTP, which is mature now and 
becoming commercially available from several vendors, both together yield a combined solution 
that is deployable at low cost with high precision and without having impact on the core network. 

This new idea is particularly consistent with the SODALES concept of co-powering the ARN at 
the radio base station, as it is most likely an outdoor macro-cell site where GPS is available. At 
the same location, the traffic of the small cells can also be aggregated by using the ARN. In the 
way described above, these small cells can also be synchronized at low cost (i.e. without 
changing core network components) and with improved precision, even if most of these small 
cells are deployed indoors where the GPS signal is not available. 

2.5.4 Precision frequency protocol (PFP) 

Another new idea is proposed by SODALES to improve the precision of the frequency reference 
at radio base stations in general. As the clock is locked to the GPS but transported using the PTP 
over the network to the RBS, where it is recovered and stabilized, the transport of the PTP 
packets over the network leads to residual frequency differences among the base stations.  

The new idea is based on the fact that reference clocks are long-term stable, but may have a 
different centre frequency. Accordingly, the radio frequencies that are locked to the reference 
clocks have an individual offset to be corrected. These offsets can be corrected as follows. 

In the downlink, based on pilot signals provided with the data, a terminal can measure the 
residual frequency difference between all base stations it is able to receive, by using its own local 
oscillator as a reference clock. The terminal sends the measured offset values back to the 
network where the results from many such measurements are combined at the central control.  

Vice versa, in the uplink, a terminal can send a distinct pilot sequence by which the own local 
oscillator signal is modulated. All base stations that are able to receive this signal measure the 
offset to their local oscillator clocks. The measurement results are condensed at the central 
control in the network where the offset of each base station is determined. The central control 
sends the condensed information to each base station, which corrects its own offset accordingly.   
Which of the two options is more efficient is also the subject for further study. 
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3 Support for mobile backhaul  

Given that the fronthaul is bypassed at the ARN, if needed, in the following the focus is on the 
backhaul-oriented D-RAN implementation. For mobile networks, the SODALES architecture 
opens new horizons for frequency and infrastructure sharing, which is becoming more relevant as 
useful spectrum resources get rare while mobile data traffic is increasing. Both the ARN and the 
CPE establish software-defined nodes at the network edge based on a common Ethernet 
platform. SODALES enables in this way the use of heterogeneous access technologies, fixed-
mobile convergence and resource sharing both in the fixed and in the mobile network. 

3.1 Frequency and infrastructure sharing support for mobile networks 

3.1.1 From cognitive radio to licensed shared access 

Frequency sharing is mostly discussed for unlicensed radio systems in the framework of cognitive 
radio. The original motivation was that the spectrum is hardly used by some primary license 
owners and that temporal usage by other users can be allowed if mutual interference is excluded.  

For instance, a WiFi access point can scan the usage of the “white space” spectrum and in the 
case where some parts of the spectrum are not locally used, access to this part of the spectrum 
becomes possible until the primary user becomes active.  

From an abstract point of view, cognitive radio can be regarded as a coordinated virtual multiple-
input multiple-output (MIMO) link, with a primary transmitter and receiver and a secondary 
transmitter and receiver. In the case that both links access the same spectrum, there is, besides 
the desired links, mutual interference which needs to be avoided (see Figure 10). Numerous 
schemes have been discussed for cognitive radio; the lack of coordination is often critical for their 
deployment. 

primary Tx primary Rx

secondary Tx secondary Rx
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Figure 10: Cognitive radio can be regarded as a coordinated virtual MIMO link. 

However, if we assume that both transmitters have a common network link, such interference can 
be easily avoided using basically the same distributed physical and MAC layer schemes that 
have been developed for coordinated multipoint. Many such schemes have been investigated, 
e.g. in the FP7 project SAPHYRE [9]. The lower the latency of coordination, the more efficient the 
spectrum can be reused. In the theoretical case that all mutual interference can be removed, the 
spectrum can be accessed in fact simultaneously by both, the primary and the secondary user. 

As distributed coordination schemes are increasingly introduced into mobile networks, following 
the evolution of 3GPP standards, the idea is now to also establish them between mobile network 
operators which can use them to share their licensed spectrum. This approach is also called 
licensed shared access [10]  and it sounds very promising in the case that business models and 
procedures could be established. 
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3.1.2 Sharing the mobile infrastructure 

Infrastructure sharing is very efficient to increase both, coverage as well as spectral efficiency in 
mobile networks. In many developed countries, not one but several mobile operators have been 
established to create competition among them and to cut costs down in this way. As long as 
spectrum efficiency was not a major concern, this model worked very well over many decades. 

However, with the ever-increasing demand for mobile data, the time is coming come when this 
model will need a serious revision. Mobile operators identify themselves today by three major 
items: to be the owner of licensed spectrum, to be the owner of an infrastructure using that 
spectrum, and to have a SIM card which enables secure access to this infrastructure, which is 
currently isolated from other mobile operators. In this way, also, the customer relationship is 
protected for the duration of the time that the contract is valid.  

As described above, spectrum sharing is now already being discussed. Sharing the infrastructure 
can have two positive effects. The “reverse” LTE roll-out in Germany, starting in villages and then 
turning into the cities, had the idea in mind to speed up the roll-out of broadband connectivity and 
to connect users also in rural areas more effectively. In this context, the sharing of infrastructure 
was also promoted, intuitively leading to enhanced coverage in rural areas if operators start their 
deployment here and there. 

But infrastructure sharing can have very positive effects also in densely populated areas, where it 
increases the density of base stations, similar to what is now discussed by means of small cells, 
which however do have limited coverage. Each mobile base station reuses the spectrum in order 
to maximize the network capacity. Sharing the existing sites among multiple mobile 
operators in urban scenarios increases the network capacity of each operator! This point is 
discussed rarely, but it promises high capacity gains without the deployment of new sites and 
without limiting the mobility as is would be the case for small cells. 

3.1.3 Implementation in the SODALES architecture 

The only option to realize the gains of both spectrum and network sharing is to establish a shared 
backhaul network where all available network capacity is bundled and then the individual needs 
of each operator are satisfied by installing virtual networks sharing the same physical network 
architecture. 

Software-defined networks, and in particular the Open Access model enabled by the SODALES 
architecture, are thus key building blocks to realizing a multi-operator mobile infrastructure that 
enables the huge benefits for coverage and capacity that are possible by means of spectrum and 
infrastructure sharing.  

It is in fact essential to have software-defined network nodes at the edge of the network in order 
to integrate existing and future mobile radio base stations of multiple operators, and to coordinate 
the interference between them related to these sharing approaches. 

Another approach may be to centralize the signal processing of multiple operators, like in the C-
RAN approach, and to deploy remote radio heads at all sites, which are able to serve all licensed 
frequency bands used by all mobile operators.  

As described above, the C-RAN approach faces many challenges in terms of complexity and cost 
to be solved in the future, while the D-RAN approach, for which SODALES is in fact optimal, is 
readily implementable at low cost by using existing infrastructure and technology. 
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3.2 Implementation of S1 and X2 interfaces in SODALES 

In order to implement the mobile backhaul for LTE and beyond mobile services in the SODALES 
access network, we need different types of services offered within the network-as-a-service 
approach as developed in the software-defined network (SDN) community. 

To be concrete, it is to establish the tree architecture needed for the S1 interface (feeder link) by 
using the MEF profile called E-tree, while the X2 interface (base-station to base-station) may be 
implemented by using the E-LAN profile see Figure 11. 

                 

Figure 11: The S1 link in LTE can be implemented in the access domain by using the E-tree MEF profile (left). 
As the X2 link is any-to-any communications, the E-LAN service may be useful.     

While the natural tree for the S1 interface can be continued the radio base station upwards 
through the access-, metro- and transport domains towards the advanced gateway (aGW), rapid 
coordination of interference for spectrum sharing and coordinated transmission among the radio 
base stations suggests that an E-LAN service is spanned inside the access domain for the X2 
interconnect. 

Inter-operator gateways that are needed e.g. for coordinating the spectrum sharing between 
mobile operators can be placed at the CO. In this way, the strict latency constraints for 
coordinated transmission can be fulfilled (<1ms). Moreover, different branches of the parallel 
mobile network infrastructures that were individually deployed by different mobile network 
operators can be physically interconnected at the CO in order to enable high benefits from 
infrastructure sharing. 

4 Finals drops for mobile services  

5G mobile networks are under intense investigation currently, targeting a 1000 times capacity 
increase, as well as full wireless-wireline technological convergence. Achieving these aims 
requires more available spectrum, new radio transmission technologies and new networking 
architectures. New radio technologies may indeed increase capacity 10-fold, but a 10-fold 
increase in suitable spectrum is also an issue. The conventional trend for new network 
infrastructure is to deploy more, densely-located base stations (BSs), i.e., smaller cells. However, 
this approach is showing signs of diminishing returns in communication efficiency, with a key 
question emerging of how to create mobile networks over a 10 year horizon, which are not only 
faster, to overcome capacity and efficiency bottlenecks, but also smarter and greener.  

From this perspective, as the SODALES project has developed, it has become clearer that the 
proposed architecture provides an important stepping-stone towards the anticipated next-
generation 5G converged, intelligent and virtualised heterogeneous network. 
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In particular, it is clear that the ARN provides a solution for integrating these technologies with the 
C-RAN and serving mobile cloud aspects of 5G architectures. It is clear that network intelligence 
is migrating: The mobile network functions are shifted from the core ever-closer towards the base 
stations and end-users and user-equipments (UEs), i.e. smart phones, tablets and other 
intelligent mobile devices. In close co-operation with the ARN, the inherent information-
management power within UEs can also now be exploited as an integral part of a modern 
communications system, e.g. locating the device clone in a cloud, sitting within the mobile 
network infrastructure, allows functionalities such as offloading of its traffic and processing to its 
clone, as a means to save radio spectrum and gain enhanced energy efficiency benefits. 

SODALES as a generic converged access infrastructure allows the seamless integration of these 
aspects, and allows the problems of scarce spectrum resource and energy efficiency for the 
fronthaul in future 5G mobile networks to be addressed, e.g. by providing the required 
infrastructure support for efficient interference management, for spectrum- and infrastructure 
sharing and the increased desire for device-to-device (D2D) communication. By adding the ARN 
into the heterogeneous network infrastructure, virtualisation and intelligence are introduced at the 
network edge, which enable C-RAN, mobile cloud services, D2D, mesh-type of networking and 
the use of mm-wave and optical wireless to replace not yet installed fixed infrastructure. Mobile 
devices (such as laptops, PDAs, smartphones, tablets etc.) can also be served by the same 
infrastructure via a dedicated RBS or distributed remote antenna units (RAU) supported at the 
ARN as well. For local mobile access, 60 GHz wireless can be used via donut-isotropic (beam-
shaped, MIMO) antennas. In this way, a fully converged wireless-wireline topology is achieved, 
spanning in-building and outdoor locations, and for on-the-move functionalities. 

4.1 Fixed backhaul 

The SODALES architecture provides 10 Gb/s peak data rates (to SMEs and RBSs) and 1 Gb/s 
peak data rates to residential end-users. In the uplink to the central office, up to 180 wavelengths 
in the C- and L-bands can be used. It is also contemplated that a PON can be deployed to allow 
flexible sharing of capacity for users at distances up to 20 km from the CO. This is useful to 
establish infrastructures for indoors, to deploy wired and wireless access points (small cells), to 
save deployment costs, and to maximize statistical multiplexing gains. The advantage is that the 
multiplexing function of the ARN can be centralized at the CO. However, using the ARN co-
located with the base station allows faster coordination. between small-cell and macro-cell RBS.  

The SODALES architecture as a whole is capable of operating up to 100 km from the central 
office (i.e. equivalent to long-range (LR)-PON), although we note that such distances are not 
relevant to the vast majority of European deployment contexts. Limiting the PON distance to 
20 km will still enable the nodes in core and metro networks to enjoy the benefits of substantial 
consolidation. Moreover, optical amplification is not required for distances up to 20 km, which 
therefore represents a further useful cost (CapEx) saving. 

OFDM-PON has been recently highlighted in the optical access research community as a 
technology to achieve the required higher data rates in combination with adaptive resource 
allocation among multiple users sharing the same fibre as an access medium but without the 
explicit need for WDM, like in NG-PON2 where 10G PON in a time-division multiplex (TDM) 
mode is combined with WDM to increase the data rates. The use of WDM in the access domain 
has the disadvantage that a tuneable laser is needed at each ONU and that the multiplexing 
function of WDM is expensive and only needed if the number of fibres in the second aggregation 
layer is limited. Note that not the cost of fibre but the digging is relevant for the deployment costs.  



 

Deliverable D2.4 
	

Project SODALES 
Doc ARN Interface 
Date 14/11/2015 

 

	

	 	
	

19	

Note that, modern optical transmitter and receiver components have increased bandwidth, which 
can be further extended by means of advanced digital signal processing (DSP). Using a 
frequency-division multiplex (FDM) approach instead of TDM, higher power spectral density per 
user is available to increase both, per-user link margins and the overall PON capacity. 

In previous projects like ACCORDANCE, ATOB and OCEAN, the proof-of-concept for 100G 
OFDM transmission for PON, the flexibility of resource allocation in the frequency domain and the 
interface to the network layer have been demonstrated, all unidirectional in the downstream 
direction with realtime processing at the OLT. In the context of SODALES, the OFDM-PON 
technology can also be employed alternative to the ARN to increase the data rates without the 
need for WDM n the access domain, to provide a bidirectional service, including a low-complexity 
ONU at CPE and with an advanced OLT at the CO to provide the upstream direction. Hence, as 
an alternative to the ARN and to the TWDM technology used in NG-PON2, further research and 
development should be directed to 100G OFDM-PON and to standardize it, to add more flexibility 
and SDN-compliant interfaces to the prototypes and to test it inm real PON deployment 
scenarios. In this way, higher speed for PONs operating on a single wavelength should be made 
ready for product development and network deployment.   

4.2 Fronthaul integration  

The Figure 12 below depicts a concept for future intelligent mobile networking from the NIRVANA 
UK national project, which provides a vision for the required 5G networking performance 
anticipated over the next 10 years. Building on current long-term evolution (LTE/LTE-A) and C-
RAN architectures, it incorporates ideas that enable a heterogeneous mobile/mesh networking 
solution. In particular, compatible with SODALES’s Ethernet-based architecture approach, the 
figure below depicts a high-throughput and flexible Ethernet switching at the X2 interface 
between BSs (instead of the usual logical mesh), to the core network (S1 interface), and between 
BBUs and RRHs. In addition, as can be located in the SODALES ARN, there is an intelligent 
processing unit, to allow enhanced operational capabilities including: improved coordination in 
D2D, device-to-infrastructure (D2I) communication and mm-wave spectrum (i.e. 60 GHz and 
higher, 70-80 GHz of the E-band) use; D2D communication in the cloud (certain communications 
offloaded from the physical mobile network to the cloud); as well as opportunities for enhanced 
QoS/E through optimum use of the optical and radio network physical fronthaul resources. 
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Figure 12: Fronthaul technologies for a heterogeneous network architecture [NIRVANA project] 

Deployment of an intelligent processing unit (IPU) at the ARN, enables co-existence of D2D and 
mobile access network communications using the same or different parts of the spectrum. In this 
case, the IPU allocates bands or parts of spectral bands to the D2D communication based on 
demand (e.g., through uplink bandwidth requests in the mobile network) and QoS requirements. 
Mesh networking between UEs is also enabled, e.g. using the latest 60 GHz capable (802.11ad/j) 
devices, with the figure also showing a further, novel capability: using a D2D link to offload the 
required data throughput at one RRH to a neighbour. Thus, intelligent use of D2D 
communications can be used to enhance the overall performance of the SODALES network with 
offloading of data at the most appropriate level of the physical fronthaul hierarchy.  

While the spread of RRHs in the C-RAN lowers radio transmit powers, a further advantage of a 
heterogeneous fronthaul architecture is that it also enables reduced UE battery usage by 
offloading to a mobile cloud some of the significant processing that devices need to perform for 
new applications. For example, actual processing power for the mobile cloud may be situated 
within the ARN, with advantage therefore also possible for the virtualization of other network 
functions (e.g. to reduce CapEx/OpEx, energy consumption etc.) at the service layer.   

Locating more intelligence in the powered ARN also facilitates hardware-based monitoring of 
network information, signalling and user flows; header and/or deeper packet inspection can also 
be conveniently carried out, with the IPU quickly reacting to varying load conditions (including the 
needs of different applications, D2D communications and mesh networking) and allocating 
resources and/or controlling queue disciplines as required. The intelligence gained from 
extraction of salient information from the fronthaul status can therefore enable useful gains in 
terms of exploitation of network resources, spectrum and energy efficiency. Looking into the 
future, the following key benefits are expected from incorporating additional intelligence for the 
integration of intelligent fronthaul into the SODALES ARN: 
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• Design of joint centralised and distributed (at mobile device or UEs) resource allocation 
algorithms, signalling protocols and monitoring mechanisms, so as to achieve 10-fold 
improvement in energy and spectral efficiencies;  

• UE virtualisation, and offloading from network application processing and 
communications, with optimisation taking into account latency as well as a means to 
achieve further energy-efficiency savings of up to 50%; 

• Upgrading of the fronthaul data-rate capacities towards 10-Gb/s for end-users, via the use 
of high-throughput mm-wave mesh networks and mobile distributed caching (MDC) at 
mobile network edge; 

 

Overall, the presence of an active remote node (ARN) in the SODALES architecture allows 
additional functionality in the fronthaul of the network, to include the provision of intelligent 
monitoring tools and mobile application layer functionalities for efficient bandwidth and energy 
use, enhanced throughput, and potentially lower signalling overhead with lower latency. 

4.3 Use of mm-wave backhaul 

While fibre technology is without doubt the best available solution for providing multi-Gb/sec 
throughput capacities, building a fibre network infrastructure demands a huge initial investment 
and requires a long time to deploy, partly because of right-of-way rights negotiations and partly 
because of the installation itself. Fibre is typically available in dense urban areas, but many times 
the last mile extension required to bring the fibre closer to the customer is the missing part. 
Particularly for this latter part of the network, high capacity, low-cost, wireless links operating at 
mm-wave spectrum can be employed to bridge the gap. 

Since integration of wireless radio technologies with optical fibre networks is most desirable, 
developing wireless links with capacity comparable to optical fibre is an attractive concept, and a 
lot of research effort is being made in this area. For example, the E-band spectrum which offers 
two coupled bands of 5GHz bandwidth at 71-76GHz/81-86GHz, stands as a promising solution 
as an alternative to fibre to deliver ultra-high-speed wireless access in the home, for backhauling 
functionalities, as well as interconnection of ARNs (in the SODALES context) or more 
conventional C-RANs, BSs, and RBSs in the future 5G context.  

Current State-of-the-Art of Ethernet transport over E-band radio links allows the transport of 
1 Gb/s net traffic load in a 0.5-GHz wide channel, while there is also the target of 10-Gb/s using 
1.25 GHz, using high modulation order of at least 64QAM, plus polarization-division and/or spatial 
multiplexing (i.e., XPD or LOS-MIMO). This is combined with powerful forward error correction 
(FEC) schemes, to ensure that a fibre-like bit error rate is maintained, so allowing such a wireless 
fibre-extension to integrate seamlessly with the rest of the backhaul fibre network and provide 
high-speed backhaul for broadband connectivity where there is limited wired or optical 
infrastructure. 

As an intermediate demonstration of the use of mm-wave technologies for high-capacity 
backhaul, recent experimental work in the 24-GHz band has been conducted at 1.25 Gb/s, to 
demonstrate wireless data communication in non-line-of-sight (NLOS) and multipath rich 
scenarios. Our results show that wireless systems deployed in this band can also deliver up to 
1.25-Gb/s aggregate data rates in typical modern building environments while also penetrating a 
range of commonly used construction materials.  
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Figure 13: 24 GHz back-to-back set-up in full duplex operation. 

At present, virtually all 24-GHz wireless systems use either horn or parabolic dish antennas 
[18][19]. Here, we have taken advantage of a commercially available 24-GHz point-to-point link 
wireless system (Ubiquiti airFiber). This system featured both multiple-input–multiple-output 
(MIMO) technologies, dynamically variable signal constellations, together with adaptive 
time/frequency multiplexing. Both frequency- and time-division multiplexing are used in hybrid 
form, viz. hybrid division duplex (HDD). The combination of the best features of both time-division 
duplex (TDD) and frequency-division duplex (FDD) (e.g., interference-reduction and flexible 
band-planning) [20][21] enhances the realization of the specified 1.4-Gb/s delivery as established 
by the results of the real-time application measurements conducted. Typically, <5 dB mm-wave 
excess path loss might be expected in an open-plan design modern building with large glass 
windows. In contrast, thick stone-walls, small windows, and many internal solid walls will produce 
losses considerably in excess of this [22]. Also, attenuation by walls, floors, furniture, and 
scattering are all to be expected in the chosen propagation environment. It is well known that 
mm-wave links have intrinsically smaller Fresnel zones. As a guide, 60% of this zone should be 
unobstructed, otherwise it is deemed as NLOS as in the indoor environment. 

Since the 24-GHz point-to-point link used in these experiments had a specified narrow 
beamwidth of 3.5°, an obstruction smaller than the wavelength of the transmitted signal is 
capable of causing scattering, while a rough surface would diffuse the radio signal in a multitude 
of directions [22]. Scattering of this nature is taken into account in the ray-tracing technique 
deployed in [23]. 

The test system consisted of the 24-GHz point-to-point link with maximum output of 20 dBm. It 
had a 1.4-Gb/s aggregate capacity using HDD in bidirectional mode with a 64-QAM modulation 
scheme (the highest). This could be dynamically reduced to QPSK through automatic rate 
adaptation with lower signal-to-noise ratios (SNRs). This feature enabled the link pair to sustain 
up to 142.5 dB path loss when switched to basic QPSK modulation mode. The transmitting and 
the receiving terminals had an antenna gain of 33 dBi each. For the within-building experiments, 
both antennas were mounted on tripods 1.7 m above the floor level and connected to PCs for 
signal transmission monitoring. The wireless network setup was taken to three different location 
scenarios for measurement of signal strength and throughput capacity under LOS and NLOS 
propagation situations. 
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Figure 14: Comparison of simulation and experimental results. 

This experiment was carried out under non-anechoic laboratory conditions with a plethora of 
devices and obstructions present. In such circumstances, the possibility of signal reflection and 
resulting multipath cancellation effects was extremely high. In this multipath-rich environment, the 
links were set at 3 m apart, and several measurements of the received signal strength were 
recorded; the average was found to be -45 dBm at this point. A transmission zero reference point 
was initially established from which the attenuation of various office materials was taken. In order 
to establish repeatability, consistency, and validity of the measurement technique and results, 10 
readings were taken consecutively. The resulting data are shown in Table 2; these are believed 
to be the first results available at the frequency of 24 GHz and form the basis of the analysis 
presented here. As noted above, the link was set up in a typical office setting in a modern 5-story 
building to measure the data throughput across two offices. The offices comprised PCs, dining 
table and chairs, metal office cabinet, as well as a dividing wall between them. All these served 
as obstructions to LOS propagation between the links.  

The links were first taken to three specific locations with the same distances in the level-four and 
-five corridors of the 5-story building to determine the data throughput capacity. Net metering 
software was used to measure the data throughput during transmission. This was to determine 
the data transmission throughput in the real-time applications and validate the theoretical 
specifications of the links. Table 3 and Table 4 reveal the outcomes of the experiments. The 
results show more than 80%–90% performance efficiency of data throughput in full duplex 
transmission (bidirectional).  
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Table 2: Attenuation measurements of various building materials 

The directional antennas with narrow beamwidth (3.5°) of the links mitigated the effect of fading 
due to multipath [20]. Confirmation of the waveguide effects along the corridor is illustrated in 
Figure 14, where the path loss is recorded as lower than that of the natural-occurring free-space 
path loss. Finally, extensive measurements were then taken along two differing curved corridors 
(Corridors 1 and 2). The results are shown in Table 3 and Table 4 together with Figure 14. It 
should be noted that a lower attenuation rate was recorded along the corridor as compared to the 
natural, unconfined free-space path loss (FSPL) situation. This further confirms the waveguide 
effect that occurs in this environment. Simulation results as shown in Figure 14 show good 
agreement with the path-loss results determined experimentally.  

Full duplex transmission was used with carrier frequencies of 24.1 and 24.2 GHz and a 
bandwidth of 100 MHz. A data rate of 743 Mb/s was recorded in bidirectional transmission of the 
link with the system operating at carrier frequencies of 24.1 and 24.2 GHz in full-duplex mode. 
The aggregation of the two channels—transmission of 743 Mb/s and receive of 743 Mb/s 
simultaneously—leads to a total of 1.4 Gb/s. Signal strengths of around 67 dBm were recorded at 
a Tx–Rx separation of 18 m along the corridor as shown in Figure 14. This translated into data 
rates of 692 and 654 Mb/s, respectively as shown in Table 3 and Table 4.  

 

Table 3: Data throughputs across different wireless distances (I) 

 

Table 4: Data throughputs across different wireless distances (II) 
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The directional and narrow beam-width of the high-gain antennas deployed in this 24-GHz 
system allows signals to propagate in a wave-guided manner along the corridor. In this NLOS 
curved corridor situation, a consistently high data throughput was realized with often better than 
expected performance compared to a standard path-loss situation at the receiver. Error! 
Reference source not found. is a combined loss-distance chart for a range of intra-office 
distances. The blue segment of the histogram chart shows the distance involved was up to 12 m. 
FSPL is shown in red, while the green segment is the extra loss due to obstruction. Overall loss is 
indicated by the y-axis.  

It may be noted that measurements 1 and 2 were over the same 3-m distance, but at right angles 
to each other. The large change in extra loss is typical in an office environment at 24 GHz. 
Measurement 3 shows an anomalous low value due to metal cabinet surface reflection. The 
subsequent attenuation variation shown at points 4 and 5 encapsulates the effects to be 
expected at mm-wave frequencies. Data throughputs of ~120 Mb/s were obtained in through-wall 
and corner-reflector situations. This establishes the fact that a wireless network deployed on this 
band will perform well enough in an office environment to support multimedia application tasks. It 
is interesting to note that at a Tx–Rx separation of 46 m and the resulting NLOS situation due to 
the corridor curvature, a full data rate capacity was still realized at this point. The results of data 
throughput are shown in the tables. 

 

Figure 15: Signal attenuation of 24 GHz across office area. 

The results of this investigation showed that the multipath and reflection effects enhanced the 
data throughput in a 24-GHz NLOS environment. With a given antenna gain of 33 dBi, the 
radiation pattern was subsequently measured and confirmed at 3.5°. Such a narrow beamwidth 
confined the signal in a waveguide manner along corridors. Data rates approached 1.25 Gb/s. 
Tables II and III (system maximum 1.4Gb/s) aggregate throughputs were obtained except at the 
extremes of attenuation. The narrow bandwidth of 100 MHz (0.42% of the carrier frequency) also 
reduced multipath effects such that 3-m distance propagation distance would be required to have 
an influence. Antenna narrow radiation pattern and related high-gain characteristics combat 
inherent multipath cancellation effects due to the highly reflective surroundings. Attenuation 
measurements indicate that losses of this frequency due to building materials and furnishings are 
easily handled by the high, 80-dBm receiver sensitivity of the equipment. This narrow radiation 
pattern effect also contributed to the wave guiding effect seen in the propagation down the 
corridor result where standard path-loss figures were recorded in an NLOS situation. Two 
standards have been identified with a capability of Gb/s data rate transfer. These include WLAN: 
IEEE802.11ac operating at 2.4 and 5 GHz, and the 24-GHz frequency spectrum devices 
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investigated here. A comparison to previously investigated IEEE802.11ac systems revealed that 
these could only deliver 20% efficiency of its specification in real-time applications. In contrast, 
the 24-GHz spectrum described delivered full duplex data rates of 1 Gb/s in NLOS conditions. It 
has been demonstrated for the first time that gigabit throughput using the 24-GHz frequency band 
is an option for future in-building wireless networks and also towards development for mm-wave 
backhaul architectures.  

4.4 Optical wireless backhaul 

In the following, we demonstrate experimentally that optical wireless (OW) links using an infrared 
LED can meet the bitrate, distance and latency requirements for low-cost small-cell wireless 
backhaul in Long-Term Evolution (LTE) mobile networks. Planned long-term outdoor trials are 
now ready for the deployment during the winter term in order to demonstrate the link robustness 
in difficult weather conditions. Moreover, plans are described towards a 1Gbit/s link over 100 m. 

4.4.1 Why optical wireless 

LTE is being rolled out as the fourth generation (4G) of mobile radio. Besides the base coverage 
provided by the macro-cells, a higher network capacity is reached by adding small cells at 
locations where the traffic density is high [12], thus increasing the local density of base stations. 
The deployment of such small cells needs economic backhaul solutions. Optical wireless (OW) 
offers high capacity without the need for RF spectrum. At the typical distances below 100 m for 
the backhaul of small cells, OW is an attractive approach because bad visibility is considered 
harmless and thus availability is expected to be high [13]. The probability of a free line-of-sight 
(LOS) also increases if the distance is reduced. 
Visible light communication (VLC) has attracted high interest recently. Low-cost high-power LEDs 
used for lighting can be modulated at high speed. Recent research has demonstrated data rates 
of several Gbit/s [14]. It is nearby to modify existing VLC technology to set up an OW link for the 
low cost backhaul of small cells. These are usually deployed at lamp-post height, within 50 to 
100 m of the macro cell sites which are typically at rooftop level. 
Note that modern VLC links use orthogonal-frequency-division multiplexing (OFDM) and real-time 
closed-loop link adaptation [14]. Inherently, the throughput is adapted to the link distance and 
weather conditions, as opposed to classical OW links providing a fixed data rate. Link adaptation 
improves availability and it is thus mandatory for realistic mobile backhaul deployment. This new 
approach raises two immediate questions, which are answered in this paper. 
1. Can the ray from a LED be optimized so that a sufficient throughput for small cell 

backhauling is reached?  
2. Considering that closed-loop transmission is needed for link adaptation, is the latency low 

enough for recent mobile network technologies such as High-Speed Packet Access (HSPA) 
and LTE?  

4.4.2 Measurement setup 

For all measurements, a real-time OW link with 500 Mbit/s peak gross data rate was used, 
including a single low-cost infrared LED SFH 4783 with an active area of 1x1 mm². The naked 
LED uses an optical concentrator to yield 25° divergence full width at half maximum (FWHM). 
The OW transmitter was further equipped with a 3” lens with 100 mm focal length to reduce the 
beam width to 4° FWHM.  
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The lens creates a magnified image of the radiation plane of the LED in the receiver plane. E.g. 
at 50 m distance, the magnification ratio is 7x500, where the first and the second factor are due 
to the concentrator and the lens, respectively. At this distance, the LED chip illuminates an area 
of 3.5x3.5 m² nearly homogeneously. Such homogeneous illumination is beneficial for the 
deployment. It makes the link very robust against vibrations and displacements, e.g. when 
mounted at a lamp post, and it corrects small pointing errors.  

At the receiver, a 3” lens with f = 85 mm was used in combination with a silicon photodiode 
S6968 of 14 mm diameter. Fig. 16 shows the setup for the data rate measurements. The receiver 
field of view (FOV) is 9° and hence wider than the transmitter beam width. Alignment is done by 
pointing the transmitter to the receiver: in a bidirectional link receiver alignment is not necessary. 
Alignment is supported by an add-on telescope that can be removed after the link is installed. 

Besides the data rate requirements for LTE small cell backhauling, there are additional 
requirements concerning latency. The recommended end to end latency for an X2 LTE backhaul 
link is 10 ms [1]. The X2 link is important for communication between base stations, e.g. during 
hand-over. As OW suffer from poor visibility conditions [13][17], a stable and uninterruptible data 
link can be realized by adapting the data rate accordingly. The question if such adaptation has an 
impact onto the latency, as it includes a feedback delay. We have tested latency at variable 
throughput with a standard Ethernet RFC 2544 latency test. The throughput was changed by 
using different attenuation values in the optical wireless link. Fig. 17 shows the experimental 
setup using an IXIA XM12 Protocol Tester equipped with two Gigabit Ethernet (GE) interfaces. 

The OW system integrates an adaptive real-time baseband signal processing and a Gigabit 
Ethernet (GE) interface for application data. The impact of rate adaptation onto latency is studied 
by increasing the attenuation α and thereby reducing the signal-to-noise ratio (SNR). In this way, 
the maximum possible transmission rate Th(α) in the optical link is modified. 
 

 
 

 
Fig. 16: Configuration for throughput 

measurements 

 
Fig. 17: Setup for net throughput and 

latency measurements 

4.4.3 Results 

 

The achievable data rate depends almost linearly on the received optical power and thereby on 
the SNR at the receiver. The path loss can be modified by means of intensity and aperture at the 
receiver site [17]. Measurements for the data rate vs. distance and SNR are shown in Fig. 18 
(left). While for short distance and high SNR, a gross rate of 465 Mbit/s is achieved, throughput is 
reduced for larger distances and smaller SNRs. At the relevant distances of 50 and 100 m for 
small-cell backhauling, a throughput of 280 and 120 Mbit/s was measured, respectively. The 
highest bitrate-distance product of 14 Gbit/s∙m was obtained over a 50 m link length. To our 
knowledge, this is the highest such value demonstrated with a real-time rate-adaptive optical 
wireless system. 
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Fig. 18: Left: Data rate (gross) as a function of transmission range, Right: Data rates 
(gross) as a function of SNR  Inset: Configuration of the OW system  

 
In Fig. 19 (left) it is shown that the net throughput is smaller in general for smaller frame sizes. 
This is attributed to a higher overhead relative to the payload. Moreover, a higher number of 
smaller packets must be processed. Most likely, there are limits of the signal processing engine 
reducing the total data rate for small packets. The maximum throughput Th(α) is reached at a 
packet sizes of 512 bytes and greater, at all SNR values. The average SNR per carrier is given in 
the legend in Fig. 19 (left). 

Next, latency was studied as a function of Th(α) and frame size for constant SNR. Initially, the 
latency test was conducted using 100% of the maximal throughput Th(α).Starting from small 
packet sizes, at first a low latency of around 10 ms is measured until the packet size reached the 
point where Th(α) is reached. From this packet size on, latency starts to be increased 
proportional to the frame size, yielding a maximum value as large as 140 ms shown in Fig. 6. 
However, these large values are not considered typical for normal network operation. 

When a net throughput of 100% of Th(α) is reached, obviously, cues start to fill and latency is 
increased. The rising latency is obviously related to the implementation of the RFC 2544 test in 
the protocol tester which always provides a fixed data rate and thus ignores that flow control is 
typically used at Ethernet layer 2. In a real system, if 100% of Th(α) is reached, congestion is 
avoided by reducing the source data rate. Flow control is used in any network card. It should be 
considered to get realistic latency results. 

 

  
 

Fig. 19: Net throughput as a function of the 
frame size for different SNR per carrier 

 
Fig. 20: Av. latency vs. throughput Th(α) 
without (red) and with flow control (blue). 
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Flow control was therefore emulated by reducing the data rate in the RFC 2544 test to 95% of 
Th(α) and performing latency measurements again. It can be observed in Fig. 6 that the overall 
average latency is significantly lower at 10 ms ± 1 ms for frame sizes larger than 512 byte, by 
emulating flow control. Moreover, latency is independent on average SNR, i.e. there is no impact 
of rate control onto the latency if flow control is activated. 

4.4.4 Discussion of results 

The data rates of our real-time VLC technology, which defines the current state-of-the-art in this 
field, are sufficient as a backhaul for a small LTE cell using 2x2 multiple-input multiple-output 
(MIMO) in 20 MHz radio bandwidth yielding a peak data rate of 150 Mbit/s in the small-cell mobile 
access link [6]. If flow control is properly implemented, latency can also be regarded suitable, 
despite the fact that link adaptation is implemented at the physical and MAC layers to operate the 
link reliably at variable weather conditions. 

4.4.5 Preparation of the field trial 

The optical wireless link has been prepared for outdoor field trials during the winter term. First, 
two optical wireless transceivers were enclosed in weather-proof housing as shown in Fig. 21 
(left). While one line will be installed next to the LTE-Advanced radio base station on top of the 
HHI building at around 52 m height, the other will be installed HFT building at 26 m height. The 
arrow in the campus map in Fig. 21 (center) shows the link spanning a length of around 100 m. 
This is a typical outdoor small-cell backhauling deployment scenario, where the small cell is 
situated at HFT and connected to the macro-cell at HHI. Of course, weather, in particular fog 
reducing the visibility, is a critical issue for optical wireless. Previous data suggest that fog is 
harmless at distances below 200 m. Therefore, a weather station will be installed at the higher 
HHI location, where fog is more difficult and the visibility will be measured locally besides other 
weather data, as opposed to public data, which are available from the next airport which is 
around 10 km away. Trials are planned for the time between December 2014 and March 2015, 
after which the link will be delivered to Aveiro where it will be installed in the SODALES final 
testbed. The advantage is that long-term data will be recorded at very different sites, in particular 
the more continental climate in Berlin will be compared with the more maritime climate in Aveiro.  

 

      
 

Fig. 21: Optical wireless link prepared for Field trials (left). Campus map of TU Berlin 
where the link is installed (center). Visibility and weather station Vaisala PWD12 (right). 
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4.4.6 Future work 

Note that the link performance can be further optimized. Larger optics can increase the maximum 
transmission distance [17]. A smaller LED may improve the power efficiency and may also 
reduce the divergence of the optical beam. Reducing the active area of the LED to 1.5 mm in 
diameter and using a 3” optic with 200 mm focal length could add almost 10 dB to the link margin. 
This would translate into 3 bit/s/Hz higher spectrum efficiency, which almost triples the throughput 
at 100 m distance. Using multiple colors in a WDM link can multiply data rates further. Smaller 
photodiodes would have increased receiver bandwidth, which is one of the limitations in our 
current design, and reduce the dark current and therefore the noise. Due to the high directivity, 
one could also think about using an APD. Faster real-time signal processing can be implemented, 
to further reduce the latency. In particular, the frame duration needs to be shortened. 
Wavelength-division duplex or full duplex, instead of time-division duplex, would keep the same 
data rate in both directions available. By means of a suitable redesign including all these points, it 
appears possible to reach 1 Gbit/s over 100 m with low-cost components. 

4.4.7 Summary 

We demonstrated that rate-adaptive optical wireless communications can provide a low-cost 
optical alternative to mm-wave radio for small-cell mobile backhauling. We have achieved a 
bitrate-times-distance product of 14 Gbit/s∙m and latencies as low as 10 ms using an LED-based 
link featuring closed-loop real-time link adaptation enabling reliable operation of the link for 
variable weather conditions. 
Moreover, we have learned that homogeneous illumination due to the active area of the LED 
significantly simplifies the deployment and makes the link more robust against misalignment. 
Moreover, flow control is considered mandatory to achieve low latency transmission at any 
packet size. We discussed also that further improvements are possible so that LED-based optical 
wireless communications is a suitable alternative to mm-wave links as a low-cost backhaul for 
small cells. 
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5 Conclusions 

In this SODALES deliverable D2.4, we have focused onto the support and integration of mobile 
networks into the SODALES architecture. We found that the architecture is future-proof and 
flexible enough for 4G mobile services including LTE-Advanced. The software-defined network 
architecture is an inherent enabler for open access networks and thereby well-suited to support 
spectrum as well as infrastructure sharing between mobile operators. S1 and X2 interfaces in 
LTE can be implemented using the E-tree and E-LAN MEF profiles. It is expected that potential 
new mobile network interfaces related to 5G can be implemented in a similar manner.  
 
We reported recent results concerning physical layer technologies. In mm-wave indoor 
measurements at 24 GHz, 662 Mbit/s were demonstrated over 46 m, while in optical wireless 
outdoor measurements, 120 Mbit/s over 100 m were obtained in conjunction with latencies of 10 
ms low-enough for small LTE cells. Both wireless technologies offer high potential for further 
improvement to match 5G requirements. Moreover, distributed synchronization is proposed using 
a GPS receiver co-located with an ARN at the macro-cell base station and additional network-
assisted synchronization using SynchE and IEEE 1588, which is useful to support small cells 
attached to the macro-cell. 
 
Research looking at 5G indicates that backhaul data rates for LTE would be up to 100x smaller 
compared to fronthaul data rates, based on NGMN recommendations and assuming the use of 
CPRI in the fronthaul. That factor is due to the transport of data instead of digitized waveforms 
and significant statistical multiplexing gains for realistic traffic conditions. Accordingly, the current 
fronthaul protocol may need a revision to reduce the capacity requirements of 5G in the fixed 
access network. Another important aspect is the use of Ethernet as a transport protocol in the 
fronthaul. This idea enables seamless fronthaul integration into the SODALES architecture. We 
noted that latency is related to the security architecture used in LTE in order to allow the S1 
network to be shared by multiple operators. While reduced latency in 5G is possible at the 
physical layer by using the software-defined architecture of SODALES, a modified security 
architecture may be needed towards 5G. 
 
Altogether, mobile network operators are well served by the SODALES, because an active 
aggregation node is added at the network edge that ideally supports the backhaul-oriented 
distributed LTE architecture. The architecture is considered future-proof for 5G if ETHERNET is 
used for future fronthaul transport.  
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Software-Defined Open Access for Flexible 
and Service-Oriented 5G Deployment 

 Abstract: The evolution of 5G mobile radio and its complex interaction with fixed access network 
infrastructures poses new challenges and opportunities. In this article, a new software-defined fixed-
mobile converged 5G architecture is introduced which uses carrier-grade Ethernet as a common 
transport platform. In contrast to passive optical networks (PONs), an active remote node (ARN) is 
used to connect end-users. Powered at a radio base station, the ARN aggregates the traffic of fixed 
and mobile radio users. Transport capacity is minimised due to statistical multiplexing, and scalability 
is achieved by a modular design. The ARN enables software-defined networking (SDN) in a converged 
fixed-wireless network via the open-networks-as-a-service (Open NaaS) control and management 
plane. Adopting the Open Access model, it offers both, multi-technology and multi-operator features. 
Next generation fronthaul, resource sharing, synchronization, low latency can all be established as 
services to build an advanced 5G infrastructure. Key concepts of this new SODALES (SOftware-
Defined Access using Low Energy Subsystems) architecture have been realized using low-cost 
hardware and offer economic high-speed, fixed and mobile Internet. E.g., for wireless connectivity to 
macro- and small cells, mm-wave links reaching 5 Gb/s and short-range optical wireless links are 
introduced. As data rates can be scaled up for new services, the proposed new architecture presents 
itself as a future-proof candidate for converged 5G fixed-mobile access networks. 

Introduction 

The rapid penetration of smart mobile devices into our society is unprecedented, with ever-more 
bandwidth-hungry applications driving the evolution of an advanced 5th generation (5G) mobile 
infrastructure. A more diverse set of services, starting from low-latency/low-rate for control messages, 
up to multi-Gbit/s for interactive multimedia needs to be offered. Massive growth in the number of 
connected devices is expected (10x to 100x as compared to 4G), increasingly due to machine-type 
communications in the Internet-of-Things context. Therefore dramatically increased mobile data 
traffic volumes (1,000x), reduced latency (5x), enhanced reliability and low cost are important goals 
[1]. Advanced radio capabilities are needed, such that they will enable a more agile use of the wider 
and more fragmented 5G spectrum in space, time and frequency domains, and provide a much higher 
spectral efficiency per km  [2]. 
In parallel, the transport network behind 5G will need a redesign from its current architecture [3]. 
From the mobile radio point of view, transport network targets are higher data rates at a lower cost, 
reduced latency, enhanced security, and network-assisted synchronization [4]. In addition, as part of 
their 5G planning, network operators are intending to use centralized commodity hardware for mobile 
baseband processing and to deploy advanced remote radio heads (RRHs). The trend towards this 
centralized radio access network (C-RAN) architecture is mainly due to its potentially lower cost, 
reduced energy consumption, simplified operation and maintenance; however such 5G performance 
also comes at the expense of increased complexity [5]. 
In this article, technological convergence of wireless and fixed access networks (i.e. fiber-to-the-X, 
where ‘X’ signifies home/building/cabinet etc.) is highlighted as key to the successful emergence of 
advanced 5G services. Whereas fixed access has been aimed at a purely passive architecture between 
central office (CO) and end-users, i.e. as with passive optical networks (PONs), the infrastructure of 
mobile radio has always used powered nodes, e.g. remote base stations (RBSs) and/or RRHs etc., at 
intermediate locations between end-users and the CO. Marrying the two approaches (wireless and 
wire-line) into a converged, seamlessly-integrated solution presents new challenges and opportunities. 
The use of an active remote node (ARN) is an increasingly active area of interest. Previous projects, 
e.g. OASE (Optical Access Seamless Evolution) [6] investigated the use of an intermediate Ethernet 
switching node for statistical multiplexing in an active optical network (AON) topology, but not as a 
converged node co-located with a RBS. The more recent project COMBO (COnvergence of fixed and 



Mobile BrOadband access/aggregation networks) [7] investigates a next-generation point-of-presence 
(NG-PoP) located at the central office (CO). Note that the ARN is located below the CO in the 
network hierarchy and integrates seamlessly with the NG-POP.  
Owing to the powering available at the RBS, from fixed network point-of-view, it appears reasonable 
to collocate an ARN offering many advantages nearer to the end users such as statistical-multiplexing, 
full functional and physical support for converged fixed-mobile communications and sophisticated 
software-defined network functions enabling hierarchical caching, resilience, restoration, security, and 
low latency, etc. From the mobile network point-of-view, colocation of the ARN is a natural idea 
because an aggregation point is needed anyway near the RBS for the additional small cells that will be 
deployed in 5G for increasing the network density. 
New challenges related to 5G include the use of capacities between 1 and 10 Gb/s for final-drops 
towards end-users, and 100 Gb/s in the uplink towards the CO. In a hierarchical aggregation network, 
transport capacity can be reduced by statistical-multiplexing and distributed caching at the aggregation 
nodes. Additional challenges include security across diverse and heterogeneous infrastructures for 
shared usage, support for device-to-device communications, as well as a virtualized and cloud-centric 
approach to data- and network management. 
Important opportunities are offered by software-defined networking (SDN), and network functions 
virtualization (NFV), when introduced into the mobile network. In the SDN architecture, control and 
data planes are decoupled, network intelligence and state can be logically centralized or distributed, 
and the underlying network infrastructure is abstracted from the applications [8]. As a result, network 
providers gain programmability, automation, and network control, so highly scalable, flexible 
networks, fully customized and adapted to changing business needs can be built. Together, these will 
underpin a full end-to-end 5G quality of experience (QoE). Mobile edge computing (MEC) is another 
new opportunity complementary with NFV. Having an ARN and providing co-located computing 
capabilities offers a great opportunity as it can be used to host virtual network functions at the edge 
that can be dynamically deployed and managed by the network control.  
SDN enables new features, such as flexible network deployment and operation and spectrum agility. 
Additional features offered by SDN include: Open Access operation for competitive provision of 
services and network functions, enabling multiple operators to share a common fixed-mobile network 
infrastructure; optimized exploitation of network resources (e.g. energy efficiency, bandwidth and 
storage capacities); and support for network resilience and robustness (e.g. re-routing and restoration). 
The Open Access network model [9] as in the SDN paradigm, establishes a unified management 
platform providing connectivity, security and routing in multi-provider environments. 
Our objective here is to introduce the SODALES architecture, which enables functional convergence 
between the fixed and mobile access networks. Centred on the ARN, SODALES offers many 
attractive features for the deployment of 5G, and employs carrier-grade Ethernet to enable use of low-
cost scalable transport technologies. SODALES employs the Open network-as-a-service (Open NaaS) 
software-defined control plane as a basis for implementing a NFV-based “Anything-as-a-Service” 
architecture. New optical and mm-wave wireless final-drop technologies will connect small and 
macro-cells, respectively, at low cost and serve as a high-capacity fronthaul solution. 
SODALES allows emerging 5G functionalities to be tested in a field-trial environment, yielding 
insights into the practical issues involved. In addition, the ARN provides a technology platform for 
new 5G services to be offered, and for an initial techno-economic and commercialization evaluation of 
5G converged fixed-mobile architectures. 
The article is organized as follows: in Chapter 1, the SODALES architecture is introduced in the 
context of fixed access-metro-core transport networks. Chapter 2 describes major 5G trends and a 
series of new services, all of which can be software implemented in the proposed infrastructure. 
Chapter 3 describes our Open NaaS control plane implementation to enable SDN operation. Physical 
layer technologies for the uplink to the CO, the ARN and its fixed and wireless final drops are 
described in Chapter 4, with quantitative initial experimental results and early deployment experience 
discussed in Chapters 5 and 6, respectively. 



1. What is Behind the Wireless Link? 

Although end-user experience is often wireless, data is mostly transported via wired infrastructure. 
However, where this latter is terminated and wireless transport begins is a matter of debate. In 
particular, in rural and low-density areas, the business case for deploying fibre is more difficult to 
justify. Given the more limited resource offered by radio spectrum, the closer mobile operators can 
offload traffic to a wired network, the better can performance and resource utilization  be optimized. 
That said, most network operators are currently deploying both FTTH and 4G systems in parallel. But 
5G aims at greater mobile connectivity (i.e. indoors, outdoors, vehicular etc.) such that FTTH may be 
superseded by cheaper, high-capacity and more future-proofed wireless technologies converged with a 
wired infrastructure of a more limited geographical extent. Thus, next-generation access architectures 
integrating fixed and mobile users seamlessly via wired/wireless technologies are of great 
interest, such that SODALES is offering a completely innovative perspective. 

   
 

Figure 1. SODALES Anything-as-a-Service architecture. 

1.1 The SODALES Architecture 

The SODALES Anything-as-a-Service architecture is depicted in Figure 1. Coming from the fixed-
access context, the conventional “passive is better” paradigm (as exemplified by the PON paradigm) is 
an approach that SODALES seeks to modify. Although PONs offer OpEx advantages as compared to 
active networks (which require powering, maintenance and footprint in the field), 5G convergent 
fixed-radio networks requires rethinking of PON architectures. 
Rather, the fact that RBSs require powering anyway allows SODALES to co-locate the ARN 
alongside the RBS. The idea is to serve carrier-grade Layer-2 fixed Ethernet and mobile radio users 
jointly at the ARN, to maximize statistical multiplexing at the network edge, as an intelligent means to 
consolidate traffic that is transferred to the core network. 
Once this architectural step has been taken, we can add more intelligence to the access infrastructure, 
offload radio traffic from the RBS and incorporate new features at the network edge, such as content 
caching, cloud storage (i.e. NFV approach), and any other service that providers may want to develop. 
Greater network optimization is enabled and network equipment at customer premises is simplified as 
standard high-volume Ethernet modules can be used. The ARN then offers new network features and 
applications, additional network flexibility and functionalities required for 5G operation; all in an 
advanced, green embodiment requiring only marginally higher costs. 



In the uplink towards the CO, a conventional ultra-high bandwidth wavelength-division-multiplexed 
(WDM)-PON architecture is employed; thus legacy infrastructures continue to be utilised. However, 
the ARN offers an advanced interconnection service at the network edge by integrating heterogeneous 
services with the physical substrate.  
Such an active architecture has several advantages. In a PON, the optical line terminal (OLT) located 
at the CO and all the optical network units (ONUs) located at the subscribers’ premises have to be 
designed for maximum, i.e. end-of-life capacity, which makes initial deployment costly. Moreover, 
port count, reach and available capacity are limited by the splitting loss; its compensation by optical 
amplifiers and/or coherent detection leads to further increased costs.  
In the ARN architecture, there is no splitting loss. Reach and capacity per link can thus be increased 
easily. Low-cost, off-the-shelf Ethernet technologies can be deployed at the outset, with uplink and 
final-drop technologies being piece-wise upgraded on demand. Port counts at the ARN can be 
increased, such that high statistical multiplexing gains can be exploited at lower cost and the 
increasing number of connected devices envisioned for 5G can be better supported. 

1.2 Open Access 
From the control and management plane perspective, simplified provisioning promotes widespread 
deployment of ultra-broadband networks and stimulates an innovative service environment. Evolution 
towards Open Access allows service providers (SPs) to use a single physical infrastructure provided 
by a network provider (NP) superseding the deployment of parallel networks. As telecommunications 
business is about economies of scale and service competition, Open Access offers potential to enhance 
5G commercial success, where different SPs can offer their services and optimize their CapEx and 
OpEx by deploying only a single converged fixed-wireless access network. 
In order to support Open Access, a SDN-aware control and management plane is provided by 
SODALES to offer multi-operator support. Additionally, SODALES allows multi-vendor operation, 
by means of a Hardware Abstraction Layer (HAL) and defining Metro Ethernet technologies as the 
common transport platform. In this way, vendors can integrate seamlessly with the control and 
management plane. 

2. Benefits for 5G 

2.1 5G Mobile Access Evolution 
5G technology is not fully defined yet, as it depends on the available spectrum, although both the 
traditional range below 6 GHz as well as micro- and millimetre wave frequencies are currently being 
considered. At low frequencies, spectrum is more difficult to obtain. Combining the use of more 
spectrum, small cells, coordinated multipoint and massive MIMO allows 1,000x times higher capacity 
to be reached [2]. In contrast, more spectrum is more easily available at the higher frequencies, but 
high spectrum efficiency is more difficult to obtain. This is due to increased path loss (which needs 
more complex antenna arrays), and more time variance of the mobile radio channel due to increased 
Doppler effects (which also increase overhead due to the required pilots). Future research will show 
what radio technologies are appropriate to reach 5G targets at these higher frequencies. Low cost is 
also important if more radio cells are needed. 

2.2 Fronthaul-as-a-Service 
A 5G C-RAN architecture is currently being targeted by many mobile network operators. Here, base-
band processing is pooled at the CO, as indicated in Fig. 2. Digitized waveforms are transported over 
the fronthaul from the intelligent baseband unit (BBU) to the dumb base stations [5, 10]. The C-RAN 
concept is expected to offer considerable flexibility for mobile operators. For example, during the day, 
with traffic changing over time and space, the same BBU can serve traffic using RRHs deployed in 
residential areas during leisure time, whilst other RRHs deployed in industrial parks are used more 
intensively during working hours. 



In the SODALES architecture, a native C-RAN approach is proposed, e.g. by placing the BBU within 
the CO, with base stations connected to the ARN via high-speed fixed or wireless final-drops. In order 
to facilitate fronthaul in this way, digitized waveforms need to be transported over Ethernet like any 
other data in the access domain [11]. By using Ethernet as a common transport platform, fronthaul can 
be offered as-a-service over the converged access network. The E-tree Metro Ethernet profile can then 
be used for C-RAN implementation. This is illustrated in Fig. 2, where radio signals are transported 
over Ethernet from a BBU at the CO over the WDM uplink and the ARN to the base station.  

Towards 5G, there is a proposal to transport baseband samples natively over Ethernet. The authors 
believe that Ethernet can offer the required functionalities and features currently supported by existing 
protocols. The EU project iCirrus (2015-2017, http://www.icirrus-5gnet.eu/) is conducting research 
towards a new fronthaul protocol meeting the various challenges associated with this approach. In 
addition, we note the recent Next Generation Radio Interface (NGRI) proposal [5]. 

A recent dispute is concerned with latency requirement, which can potentially be relaxed. For 
synchronous radio transmission, the Ethernet transport link can be synchronized in frequency and time 
by using SynchE and IEEE 1588 protocols. Waveforms are then sent over Ethernet by adding a time 
stamp to inform the radio head at what local time the transmission starts. Because these local clocks 
are stabilized over long periods of time, waveforms can be sent synchronously also in case of delays in 
the network. Minor delays due to imprecise synchronization can be corrected by the waveform in 
which part of the cyclic prefix is spent for synchronization (10% typically). Delays up to roughly 
0.5 µs can be corrected, accordingly, i.e. more than the 0.1 µs time precision targeted by IEEE 1588. 

     
Figure 2. SODALES implementation of a C-RAN using Fronthaul over Ethernet. 

2.3 Sharing-as-a-Service  

Spectrum and mobile network infrastructure sharing is a major new feature expected for 5G [12]. For 
example, if spectrum sharing is offered as-a-service to mobile operators via licensed shared access 
(LSA), locally and temporarily underused spectrum can be offered as additional spectrum at the same 
time in the same area. Sharing mobile infrastructure, such as RBS sites and antennas has advantages 
for both, mobile network coverage in rural areas and achievable capacity in dense urban scenarios. 
Sharing multiplies the density of base stations, thus leading to increased spectrum reuse without new 
sites or antennas. 
Another new service is infrastructure sharing between broadcast and mobile services. By transmitting, 
e.g., TV signals from mobile base stations, a dense single-frequency network (SFN) can be easily 
deployed yielding better coverage, i.e. the broadcast service can be brought closer to end-users. Fewer 
TV channels are needed for interference coordination among multiple SFNs deployed currently in 



parallel for the same service, so unused frequencies can be offered to mobile operators, e.g. via LSA. 
The SODALES architecture enables such new 5G sharing services by using Ethernet as a common 
transport platform, with the opportunity to mutually coordinate use of physical network resources via 
the software-defined control plane. 

2.4 Clock-as-a-Service 
Synchronization offers interference reduction and spectrally efficient transmission in the mobile 
network. Proper timing within a radio frame is needed for both uplink and downlink periods in time-
division duplex mode, and coordinated beam-forming and scheduling, with frequency synchronization 
additionally required for coordinated multipoint (CoMP). 
At indoor locations with no global positioning system (GPS) access, network-assisted synchronization 
is required. It is usually established by a central reference clock in the core network. Time-of-day, 
phase alignment, and pseudo-frequency synchronization is achieved over Ethernet by using the IEEE 
1588v2 precision time protocol (PTP), while precise frequency synchronization can be achieved via 
synchronous Ethernet (SyncE). The drawback of PTP is that performance depends on network packet 
delay variation, which also depends in turn on network load. The drawback of SynchE is that the clock 
must be recovered at each node in the network. 

  
Figure 3. SODALES uses distributed clock-as-a-service protocols for precise synchronization. 

 
SODALES proposes multiple local reference clocks locked to GPS antennas at selected macro-cell 
RBS sites in the field, with line-of-sight propagation, as shown for the PTP case in Fig. 3. The local 
clock can be distributed via the ARN to surrounding base stations by a “clock-as-a-service” protocol. 
Such a local clock offers higher precision compared to centralized solutions, as fewer intermediate 
nodes are involved. Moreover, synchronization in variable clusters of RBSs can be easily established 
in this way. 

2.5 Low-Latency-as-a-Service 
Currently, traffic is aggregated in two main tiers, i.e., access and aggregation (metro-) networks. If the 
network operator owns only the aggregation tier, but the access domain is shared with other operators, 
the access segment of the network could be less secure. Fig. 4 (left) shows how private traffic between 
two users is often routed today. Such security-critical links between two users are implemented using 
an IPSec tunnel from each end-user to the core, which can be located hundreds of kilometres away.  

However, because end-users may be much closer to each other geographically, low latency is achieved 
by passing data over the nearest common aggregation point, e.g. as indicated in Fig. 4 (right). In an 
Open Access network, mobile service providers can establish a virtual sub-network via SDN that is 
operated independently from other virtual networks. End-to-end encryption can be supported in these 
sub-networks, which is under the control of the SP and its end-users. Note also that less data is passed 
into the metro and core domains. 



 
 

Figure 4. Left: Open Access needs enhanced security to isolate virtual sub-networks sharing the same 
physical infrastructure. A centralized security architecture increases latency, as all traffic is routed 
through the core (left). By introducing SDN in the access, (right), the SP can establish direct links 

over the nearest common aggregation points to offer low-latency-as-a-service. 

3. Software-defined Implementation 

Network-as-a-service (NaaS) is a model for delivering network services over any network on a pay-
per-use basis. It is not itself a new concept. However, its development and deployment has been 
hindered by some of the same concerns that have affected also other similar services (e.g. cloud 
computing), such as high availability, service-level agreements, or multi-tenancy considerations. In 
essence, through the NaaS, network becomes a utility, paid for just like any other utility (e.g. water, 
electricity, or heat). In this context, NaaS can be adopted as a new management and provisioning 
model. NaaS capabilities are of particular relevance for the value they can provide to virtualization 
services, as they can extend ideas from the Infrastructure-as-a-Service (IaaS) model from data centres 
into access and transport networks. 

3.1 Open Network-as-a-Service 

The Open NaaS platform [13] is an open-source framework providing tools for managing the different 
network infrastructure resources. The platform is based on a lightweight, abstracted, operational mode 
decoupled from vendor-specific details, and is flexible to accommodate different designs and 
orientations. Open NaaS provides tools for an SDN control and management plane on top of this 
abstracted model. The model stores information about the resource and its capabilities that allows its 
operation and manipulation. The software prototype is built around two major cornerstones: (i) to 
provide Open Access over a heterogeneous physical infrastructure enabling the network provider (NP) 
to create independent infrastructure slices; and (ii) to provide a unified platform for management and 
operation of different services (virtual and physical) for NPs and/or service providers (SPs), depending 
on the type of resources addressed. 
The proposed architecture for the software-defined management platform, aligned with the NaaS 
model, is a fundamental component of the SODALES system. It is directly derived from the 
traditional service-oriented architectures (SoA). However, traditionally proposed SoAs in the telecom 
area were either based on abstractions [18], or either focused on providing network virtualization to 
integrate with the cloud resources [19]. None of them considered the management and provisioning 
model behind the architecture, and how it covers the different technical and business requirements. 

 



It enables multiple tenants to operate the same underlying network, which is one of the key drivers of 
new emerging network services. In order to provide complete, secure, and isolated access for different 
business competitors to the same physical infrastructure to run their services, it is crucial that the 
architecture supports on the one hand customized control-plane deployments per each tenant (i.e. 
Service Providers), and on the other hand, basic functions to ensure proper operation of the 
infrastructure (e.g. slicing capabilities, catalogues, or reservation features).  
Each service provider may have different business requirements and business targets. As a 
consequence, each service provider, once provided with a virtual slice through the corresponding 
functions (i.e. slicing and reservation capability), will be capable of deploying customized control 
planes in order to apply customized operation of the isolated virtual slice, meeting simultaneously 
security requirements from the business perspective towards its competitors, and dynamicity, and 
elasticity required for network operation. Finally, each logical functionality included in the software-
defined architecture is responsible of ensuring the open access implementation over the SODALES 
physical architecture. 
Fig. 5 depicts how the SODALES platform is implemented and the control software integrated with 
the data plane, focusing on the ARN. At the Open NaaS southbound interface, bottom of Figure 5, 
representational state transfer (REST) web services [14] are used for this purpose. However, the 
protocol manager can handle different southbound protocols if required for any different devices (e.g. 
OpenFlow). The modularity means that any standardized interface or protocol can be supported 
without affecting the workflow execution of the platform itself. On the middle-right of Fig. 5, the 
Resource Manager is responsible for handling the persistence and lifecycle of the different abstracted 
resources, as well as implementing the different profiles for each type of resource. Profiles define the 
set of actions that can be performed over the given abstracted resource. The Resource Manager 
constructs the abstract model of the physical resource under consideration, e.g. the ARN of Fig. 5. In 
the same way, any device can be abstracted and integrated into Open NaaS, following the Anything-
as-a-Service philosophy. The Resource Manager fills up the Resource Catalogue (Fig. 5, right) with 
the different abstracted resources.  

3.2 Open Access Implementation 

For Open Access, the SODALES architecture utilizes the Reservation Capability and Slice Manager, 
as depicted in the central part of Figure 5, above the southbound interface. Both components provide a 
virtual infrastructure provisioning service by reserving in advance slices of physical access 
infrastructure. Each virtual slice is instantiated later by the NP and leased to the corresponding SP. 
Virtual slices are depicted in the top left of Figure 5, and may be composed of different virtual 
resources created by the Slice Manager. The virtual slices contain an accessible remote application 
programming interface (API) to allow the SP to operate and control them.  
The implementation of this reservation concept is realised through the generic slicing capability 
implemented within the management framework, enabling the creation of virtual resources from a 
physical resource. Note the concept of slice management units (SLUs), where an SLU is the minimum 
portion into which a given resource can be partitioned. For example, a L2 link can be partitioned into 
different VLANs, where each represents a SLU (i.e. VLAN 1, VLAN 2, etc.). The SP is responsible 
for the operation and control of future 5G services, which are decoupled from the actual infrastructure 
providing these services. The operation of slices is enabled through REST interfaces (Northbound 
API) attached to the top of the virtual representation of the resources. 
Customized SDN applications can be deployed on top of the control planes of the different SPs, as 
depicted in the top left corner of Figure 5. They comprise e.g. different mappings of 5G information 
channels, different 5G services with individual QoS requirements, or different security requirements 
for different SPs. Note that Open Access needs to serve different security requirements for each SP 
sharing the same physical infrastructure. The isolated virtual slice enables dynamic security 
management therefore in our implementation at different levels of the management stack, including 
physical and virtual levels. As described above, this is also useful for low latency.  
 



 
Figure 5. SODALES implementation is based on the Open NaaS platform. 

4. PHY Technologies 

4.1 ARN, fixed final drops and WDM uplink 
Implementation of the standard ARN design is shown in Fig. 1 (bottom left) with a photograph in 
Fig. 5 (bottom). The ARN contains a switch fabric and cards with variable ports. Each card can host 
up to 48 fixed or wireless final-drop links for domestic users or small RBS connected via 1 Gb/s 
Ethernet (typically 2 cards) and one card where up to 4 small and medium enterprises (SMEs) or a 
RBS can be connected via 10 Gb/s Ethernet links. Although aggregate capacity could be as high as 
120 Gb/s in this particular configuration, notice that statistical-multiplexing gains can be huge when 
using 1 Gb/s final-drops. Thus, the WDM uplink is configured with 2 wavelengths at 10 Gb/s each, to 
be scaled up whenever needed. The 120 Gb/s ARN capacity represents a near-term dimensioning 
solution to showcase the SODALES architecture. In this case, the SODALES ARN can offer up to 
1 Gb/s (peak) throughput to up to 96 residences (and also 10-Gb/s peak to 1xRBS, and 3xSMEs); or 
alternatively, 1-Gb/s peak to 168 end-users, and 10-Gb/s peak to 1xRBS. Clearly, these numbers can 
be scaled up (i.e. the ARN dimensioning increased), either to provide greater bandwidth throughputs 
to end-users, or to cater for a larger number of end-users over a greater geographical area. In this case, 
the 120-Gb/s ARN capacity should not be taken to represent an 'end-point' or ultimate capacity limit to 
the SODALES architecture. In [20], initial performance analysis of basic ARN designs was completed 
to support the cost-effectiveness of the proposed SODALES solution and to demonstrate the potential 
benefits in terms of network performance, operational efficiency, and flexible functionality compared 
to traditional GPON deployments.  



4.2 Microwave and optical wireless final-drops 
For more flexible wireless connectivity, end-users can connect to the ARN via two basic technologies. 
Over larger distances beyond about 100 m, commercial microwave (e.g. 24 GHz) or mm-wave links 
(70 GHz E-band) can be integrated via Ethernet. Over shorter distances, 60 GHz and innovative low-
cost optical wireless links are also possible. Here, high-power LEDs and silicon photodiodes are used. 
Power efficiency and bandwidth are enhanced by an optimized driver and trans-impedance amplifiers, 
together with orthogonal frequency-division multiplexing (OFDM) in the baseband. Links are 
bidirectional and used in time-division duplex mode, with rate adaptation according to feedback 
provided over the reverse link. Our initial optical wireless links are based upon recent developments in 
visible light communications (VLC) [15], with an infrared LED and optics adapted for longer distance. 

5. Initial Results 

The new concepts have been simulated, exemplarily implemented and tested in the field. Simulations 
have been undertaken in MATLAB to demonstrate performance when using the ARN, with symmetric 
data services ranging from 100 Mb/s to 1 Gb/s, and for variable traffic loads, until the performance of 
a typical GPON and the ARN were saturated, as shown in Fig. 6a. GPON provides 2.5 Gb/s and 
1.25 Gb/s channels in down- and upstream directions, respectively, shared typically between 64 users. 
In general, capacity is much higher due to the fast switching in the ARN and can be scaled up by using 
a faster uplink. A new observation is that the higher is the peak data rate towards the end-users, the 
higher is the possible statistical-multiplexing factor. Note that the uplink utilization decreases, as faster 
final-drops do not generate enough traffic to saturate the channel. The ARN can support statistical 
multiplexing better than GPON where the port count and reach are limited at higher splitting ratios, 
while more ports can be added easily to the ARN and reach is not limited in this way. Below 1 ms 
latency, as required for 5G, is not possible with GPON, while the ARN enables low latency in low-
load scenarios. At higher load, prioritization of the latency-critical traffic may be useful. 
For long-distance wireless links between end-users and ARN, a bidirectional 5 Gb/s radio baseband 
solution was implemented on an FPGA platform. Signal processing operates effectively at 2.5 GS/s 
while FPGA clock is 156.25 MHz. Sample streams were divided into 16 sub-streams and all 
algorithms were implemented in parallel. New solutions were developed for synchronization and 
compensation of the bias-drift at the AC-coupled baseband signal inputs. Using power-efficient π/4-
shift DQPSK modulation suitable for longer range, error-free HD video transmission over Ethernet 
was demonstrated, see Fig. 6b) [16]. 

More short-range wireless links will be needed in 5G deployments in order to connect small cells, 
where the ARN will be used as a natural aggregation node. A new rate-adaptive optical wireless link 
was therefore tested; Fig. 6c shows initial data-rates versus distance results. Using a low-cost LED and 
a pin-photodiode, more than 100 Mb/s was reached over 100 m, with rates being higher over shorter 
distances. More than double speed and 2 ms latency were recently reached using a new baseband chip.  
We performed initial outdoor long-term measurements from 25th Nov 2014 through to 26th April 
2015 to include the influence of weather, since visibility range is critical. Fig. 6d indicates that 
visibility was never below 200 m, despite rain, fog and snowfall. Optical wireless data-rates were 
higher than 100, 57, 39, 22 and 10 Mb/s in 72, 90, 99, 99,9 and 100 % of cases, i.e. no outage was 
observed. We note that a 500-m free-space-optical (FSO) link located at the same position had in total 
eight hours of outage over this same period, due to fog; despite there being a 13-dB link margin 
available when visibility was good. It is clear that the short distance and the rate adaptation together 
make our optical wireless link more reliable than conventional FSO. Performance can be further 
increased with narrower beams, the use of lasers and fast baseband solutions [17]. Altogether, our 
results indicate that the physical substrate for the ARN will be scalable to reach major 5G performance 
targets concerning data rates, latency and range. 



  
Figure 6. 6a) Initial ARN simulation results, vs. GPON.  6b) Measured performance of a real-time 
5Gbit/s baseband modem for a mm-wave backhaul link. 6c) Data rate vs. distance for the LED-based 
optical wireless link. 6d) Measured visibility statistics from an outdoor field trial. 

6. Initial Deployment and Business Perspectives  
SODALES has already found a niche market in rural and low-density areas, where there is no easy 
business case for FTTH. Initial demonstration and commercial deployment activities are currently 
being conducted, with an ARN deployed in an industrial park, to provide mobile radio services and 
connect fixed subscribers via optical or point-to-point radio links. While potential fibre capacity is 
higher, wireless links can still provide 100 Mb/s symmetric services and thus economic connectivity in 
the short-mid-term for users in these under-served areas. In low-density areas, developing several 
networks in parallel is not practicable, i.e. Open Access plays a crucial role. Municipal NPs can deploy 
agnostic converged fixed-radio networks and sell transport capacity to multiple SPs in a cost-efficient 
way, to foster competition, optimize network deployment and reduce the digital divide. 
Initial deployment has taken place at the La Llana industrial park, in Rubi, Catalonia, since Nov. 2014. 
As 5G capacities are not yet required, the WDM uplink uses 2x1-Gb/s wavelength pipes, which can be 
easily upgraded as bandwidth consumption increases. The mini-ARN serves 22 SMEs, using 24 of the 
available ports from a single 40G Ethernet chassis. 16 ports offer FTTB point-to-point connections to 
SMEs, while the other 8 ports are used for radio links (offering WiFi, WiMAX, and 3.5-GHz LTE 4G) 
to end-users. Two companies have FTTB connections, with one radio link each as back-up.  
Although 1 Gb/s is available to each end-user, such a large bandwidth is not yet required. Peak rates of 
100 Mb/s per end-user are more than adequate today, with QoE determined by latency. The mini-ARN 
can be dimensioned to have 1:500 statistical multiplexing for serving up to 800 end-users, with 
1.6 Gb/s peak aggregate capacity over the 2x1-Gb/s uplink pipes. Initial investment risk is minimized, 
and as bandwidth requirements increase over the time, performance can be upgraded piecewise.  
Early deployment experience shows that SODALES optimizes CapEx and OpEx and can be deployed 
in locations, where high-speed broadband service provisioning has until now not been worthwhile. 
Indoors and in dense areas, the ARN can serve as a short-range hub, e.g. for large numbers of small 
cells. Several ARNs can also be connected in a wireless mesh topology as a means to provide 
enhanced network resiliency. 



Conclusions 

Software-defined Open Access offers clear advantages for advanced 5G infrastructures, such as low-
cost, low-energy and scalable deployment. Using Ethernet as a common transport platform, with an 
ARN placed at the network edge, standard wired and wireless final-drops can be offered to end-users, 
and a WDM-PON deployed towards the CO. The ARN offers statistical multiplexing and software-
defined networking (SDN) near to end-users, while native support for C-RAN and fronthaul is 
provided by NFV. Open Access is supported, enabling multiple operators to share the same physical 
infrastructure while still addressing critical security concerns. Low latency, synchronization and other 
services can also be provided as-as-service in the same way. Key features have been implemented and 
tested on an experimental ARN using the Open NaaS software platform. Altogether, the SODALES 
approach covers a wide range of deployment scenarios, and because of its high degree of optimization 
with CapEx and OpEx scalability, it presents itself as a future-proof candidate for converged fixed-
mobile advanced 5G infrastructures. 
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