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Small Cell Forum supports the wide-scale adoption of small cells. Its mission is 
to accelerate small cell adoption to change the shape of mobile networks and 
maximise the potential of the mobile internet. 

‘Small cells’ is an umbrella term for low-powered radio access nodes that operate in 
licensed and unlicensed spectrum and typically have a range of 10 metres to several 
hundred metres. These contrast with a typical mobile macrocell that might have a range 
of up to several tens of kilometres. The term ‘small cells’ covers femtocells, picocells, 
microcells and metrocells. 

Small Cell Forum is a not-for-profit, international organisation, with membership open 
to providers of small cell technology and to operators with spectrum licences for 
providing mobile services. 

At the time of writing, the Small Cell Forum has 141 members including 68 operators 
representing more than 3 billion mobile subscribers – 46 per cent of the global total – 
as well as telecoms hardware and software vendors, content providers and innovative 
start-ups. 

The Small Cell Forum is technology-agnostic and independent. It is not a standards-
setting body, but works with standards organisations and regulators worldwide to 
provide an aggregated view of the small cell market. 

This document forms part of the Small Cell Forum’s Release One which addresses the 
full range of applications for small cells: Home, Enterprise, Metro, Rural. The main 
theme of Release One is the Home, and includes the complete body of work operators 
will need to know for wide-scale deployment of femtocells intended for home or small 
office applications. These applications are based typically indoors and involve locations 
where a single femtocell is usually sufficient. Both 3GPP and 3GPP2 femtocells are 
included. 

Release One also contains works clarifying market needs and addressing barriers to 
deployment of enterprise, metro and rural small cells.   

The Small Cell Forum Release website can be found here www.scf.io. A description and 
roadmap for the release programme can be found here www.scf.io/doc/100 

 

If you would like more information about the Small Cell Forum or would like to 
be included on our mailing list, please contact: 

Email info@smallcellforum.org 

Post Small Cell Forum, PO Box 23, GL11 5WA UK 

Member Services Lynne Price-Walker lynne@smallcellforum.org 

For a full list of members and further information visit our website 
www.smallcellforum.org
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Executive summary 

Key Messages 

• Backhaul is NOT a barrier to small cell deployment. There is no one-size-fits-all approach to 
backhaul. However, there is a wide range of solutions that together can address the full range of 
use cases envisaged.  

• Choice of backhaul solution depends on the original motivation to deploy small cells. 
There is a range of use cases for open access small cells, from targeted demand hotspots in city 
centres, through generalised capacity uplift, to serving not-spots in remote rural areas. In each 
case the emphasis on backhaul requirements shifts, and aspects that are critical to one type of 
deployment can be relaxed in others. Solutions with different characteristics will address the 
needs of different types of small cells in different areas. 

• You have options — use them. Use fibre and copper where you’ve got it, high capacity micro 
and millimetre wave where a line-of-sight is available or non-line-of-sight solutions where it’s 
not. Satellite can address the remote rural or mobile scenarios that other solutions cannot reach. 
Where multiple options are applicable, total cost of ownership will decide. 

Mobile data consumption has had a phenomenal rise over the last few years and is set to continue for many 
to come. Cell densification will play a central role in meeting this demand, allowing the same spectrum to be 
reused more to increase overall network capacity. This will be achieved using small cells, typically deployed 
below-roof-top level on street furniture and building walls, both indoor and outdoor.  

The number of small cells required may eventually become an order of magnitude greater than current 
numbers of macrocells. A key challenge is to provide extensive backhaul connectivity to the small cells both 
economically and with sufficient performance. A wide range of different solutions have been proposed for 
the ‘backhaul toolbox’, each with their own individual characteristics. In order to further industry 
understanding of how these different solutions will be used in practice, the Small Cell Forum has brought 
together its operator and vendors member to develop consensus views , which are published here in this 
white paper. 

The aim of this white paper is to analyse perceived challenges in backhauling small cells and provide 
information to help operators select the most appropriate solutions for the different deployment scenarios 
envisaged. Whilst the target audience is primarily the mobile operator, vendors and other parts of the 
industry will also benefit from this collective view.  

The paper develops the understanding in the following three stages: 

1. Use Cases for small cell deployment 
2. Requirements for backhaul in each use case 
3. Backhaul solution characteristics and suitability to the different use cases  

Before even considering the backhaul, the first stage is to analyse the different use cases for the small cells 
themselves. This paper focusses on operator deployed small cells with operator managed backhaul. We 
consider the different motivations operators have to deploy small cells, and categorise them into the 
following broad groups:  

• For capacity 
• Targeted capacity hotspots to ease congested macrocells 
• Non-targeted capacity uplift to enhance overall user quality of experience 

• For coverage 
• Outdoor not-spots such as remote rural village 
• Indoor not spots such as shopping malls 
 

It is recognised that a small cell providing capacity will also enhance coverage. However what is important 
here is the main motivation of the operator to deploy small cells, since this in turn impacts the requirements 
for the backhaul.  

The second stage of the analysis is the development of backhaul requirements. We provide 
recommendations for capacity, coverage, security, delay, synchronisation, QoS, physical design and 
management. We find aspects critical in one use case may be relaxed in another. A good example is 
backhaul availability, which is critical for a coverage scenario but may be less important in a capacity 
deployment where a macro layer can act as a ‘safety net’. The reverse is true for backhaul capacity 
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provisioning. This changing of requirement emphases helps inform the matching of a particular solution’s 
characteristics with a given use case.  

The third stage is to analyse the characteristics of the different solutions proposed. There are many 
products available, and we have grouped them into the following solution categories: 

Wireless Solutions Wired Solutions 

Millimetre 70-80GHz  Direct fibre 

Millimetre 60GHz  Digital subscriber line (xDSL) 
Microwave point-to-point FTTx 
Microwave point-to-multipoint Hybrid fibre-coax (HFC) and DOCSIS® 3.0 
Sub 6GHz Licensed 

 Sub 6GHz Licensed 
 TVWS 
 Satellite 
  

Wireless solutions are primarily grouped according to the carrier frequency at which they operate. This in 
turn dictates key characteristics such as whether non-line-of-sight propagation is supported, the amount of 
spectrum available and its licensing arrangement. Another key differentiator is whether connectivity is 
point-to-point or point-to-multipoint. Wired solutions are categorised according to whether fibre or copper or 
combination of the two. 

Each solution category is described in detail and indicative performance ranges given for the quantifiable 
requirements such as capacity and latency. Qualitative statements are also provided to explain the types of 
deployment use case to which the solution is best suited. 

Overall, although no one solution category is superior in all scenarios, we find that together the range of 
options can address all of the use cases envisaged. Total cost of ownership will decide when multiple options 
are available. Backhaul is not a barrier to small cell deployment. 
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1. Forward 

1.1 Scope 

This document focuses on backhaul solutions for operator-deployed public access small cells. We do not 
consider backhaul needs for consumer-deployed femtocells for the home or enterprise. The radio access 
technologies considered are HSPA, LTE release 8, and Wi-Fi, although guidelines are presented in such a 
way that other technologies could easily be added. 

We consider the range of use cases for open access small cells and the primary motivations for their 
deployment. We include coverage and capacity as well as general enhancement of user quality of 
experience. 

The understanding of small cells is then used to develop requirements for the backhaul and the 
characteristics of connectivity needed. We also consider how requirements change according to use case 
and where relaxations are possible. We then look a wide range of backhaul solutions, both wired and 
wireless. Wireless solutions are principally categorised by carrier frequency ranging from TV white space to 
micro and millimetre wave and satellite. Wired solutions include various types of copper and fibre. 

Site issues such as planning (zoning), access power, and form factor are as important for backhaul as they 
are for the small cells themselves. A detailed analysis is underway by the forum but is not within the scope 
of this document. 

1.2 Abbreviations 

3GPP 3rd Generation Partnership Project 
ACLR adjacent channel leakage ratio 
ACS adjacent channel sensitivity 
ADSL asymmetric digital subscriber line 
AES Advanced Encryption Standard 
AOR all-outdoor radio 
AP access point 
ARQ Automatic Repeat Query 
ATM Asynchronous Transfer Mode 
CCTV closed circuit television 
CMTS cable modem termination system  
CO central office 
CoMP Coordinated Multipoint Transmission 
CoS class of service 
COW cells on wheels 
CPE customer-premises equipment 
CPO class of service performance objectives 
CSMA/CA carrier sense multiple access with collision avoidance 
DAS distributed antenna system 
dBI decibel (isotropic) 
DFS dynamic frequency selection 
DOCSIS Data Over Cable Service Interface Specification 
DSL digital subscriber line 
DSLAM digital subscriber line access multiplexer 
DTV digital television 
DWDM dense wave division multiplexing 
ECC Electronic Communications Committee 
EDGE Enhanced Data rates for Global Evolution 
eICIC enhanced inter-cell interference coordination 
EIRP equivalent isotropically radiated power 
eNB evolved Node B 
EPC Evolved Packet Core 
EPoC the EPON over Coax initiative 
EPON Ethernet PON 
EQAM edge quadrature amplitude modulator 
ESP Encapsulating Security Payload 
FCC Federal Communications Commission (US) 
FDD frequency-division duplex 
FTTC fibre to the curb 
FTTC/N fibre to the cabinet 
FTTdp fibre to the distribution point 
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FTTH fibre to the home 
FTTP fibre to the premises 
GBR guaranteed bit rate 
GEM GPON Encapsulation Method 
GHz gigahertz 
GNSS global navigation satellite system 
GPON gigabit-capable passive optical network 
HetNet heterogeneous network 
HFC hybrid fibre-coax 
HSPA High Speed Packet Access 
ICIC inter-cell interference coordination 
IEEE Institute of Electrical and Electronics Engineers 
IETF Internet Engineering Task Force 
IMS IP Multimedia Subsystem 
IP TOS IP type of service 
ISM industrial, scientific and medical 
IP Internet Protocol 
IPSec Internet Protocol Security 
ITU International Telecommunication Union 
kbit/s kilobits per second 
LOS line-of-sight 
LTE-A LTE-Advanced 
LTE Long Term Evolution 
M2M machine-to-machine 
MAC Medium Access Control 
Mbps megabits per second 
MEF Metro Ethernet Forum 
MIMO multiple-input multiple-output 
MMF multi-mode fibre 
MSO multi-service operator 
MTBF mean time between failures 
MTTR mean time to repair 
MWC Mobile World Congress 
NGBR non-guaranteed bit rate 
NGMN Alliance Next Generation Mobile Networks Alliance 
NLOS non-line-of-sight 
nLOS near-line-of-sight 
NTE network terminating equipment 
NTP network time protocol 
Ofcom Office of Communications (UK) 
OFDMA orthogonal frequency-division multiple access 
OSP outside plant 
PCEF Policy Charging and Enforcement Function 
PER performance 
PGW packet data network gateway 
PHY physical layer (of the OSI — Open Systems Interconnection — model) 
PON passive optical network 
POP point of presence 
Ppb parts per billion 
PTP precision time protocol 
QAM quadrature amplitude modulation 
QCI Quality Class Indicators 
QoE quality of experience 
QoS quality of service 
QPSK quadrature phase-shift keying 
RAN radio access network 
RF radio frequency 
RTT round trip time 
SCADA supervisory control and data acquisition 
SCF Small Cell Forum 
SHDSL single-pair high-speed digital subscriber line 
SIG Special interest group 
SINR Signal to Interference plus Noise Ratio 
SLA service-level agreement 
SMF single mode fibre 
SNO satellite network operator 
SyncE Synchronous Ethernet 
TCO total cost of ownership 
TCP Transmission Control Protocol 
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TDD time-division duplex 
TDMA time division multiple access 
TTI transmission time interval 
TVWS TV white space 
UDP User Datagram Protocol 
UE user equipment 
UHF ultra-high frequency 
UMTS Universal Mobile Telecommunications System 
USP unique selling point 
VDSL very high bit rate digital subscriber line 
VLAN virtual local area network 
VoD video on demand 
WiMAX Worldwide Interoperability for Microwave Access 
xDSL any DSL technology 
XPIC cross polar interference cancellation 
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2. Introduction 

The rise in demand for mobile data is placing unprecedented strain on mobile networks to deliver the more 
and more capacity, particularly in urban areas. Deploying a denser cell topology using small cells to meet 
this demand is an option embraced by a growing number of operators. The need for small cells may well 
have been proven. However, a mobile operator may eventually have to deploy an order of magnitude more 
small cells compared to existing macrocell numbers to meet demand. This will be an increasingly 
challenging task for mobile operators. It requires, in particular, an economical and ubiquitous backhaul 
solution to serve the large number of small cells. 

Small cell backhaul requirements differ from those of macrocells in terms of capacity requirements, use 
cases and economics. To analyse the requirements and provide suitable recommendations, the Small Cell 
Forum (SCF) set up a Special Interest Group (SIG) on small cell backhaul. A major contribution was made 
by Next Generation Mobile Networks Alliance (NGMN) [1] to address the technical requirements for small 
cell backhaul. This white paper by SCF extends the work carried out by other forums to look at different use 
cases and analyses the different types of backhaul options available for each use case.  

2.1 Aims 

SCF recognises that there are several technologies available for backhauling small cells. The main objective 
of this white paper is to detail the portfolio of solutions available for backhauling small cells dependent on 
various deployment scenarios. The other objectives are: 

• To outline the different use cases where small cells will be deployed 
• To specify the key requirements for backhaul technologies and how they differ among use cases 
• To understand the scale of deployment of particular use cases that determines the density of 

backhaul points required 
• To categorise and assess different backhaul solutions and their key features 
• To recommend how solutions categories map to use cases 

2.2 Organisation 

We have organised this paper around the process an operator will go through when considering a small cell 
deployment and selecting a backhaul solution, as illustrated in Figure 2-1 

 

Figure 2-1 How sections of this white paper feed into an operators selection process for 
small cell backhaul 

At east stage in the selection process, the following questions must be addressed: 

• Deployment use cases: what are the motivations to deploy small cells, where they will be and 
how many will be needed?  

• Backhaul requirements: what level of connectivity and performance is needed to backhaul to 
small cells. How does this vary with use case? 

• Available assets: what assets are already held in portfolio (for example spectrum, fixed 
networks)? This will vary from one operator to another. 

• Choice of solutions: which backhaul solutions would map with the above three variables? 
• Economics: what is the economic viability in each solution for chosen use case? We note that 

this is highly specific to a particular operators asset holdings, as well as the market being 
addressed. We do not cover economics in this paper. 
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The report is organised to help answer some of these questions as follows: 

• Section 3 presents the various use cases for small cells with a detailed analysis on the scale of 
urban deployments.  

• Section 3 summarises small cell backhaul requirements in terms of capacity, latency, QoS, etc. 
• The different backhaul technologies are then summarised in two categories: wireless in Section 4 

and wired in Section 5.  
• Conclusions are drawn in section 6. 
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3. Small Cell Use Cases and Deployment Scenarios 

Before we can develop requirements for backhaul, we need first to consider how small cells will be used, 
where and why. Small cells will enhance an operators service level in a number of ways, they will improve 
both capacity and coverage as well as increasing the general quality of user experience. Whilst any 
deployment will provide each of these to some degree, we find that the operator’s primary objective will 
influence the style of deployment, which in turn impacts on the backhaul requirements [2]. We have 
therefore to consider small cells deployments to broadly align with the four following use cases:  

• For capacity 
• Targeted capacity hotspots to ease congested macrocells 
• Non-targeted capacity uplift to enhance overall user quality of experience 
• For coverage 
• Outdoor not-spots such as remote rural village 
• Indoor not spots such as shopping malls 

The use cases and their associated deployment style are described in the following sections. 

3.1 Targeted capacity for hotspots 

A small cell is deployed in a known area of high demand density. This adds capacity to networks, to fill 
spectrum ‘gaps’, to ease congestion from the macrocell in congested traffic areas such as urban downtown 
and traffic intersections and to utilize existing spectrum effectively. Examples of this include: 

• Offloading specific macrocell overlaps  
An example of this would be such as a dense urban underlay in congested outdoor urban 
deployments. Deployments are likely to use street furniture as street lamps, traffic lights, CCTV 
sites, payphones and notice boards. 

• A typical area would be any concentrated traffic with peak hours such as Times Square in New 
York City or London’s Oxford Street, urban access highways at rush hour or local commuting at 
airports or train stations. A typical area would be Times Square in NY or London Oxford Street or 
urban access highway at “rush hour”, etc. 

• Complementing existing public Wi-Fi access points.  
This would be deployed in, say, Starbucks or McDonalds — hotspots with nomadic (non-mobile) 
characteristics. Normal voice traffic would route via a more economical network, offloading 
macro, and would allow appropriate data traffic to route via Wi-Fi.  

3.2 Non-targeted capacity for Quality of experience enhancement 

Small cells are deployed across areas of high demand density, in order to provide general capacity uplift and 
enhancing the data rate distribution to improve users Quality of Experience (QoE). The cell type could be a 
HetNet underlay coordinated as seamless part of macrocells. Dense urban, suburban, and dense suburban 
in both indoor and outdoor and exclusive/restricted properties are all instances where QoE enhancement 
could be relevant.  

The following section presents results of case studies using this style of deployment to quantify the numbers 
of small cells that will be needed. 

3.2.1 Scale of deployment 

We consider here the numbers of small cells that may be needed to supplement a macro network in order to 
keep up with an evolving consumer traffic demand. Two case studies (detailed in Annex 7) provide a high-
level view of this. 

One study looks at metropolitan heterogeneous network deployment to determine the number of small cells 
needed to supplement the macro layer in order to meet traffic demand growth from 2011-2019. This 
assumes a realistic non-uniform traffic distribution with a non-uniform arrangement of macro and small cell 
sites. The study finds that between six and seven small cells would need to be deployed per macrocell by 
2019. It is important to note that the number of small cells required is very sensitive to factors such as 
subscriber traffic demand and available spectrum. 
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Figure 3-1 Evolution of small cells per macro in a metropolitan heterogeneous network  

Note: results in the annex show a drop in the number of small cells needed in 2016, due to the increased 
spectral efficiency available from LTE. However, although the capacity requirement may temporarily reduce, 
the number of cells deployed would stay constant as shown here. 

Another study examines the level of small cell deployment required to satisfy potential demand for cellular 
data services in a number of London boroughs. The study brings together traffic growth forecasts from the 
Cisco Visual Network Index for 2015 with the anticipated mix of mobile broadband devices carried by the 
population, the possible traffic generated per head of population and the population handling capacity of a 
10MHz LTE cell. 

These calculations are then mapped onto a number of scenarios: small and large retail, small and large 
enterprise and outdoor metro area, taking into account the land area and its usage per borough. The 
number of cells required to provide sufficient coverage and capacity is then estimated. A full white paper is 
available [3] but a key example of results for one of the deployment scenarios is given below. These show 
the distribution of outdoor public access small cells or metrocells that might be required. The density is 
given in average small cells per square kilometre.  

From this estimation process, an average number of small cells per square km across all London boroughs 
to support the 2015 traffic forecasts is 8.3. However there is considerable variation. Very dense traffic 
demands may require nearly 100 small cells per km2. Further discussion and results can be found in the 
white paper. 

  

Figure 3-2 Distribution of small cells per km2 across London boroughs  
An ‘outdoor metropolitan’ scenario, circa 2015  

	  
City	  of	  London:	  98	  per	  km

2

	  

Westminster:	  27	  per	  km
2
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3.3 Indoor coverage 

This applies to indoor public spaces isolated from the macrocell outdoor coverage experiencing steady daily 
nomadic (low mobility) traffic and occasional peaks. Examples of indoor use cases are:  

• Dense urban indoor venues 
These would include stadiums, convention centres, shopping malls, office atriums, multi-tenant 
buildings, small-to-medium offices, casinos/hotels or college campuses. Of course, a DAS system 
might be equally effective, but running new fibre would be expensive. In any case, Ethernet 
cabling usually exists throughout such buildings and would be ideal for deployment of either 
small cells or enterprise femtocells. External penetration of glass and metal buildings from 
macrocells is usually difficult or impossible. 

• Suburban to dense suburban residences and/or hilly terrain 
Multi-family apartment complexes, restaurants or small businesses are possible examples. 
Suburban neighbourhoods where recurring high evening peak traffic on mobile devices is the 
norm could benefit from dynamic upgrade in residential areas. Small cell deployment is, 
however, challenging. Zoning variance and neighbourhood resistance could limit the number of 
sites available, although ‘stealth sites’ such as church steeples, flagpoles or tree-like poles might 
be used. Backhaul placement could also be on aerial cables or street light fixtures. Backhaul for 
an extended outdoor DAS could be locally driven by macrocell, or via a distributed base station. 

• Mobile small cell 
This would apply to indoor coverage in moving public transportation. Here mobile small cells 
would be used. Backhaul placement (for example, in a high-speed train) can be in the form of 
wireless solutions with static hubs on fixed light poles spaced a certain distance apart and a 
mobile remote unit on each car’s rooftop. 

3.4 Outdoor coverage 

The outdoor coverage use case is deployed to provide coverage in concert with existing macrocell coverage 
or where macrocell coverage is limited such as in disaster recovery support. Examples of outdoor use cases 
are: 

• Exclusive/restricted development 
For example, a country club (golf community) with high-end residences that does not, or had 
not, allowed traditional cell site structures in or adjacent to the property. Obviously, this creates 
problems in covering the location, especially in the home. 

• Rural not-spot 
small cells deployed in an isolated town or village with no macrocell coverage1. 

• Disaster recovery support  
Providing rapid mobilisation of mobile services to a disaster HQ or staging area while awaiting 
possible traditional cell on wheels (COW) deployment (if necessary). Most immediate initial 
needs are for command post communications and traditional COW deployment, which typically 
takes several hours to days (depending on backhaul, availability, access, etc.). Small cell 
placement options are CCTV sites, notice boards, building walls, etc. 

3.5 Site types 

The types of sites used for small cells have an impact on the types of backhaul which may be available 
and/or suitable. This white paper does not discuss the challenges of site acquisition and management in 
detail. However, it is important to understand the site types of small cells to appreciate the challenges they 
generate for specific backhaul technologies. The SCF Open Access White Paper categorises some potential 
sites for small cells [4]. Table 3-1 summarises small cell site options and usability. 

 
1 As defined by population density (not the size of localities). According to the FCC Code of Federal 
Regulations (Title 47, parts 22 and 27), a rural area is defined as the service area with population density of 
no more than 100 persons per square mile. Similarly, EU and ITU quoted the definition as a place with 150 
inhabitants per square km or less. http://www.itu.int/dms_pub/itu-d/opb/ind/D-IND-WTDR-2010-PDF-E.pdf 
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Table 3-1 Site type identified by SCF Open Access White Paper 

3.6 Examples of use cases 

Table 3-2 summarises small cell use cases and their deployment scenarios. These use cases will be used as 
a guide to provide recommendations for small cell backhaul technologies and their aspects. 

 

Table 3-2 Examples of small cell use cases 
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4. Small Cell Backhaul Requirements 

This section provides recommendations on a number of backhaul requirements to facilitate benchmarking of 
different solutions. For each aspect we summarise the range of different viewpoints as well as the consensus 
view of the Small Cell Forum. In some cases, requirements vary according to the small cell use case. For 
example, backhaul capacity may be relaxed when only basic coverage is required. 

4.1 Backhaul coverage 

Coverage in this paper is defined as the locations to which connectivity of the required quality can be 
provided. The connectivity is between the small cells themselves and the supporting core network. Much of 
the transport network towards the core is likely to reuse the same infrastructure as that provided to an 
operator’s macro cell network. This paper identifies a range of typical locations for each use case.  

4.1.1 Small cell site locations to cover 

The sites types were identified in the previous section on use cases. These are largely items of street 
furniture and building sides. A related NGMN study [5], suggests the most common sites will be outdoor 
locations 3-6m above street level. Other sites up to rooftop height will also be desirable. 

4.1.2 Transport network aggregation points 

Much of the transport network towards the core can utilise the same infrastructure as macro networks. The 
new challenge is in the last mile between street-level small cells and a local ‘aggregation point’.  

For wireless backhaul solutions, the NGMN Alliance suggests that in many cases the macro site itself may be 
used as an aggregation point, as it is generally well positioned to provide coverage down to street level. For 
wired solutions, the aggregation point is likely to be a street cabinet or exchange building. 

Our scale of deployment study in the previous section indicates that there are likely to be 4-7 small cells 
backhauling to each macrosite. These will be spaced 500 metres or less apart. We note also that variations 
in demand will result in significant variations about these average figures. 

4.1.3 Required quality of coverage 

To be considered ‘covered’, the backhaul connection to the small cell must meet certain quality of service 
levels. Requirements for capacity and availability are defined later; these vary according to the small cell 
use case. 

4.2 Throughput and capacity 

4.2.1 NGMN Alliance provisioning guidelines for HSPA, LTE 

A backhaul provisioning methodology developed by the NGMN Alliance in [6] 2011 describes the 
characteristics of backhaul traffic that can be generated by LTE base stations. It considers variations in user 
plane traffic between a ‘busy time loaded’ state and a ‘quiet time’. Overheads for transport protocol, 
signalling and security are also taken into account.  

Considering only the traffic from a single cell, the highest backhaul throughputs are generated during the 
quiet time, when the cell is serving a single user in good signal conditions and there is low interference from 
other cells. This generates the ‘headline’ peak rates of hundreds of Mbps for some configurations. Counter-
intuitively perhaps, backhaul traffic from a single cell is much lower when it is fully loaded during busy 
times. During this time some users are likely to experience poor signal conditions; these bring down the 
cell’s average spectral efficiency. Simulation assumptions are defined in the study [6] [7] and are closely 
aligned with performance evaluation simulations performed by 3GPP. 

The study goes on to consider how this traffic aggregates together. It is assumed that the quiet time peaks 
are uncorrelated between nearby cells, but that the busy time loaded traffic levels all occur simultaneously. 
When considering the aggregate of many cell sites in transport segments towards the core, it is the busy 
time figure that dominates provisioning. For the last mile to the cell site, the peak typically dominates when 
provisioning dedicated links. Point-to-multipoint backhaul topologies incorporate aggregation into the last 
mile, and thus avoid the inefficiencies of provisioning a rarely used peak rate.  
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The NGMN Alliance further extends the study to small cell backhaul and HSPA, taking into account single 
cells per site and different overheads (such as IPsec) as well as the higher spectral efficiency anticipated in 
the small cell environment. Figure 4-1 shows the resulting backhaul traffic per small cell site. The peak: 
mean ratio is as high as 7:1 in some cases, revealing the highly bursty nature of small cell backhaul traffic. 

 

Figure 4-1 Peak and loaded backhaul traffic levels generated by HSPA and LTE small cells 
(source NGNM [8]) 

The individual cell capacities in Figure 4-1 can be used as a basis for calculating total traffic for aggregates 
for multiple sites and/or multiple technologies per site according to the following rule:  

Aggregate capacity for N cells = Max (peak, N x busy time mean) 

This rule assumes that the quiet time peaks do not occur simultaneously but that the busy time means do. 
More sophisticated methods are available to calculate aggregates of multiple cells, based on empirical 
experience of real-world statistical multiplexing gains. However, this simple calculation has been accepted 
by NGMN Alliance operators as a useful rule of thumb. 

4.2.2 Impact of under-provisioning 

The NGMN Alliance provisioning figures in the previous section describe the total amount of traffic that an 
HSPA or LTE (e)NodeB can generate during quiet and busy times. Very high peak rates can be generated, 
given the right conditions of a single UE per cell with a high SINR connection. Such conditions will be more 
prevalent in small cells than in macrocells, due to the smaller coverage area and closer proximity of the cell 
site to the UE.  

Although not all backhaul solutions are capable of providing data rates in excess of 100Mbps to support the 
quiet time peaks, this does not necessarily mean they are unsuitable for small cell backhaul.  

A detailed set of simulations (described in Annex 0) investigates the impact of constrained backhaul 
capacity on the user data rate distribution of a heterogeneous network. The trends can be summarised by 
the following diagram: 

Backhaul	  capacity	  per	  small	  cell

Busy	  time Quiet	  time	  peak

sufficientPeak	  rates
limited

Reduced
RAN

Capacity

 

Figure 4-2 Impact of backhaul capacity on small cell 
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Figure 4-2 summarises the impacts of backhaul capacity on the service offered by the small cell. Under-
provisioning first reduces the peak user data rate that can be achieved. Given overheads of transport and 
security of 24% for LTE peak rates [6] [2], then a backhaul solution supporting 100Mbps transport IP 
throughput would enable user plane peak rates of 76Mbps.  

There may be some disappointment if measured throughputs do not match up with advertised peaks. 
However, impact to consumer QoE is likely to be low, as end user data rates will still be higher than rates 
during busy times. 

As backhaul capacity is further reduced towards the ‘busy time’ figure, the capacity benefit of adding a small 
cell to the network also diminishes. The provisioning requirement represents the mean traffic at busy time; 
there will be some variation depending on the SINR distribution of connected users. A margin should be 
added to the busy time figure to allow for such variations. 

4.2.3 Wi-Fi Provisioning 

Operators may wish to take advantage of small cell sites by including Wi-Fi as well as licensed spectrum 
technologies HSPA and LTE. Of course, doing so may require additional backhaul capacity provisioning. 
There is a reasonable understanding of the throughput that can be achieved with a single client attached to 
an isolated Wi-Fi AP. However, little information is available on how it behaves in large networks of 
interfering adjacent cells serving multiple users per cell. Figure 4-3 shows TCP throughputs for user at 
different distances from an AP measured in an indoor environment. 802.11n configurations can produce as 
much as 200 Mbps for a 40 MHz channel in the 5 GHz Wi-Fi band. Smartphones like the iPhone4 support 
802.11n, but only in the 2.4 GHz band. However the newer iPhone5 and Samsung Galaxy S3 both support 
the 5 GHz band, as do most laptops.  

Throughputs are reduced as the terminal moves away from the AP — that is, from near-in to the ‘cell edge’. 
These figures represent an isolated AP with no ‘other cell’ interference, which would reduce throughputs. 
Multiple users per cell will also reduce backhaul requirements. This is because the contention-based Medium 
Access Control (MAC) reduces in efficiency as more users are served simultaneously. 

 

Figure 4-3 Measurements of single user throughput with an isolated AP with various Wi-Fi 
configurations. Source Cisco9 

These figures show that today’s Wi-Fi APs and terminals are capable of generating peaks of up to 200Mbps 
TCP throughput. Little information is available on busy time throughputs in large Wi-Fi networks, however. A 
rough approximation might be to consider the busy time throughputs achieved by comparable LTE 
configurations as an upper bound. Note that Wi-Fi uses TDD, so the channel will be shared between uplink 
and downlink. 40MHz (TDD) Wi-Fi could be assumed to be comparable with LTE FDD 20+20MHz, for 
example.  

 
2 We note that X2 overhead does not apply to the peak rate; it is only applicable for packet forwarding 
during handover, when user data rates are generally low. 



 

Report title: Backhaul Technologies for Small Cells 
Issue date: 14 February 2013 
Version: 049.01.01.19 13 

4.2.4 Provisioning for different use cases 

Ideally, the capacity of the small cell would not be constrained by the backhaul. Figures from the NGMN 
Alliance show how much backhaul traffic a small cell can generate under both loaded and ‘quiet time’ 
conditions (Figure 4-1). However, it may not always be possible or economical to provision small cells for 
their maximum peak throughput. An analysis of how the user experience is impacted as backhaul capacity is 
reduced has therefore also been included.  

The NGMN Alliance provides the following guidelines on backhaul capacity provisioning [5]:  

“RS3.1 When deployed at hotspot locations, the loaded small cell capacity SHOULD NOT be limited 
by the backhaul solution (including control plane, management plane, transport and IPSec 
overheads). For coverage not-spots, basic connectivity is acceptable”. 

“RS3.2 For good quality of consumer experience, the peak rate capability of the small cell SHOULD 
also be supported by the backhaul solution”. 

The definition of ‘basic connectivity’ depends on the services an operator wishes to be available over the 
small cell and the number of users it requires to be simultaneously served. In general, the busy time figures 
can be considered as a lower bound. For the most basic HSPA configuration in Figure 4-1 this is 6Mbps for 
downlink and 3.6Mbps for uplink. Table 4-1 summarises SCF backhaul provisioning recommendations for 
different use cases. 

Use case Capacity provisioning 

Capacity hotspot Provisioning should meet or exceed traffic levels generated by small 
cells Peppered capacity 

Outdoor not spot 
Provisioning may be relaxed 

Indoor not spot 

Table 4-1 Backhaul capacity provisioning for different use cases 

4.3 Delay/latency 

Latency impacts the user QoE for services (voice and video conferencing, for example) that require real-
time interaction with the other end of the link. The move towards mobile broadband will introduce new 
applications requiring even lower latencies, such as gaming or interactive cloud services.  

The backhaul connects the small cell to the core network and application servers beyond. Delay and delay 
variation (jitter) may impact the QoE of users consuming services. Real-time and interactive services are 
generally more sensitive to delay than non-real-time services, although delay can be a limiting factor for 
data rates. The overall delay requirements for different services, and how these might be mapped onto the 
individual segments in the end-to-end connection, are considered below.  

In addition to ‘user plane’ services, the ‘control plane’ or network signalling may also require low latency 
connectivity in order to function correctly. A key example of this is the peer-to-peer connections between 
base stations used to co-ordinate transmissions between their neighbours to minimise interference. The 
following section focuses on the user plane. 
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4.3.1 Segments in the end-to-end user plane connection  

 

Figure 4-4 Segments in the end-to-end connection between the user terminal and the 
application server in the internet (a macrocell aggregation is assumed) 

Figure 4-4 shows a typical LTE/EPC-based example of the components and connections in the end-to-end 
connection between a user terminal and an application server (or web server) on the internet. UE-to-UE 
communications such as voice or video calling would be turned around after the core nodes and would 
require two passes through the core and LTE RAN. This diagram illustrates the many segments in the 
connection that will add delay and introduce jitter, of which the small cell backhaul is just one. 
Requirements for small cell backhaul must therefore be considered in the wider context of the end-to-end 
delay budget.  

We note that the wired small cell backhaul solutions discussed in section 5 typically assume backhaul to an 
aggregation point in a local exchange. This local exchange would be within the RAN backhaul network. 
Therefore any latency figures quoted for those systems would include some contributions from the RAN 
backhaul network in the figure above. 

4.3.2 User plane delay requirements 

3GPP TS 23.203 [10] recommends packet delay budgets for various service types represented by the 
different Quality Class Indicators (QCIs) used by LTE/EPC to label traffic priorities. The most stringent of 
these is the gaming service with a 50ms delay recommended from the UE to the PCEF (Policy Charging and 
Enforcement Function) located in the packet gateway (labelled EPC in Figure 4-4). The recommended delay 
budget for voice and IMS signalling is 100ms. These are one-way figures rather than the round trip times 
often quoted. Figure 4-5 summarises the numbers from 3GPP specification TS23.203, representing 
recommended upper bounds for the delay budget. An operator may wish to define its own delay budgets for 
the different QCIs depending on the services it will map onto them. It has been suggested that the 3GPP 
figures represent worst-case figures for the given service to survive — in other words, the minimum 
acceptable QoE. An operator would therefore aim to significantly exceed these figures for the vast majority 
of usage.  
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Figure 4-5 3GPP’s suggested packet delay budgets, UE to PGW one-way, for the various LTE 
QCIs. Source 3GPP [10] 

4.3.3 Delay budget 

The table below provides an example of delay budget and typical delays for the small cell user plane path 
shown in Figure 4-4. These figures represent the RTT (round trip time) from the UE to the server and back. 
Other figures in the delay budget are taken from the open literature or are estimates based on discussions 
with operators. The delay of each segment is variable rather than fixed, depending on such factors as 
loading levels, error rates and architectures. The table provides a ‘typical’ figure, representing the median 
value from the distribution; in practice, delays could be higher or lower than this figure. A placeholder figure 
of 10ms (round trip) for the small cell backhaul is included. This represents a higher latency solution such as 
non-line-of-sight backhaul based on an LTE or WiMAX air interface. 

Segment in delay budget Typical round 
trip delay, ms 

Assumption 

UE processing 4 Holma [11] 

Radio Interface (scheduling, 
retransmissions, etc.) 

11 Holma [11] (10% retx) 

eNodeB (small cell) processing  4 Holma [11] 

Small cell backhaul (S1 interface) 10 Placeholder 

RAN backhaul (S1 interface) 4 Assume 2ms each way 

Aggregation and IPsec encryption (SeGW) 2 Operator measurement 

Core transport (S1 interface, likely in VPN) 2 Estimate 

EPC (SGW+PGW) processing 1 Holma [11] 

Service LAN (Gi or SGi interface) 3 Estimate 

ISP: routers, firewall etc. 1 Estimate 

External networks, internet / local peering 
etc. 

8 Estimate 

Total Round Trip delay 50ms  

Table 4-2 Example end-to-end delay budget for an LTE small cell (typical round trip times) 

Round trip latency of 50ms is achievable even with a reasonably high 10ms for the small cell backhaul 
(described as ‘good’ performance by one analyst [12] and in operator discussions). The most stringent of 
3GPP’s recommended figures is 50ms one way for the UE-PGW segment. This would correspond to 100ms 
round trip plus an allowance for the internet segment. The assumptions for delays in Table 4-2 would 
therefore give a margin of over 60ms on the round trip delay budget between the UE and the PGW. As 
before, operators consider the 3GPP figures to represent worst case rather than typical performance.  
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4.3.4 Analysis of required latency for small cell backhaul  

As it is only one segment of many in the end-to-end link it is difficult to place ‘hard’ requirements on the 
small cell backhaul alone. Ideally the performance for any one segment would be negligible compared to the 
largest latency component. The RAN itself contributes 11ms RTT to the budget, so a backhaul segment 
offering <1ms could be considered small in comparison. Put another way, improvements beyond 1ms would 
not have a noticeable benefit to end-to-end performance. 

The delay budget above shows that 3GPP’s recommendations could still be easily met with 10ms; in fact 
delays of up to 60ms would be tolerable in the assumed scenario (see table). Backhaul delays beyond this 
would start to limit the QoE of the more delay-sensitive services like gaming. However, voice would tolerate 
an additional 50ms each way, according to the 3GPP recommendations. 

Small cell backhaul delay 

• <1ms  negligible 
• 1-10ms  low 
• 10-60ms Commensurate with 3GPP recommended upper bound for gaming 
• >60ms  Potentially acceptable depending on the services offered  

4.3.5 Latency for different use cases 

In general operators require that users have the same QoE regardless of whether the access is over small 
cells or macrocells. From a latency perspective the presence of existing macro coverage does not change 
requirements or enable any relaxation. It is possible that where macro and small cell coverage exists, 
certain ‘best effort’ services could be pushed onto the small cells. Delay-sensitive ones would then be 
handled by the macro. In this case a higher latency small cell backhaul solution might be acceptable. 
However, operators must be aware of any additional coverage created by the small cell, even when 
deployed for capacity reasons. For example, street-level small cells in a dense urban environment might 
reach areas deep indoors not previously covered by the macro network. 

4.4 Security 

The 3GPP require that ‘untrusted’ transport segments are secured using IPsec ESP [13]. The exact definition 
of ’untrusted’ is left to operator judgement. The NGMN Alliance suggests [14] that criteria might include 
physical site security and the number of different authority domains traversed for example. 

Small cells deployed at street level are arguably more prone to tampering and interception than rooftop 
macrocell sites. Directive (line-of-sight) backhaul is harder to intercept than omnidirectional (non-line-of-
sight). Overall it is anticipated that most small cells will be ‘untrusted’ and will therefore require security 
solutions to be applied on the backhaul (as assumed for overhead calculations in the earlier section on 
capacity provisioning). 

4.5 Availability and outages 

The availability is the proportion of time that a backhaul connection is fully functional. It is normally 
expressed as a number of ‘nines’ of percentage. For example, a high availability macrosite might require 
‘five nines’ or 99.999% availability. 

Availability can be impacted by any one of the many segments of the end-to-end connection and is lower 
than the weakest link. In general, availability tends to be lower at the RAN and last mile backhaul (two-to-
four nines per segment) and highest in the core (three-to-five nines). Higher availability is needed for 
transport segments supporting higher numbers of downstream base stations, where the impact of outages 
would affect a large number of users.  

Any time when a connection is not available is referred to as an outage. Outages may be caused by 
equipment or power failures, or obstructions on wireless links such as heavy rain, trees or vehicles. Another 
potential cause of outage relevant to small cell backhaul is ‘pole sway’ where small movements of the 
backhaul unit can cause misalignment of high gain antennas of wireless solutions. The important metrics 
here are mean time between outages and mean outage duration. 

Resiliency is the ability of a connection to recover quickly from outages or avoid them altogether. Ways of 
enabling this include battery backup, equipment redundancy or topologies with multiple routing options. 
Implementing such techniques does in general increase costs. Therefore a balance must be struck between 
high availability and low cost. 
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For last mile connections to small cells, the impact of an outage on a small cell is likely to be modest. This is 
especially true when that small cell is deployed to provide capacity in addition to existing macro coverage. 
Last mile small cell backhaul solutions with availability comparable to the RAN are therefore acceptable. 

4.5.1 Availability for different use cases 

In summary, small cell backhaul availability requirements depend on the presence of macro coverage to act 
as a backup. Small cells for coverage (that is, where there is no existing macro coverage) should have 
availability comparable with macrocell backhaul of three-to-four nines. However, if the small cells are for 
capacity — that is, in addition to existing macrocell coverage — a lower availability of, say, two-to-three 
nines, will not impact consumer QoE significantly. 

4.6 Synchronisation 

4.6.1 Synchronisation requirements for the radio access network 

The operation of both the UMTS and LTE systems requires the radio frequency output of the base stations to 
be synchronised in frequency, both to meet spectrum license conditions, and also for correct operation of 
the system.  

Small cells require the RF output to be accurate to within 100 parts per billion (ppb) for carrier-deployed 
picocells, and 250 ppb for home base stations. Macrocells have a narrower tolerance of 50 ppb, because it is 
assumed that the user equipment can be moving, creating a Doppler frequency shift between the UE and 
the macrocell. A frequency outside these limits may lead to dropped calls during handover between cells, or 
to the UE being unable to acquire the RF signal from the base station. 

Synchronous TDD systems (such as UMTS-TDD and LTE-TDD) also require the base stations to be 
synchronised in phase. This is because downlink and uplink transmission is partitioned into different 
timeslots, which have to be co-ordinated between adjacent cells. Small cells require a phase difference of 
less than 3µs between base stations of adjacent cells. This is normally achieved by ensuring that the base 
stations are synchronised to within ±1.5µs. 

Some LTE-A techniques, such as CoMP, eICIC and carrier aggregation, also require time and phase 
synchronisation between base stations. The accuracy required by each of these techniques has not yet been 
agreed by 3GPP. It is, however, expected to be in the microsecond or even sub-microsecond range. These 
are primarily techniques to add capacity, and therefore will not be required in all locations. Similarly, not all 
operators will implement these techniques, usually for economic reasons. 

These requirements are summarised in Table 4-3 below. Further details will be covered in a separate SCF 
white paper on synchronisation requirements to be published later in 2013. 

Radio technology Frequency synchronisation Phase/time 
synchronisation Macrocells Small cells 

FDD (GSM, UMTS, LTE) 50ppb 100-250ppb Not needed 
TDD (UMTS, LTE) 50ppb 100-250ppb < ±1.5µs 
Co-ordinated transmissions  
(CoMP, eICIC, etc.) 50ppb 100-250ppb Approx. ±1 µs 

Table 4-3 Summary of synchronisation requirements 



 

Report title: Backhaul Technologies for Small Cells 
Issue date: 14 February 2013 
Version: 049.01.01.19 18 

 
4.6.2 Techniques for providing synchronisation  

Synchronisation may be provided to small cells by distributing either a frequency or packet-based timing 
reference over the backhaul network. Alternatively, it can be provided by radio, or be built into the base 
station itself (using a chip-scale atomic oscillator, for example). Table 4-4 shows the different techniques 
that may be used to provide synchronisation to the base station.  

Technique Frequency 
sync capable 

Time/phase 
sync capable 

Synchronisation distributed over the backhaul: 
Precision Time Protocol, point-to-point (IEEE1588)   

Network Time Protocol, NTP   

Synchronous Ethernet, SyncE  X 
SDH and PDH reference  X 
Network Timing Reference over xDSL  X 
GPON timing distribution (G.984.2 Amd. 2)   

Synchronisation not using the backhaul: 
Global Navigation Satellite Systems (GNSS)   

Sync between base stations over the air interface  X 
Chip-scale atomic clocks  X 

Table 4-4 Synchronisation techniques 

These techniques are described in more detail in the white paper, Femtocell Synchronisation and Location 
(Small Cell Forum, May 2012). 

Synchronisation distribution using SyncE and point-to-point is covered by the G.826x series of ITU 
recommendations for frequency, and the G.827x series for time and phase. 

4.6.3 Impact on backhaul requirements  

 

Figure 4-6 Synchronisation in mobile networks 

Figure 4-6 summarises the synchronisation concepts described above. The UE achieves synchronisation over 
the air from the base station. Base stations in turn need to maintain the frequency accuracy, and potentially 
the phase position, of their RF output. This can be achieved by GNSS or by communicating with a timing 
master over the packet transport network. Indoor cells are unlikely to be able to acquire a GNSS signal, due 
to the attenuation of the signal caused by the building in which they are housed, and will need to use a 
network-delivered reference. 
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Backhaul technologies may affect the type and performance of the synchronisation scheme being used. For 
example, some backhaul technologies can carry a physical layer frequency reference, of the sort provided 
by SyncE, SDH or PDH. Others may have no physical layer continuity, but can carry packet-based 
synchronisation such as point-to-point or NTP. Hybrid schemes are also possible, using physical layer 
techniques to carry frequency and packet-based techniques to carry time and phase. 

The delay and jitter of the packet network will affect the performance of packet-based synchronisation 
schemes. Packet slave clocks must filter this jitter to produce a clean output signal that can be used to drive 
the RF.  

If time and phase synchronisation has to be delivered over the backhaul network with asymmetrical delay 
on upstream and downstream, a correction must be applied to avoid a time offset at the packet slave clock. 
This means backhaul technologies such as xDSL or GPON, which are inherently asymmetrical, will require 
some form of asymmetry compensation in order to deliver accurate time and phase. One example of this is 
the time distribution mechanism for GPON described in G.984.3 Amendment 2. Note: there is no such 
compensation required to operate frequency synchronisation with asymmetrical backhaul solutions, such as 
xDSL or GPON. 

4.6.4 Variations for different use cases 

Use case 
 

Inter-cell  
Co-ordination 
(e.g. eICIC) 

CoMP Frequency 
sync 

Phase 
sync 

GNSS 
available 

Capacity hotspot Yes Possibly Yes Yes Likely 

Peppered capacity Yes Possibly Yes Yes Likely 

Outdoor not spot No Unlikely Yes No Likely 

Indoor not spot No Unlikely Yes No Unlikely 

Table 4-5 Variation of synchronisation requirements for different use cases 

Table 4-5 summarises how synchronisation requirements may differ for the different small cell use cases. 
Broadly speaking, capacity-enhancing small cells will have overlapping coverage with macrocells and each 
other and, if sharing the same channel, will need phase synchronisation to co-ordinate transmissions and 
avoid interference. Where capacity is limited, techniques like CoMP are more likely to be used to maximise 
spectral efficiency. 

The table also indicates that small cells deployed in coverage not-spots will not have overlapping coverage 
with macrocells — and possibly not with each other. Phase synchronisation will therefore not be needed 
here. While TDD air interfaces generally require phase sync to align uplink and downlink frames between 
base stations, an isolated base station in a not-spot would (arguably) be free from this requirement.  

Finally, the table shows that outdoor small cells are likely to have a sufficiently clear view of sky to use 
GNSS. Indoor sites, by contrast, would need an external antenna and cabling to do so. 
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4.7 QoS/CoS support 

Transport networks need to support QoS prioritisation to ensure that ‘essential’ traffic such as network 
signalling, synchronisation and voice are prioritised over ‘best effort’ traffic such as peer-to-peer file sharing 
during times of congestion. This is not simply a matter of the bandwidth assigned to different traffic types, 
but also the delay budget that must be adhered to. Delay-sensitive traffic should also be allowed to ‘jump 
ahead’ of delay-tolerant traffic in any queues on the transport network to ensure timely delivery.  

QoS support in the transport network is achieved by labelling packets with their priority class. This might be 
achieved with the ‘type of service’ identifier in an IP packet, or the ‘p-bits’ at the Ethernet layer (or both). 
Each segment of the transport layer then reads these labels to assign the packet to one of several ‘class of 
service’ queues. During times of congestion a scheduling function in the transport segment is required to 
ensure class priorities are met.  

Although LTE has as many as nine quality class indicators to provide different levels of prioritisation in the 
RAN user plane, there are generally only two, three or four ‘classes of service’ in the transport. The NGMN 
Alliance proposes the following traffic groupings when four classes are available [15]: 

• Class 1: Voice traffic, real-time gaming synchronisation, control plane, OAM 
• Class 2: 2G data (EDGE) and real-time video 
• Class 3: Premium data (buffered video, non-GBR real-time) 
• Class 4: Everything else (buffered video, best effort data) 

4.8 Physical design and planning / zoning 

The physical design of small cell backhaul will have a strong influence on the total cost of ownership as 
follows: 

Size and weight 
This is relevant to locations where the unit can be sited. Pole or cable hung installations are likely to have 
maximum size and weight limits. Weight may also impact installation cost; a heavy unit may require 
specialist equipment or multiple engineers to install. 

Installation and alignment 
Wireless backhaul solutions typically need to be aligned/orientated for optimum performance. Even omni-
directional antennas must be correctly orientated to align with the azimuth plane. Features that facilitate 
alignment — such as ‘traffic lights’ or a multi-meter connection point — will be beneficial. 

Connectivity: power and network connections 
The backhaul unit will need at a minimum a network connection to the small cell unit. This is most likely to 
be an Ethernet connection. A single power source for both small cell and backhaul unit would be beneficial. 
A power-over-Ethernet solution from one of the units would further simplify the installation, provided power 
requirements of the small cell and backhaul unit can be met.  

Integration with the small cell unit  
In some situations a single combined small cell and backhaul unit would simplify installation and improve 
security. This, however, may result in some loss of flexibility in aligning RAN and backhaul antennas, as well 
as in selecting best-in-class equipment independently. Non-integrated units may be required when backhaul 
and RAN are provided by different carriers.  

Environmental consideration 
Street-level mounted backhaul (and small cell) units will need to comply with regional standards for EMC, 
thermal, ambient noise, humidity, peak EIRP, etc. These may be more stringent than for rooftop macrocells. 
Small cells may be easier to reach by the general public and should therefore be touch-safe and tamper-
proof. In addition, fail-safe operation may be required where RF power is cut off if a tilt switch indicates the 
unit is not at a normal orientation.  

4.8.2 Use case variations 

The physical design requirements may vary widely for different types of small cell deployment, depending 
on the type of environment and available space at the site. Capacity small cells may face the problem that 
macrocells have already been deployed at all the easily obtainable sites. Finding sites at outdoor coverage 
not spots should in general be less problematic. Indoor sites will, of course, have more benign 
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environmental conditions, potentially enabling lower cost packaging. They will still, however, need to be 
touch-safe and tamper-proof. 

4.9 Management 

Large-scale rapid deployment of small cells requires a high degree of self-configuration from the backhaul 
as well as from the small cells themselves. Management tools to enable wide-scale over-the-air 
configuration and updates will help to minimise installation and running costs. It should be borne in mind, 
however, that small cell deployments are likely to need to grow in an ad-hoc manner as new sites are 
identified. Operators will therefore need backhaul solutions that do not need to be re-engineered as new 
sites are added. 

4.10 Summary: requirement profiles 

  Use Cases 

Requirement 

Capacity Coverage 

Hotspot Peppered Outdoor Indoor 

Backhaul coverage To hotspot Flexible To not-spot To building 

Capacity 
provisioning  

Backhaul should not limit throughput of 
small cell Backhaul capacity can be relaxed 

Delay/jitter  Potential relaxation if service-specific 
offload Same as macro 

Synchronisation Frequency and phase sync needed Phase sync not necessary for 
isolated cells 

Availability  Can be relaxed (99-99.9%) Same as macro (99.9-99.99%) 

Security IPsec support for all use cases 

QoS / CoS support 2-4 CoS levels for all use cases 

Physical design Predominantly outdoor urban designs Rural designs Indoor design 

Management Self-organising and scalable management for all use cases 

Table 4-6 Small cell backhaul requirements and variations across use cases 

 



 

Report title: Backhaul Technologies for Small Cells 
Issue date: 14 February 2013 
Version: 049.01.01.19 22 

5. Wireless Backhaul Solutions 

5.1 Categorising wireless solutions 

A number of different wireless solutions have been proposed for the small cell backhaul toolbox. These 
solutions can be grouped into broad categories with largely similar characteristics, which are, to some 
extent, dictated by several different key design choices. These include: 

• Carrier frequency from ~600MHz to 80 GHz  
• Line-of-sight and non-line-of-sight propagation 
• Spectrum licensing arrangement (link licensed, area licensed, light licensed or licence exempt), 

and dynamic allocation 
• Connectivity and topology (point-to-point, point-to-multipoint, forming tree, ring or mesh) 

The following sections describe these categories in more detail and what they imply for small cell backhaul. 

5.1.1 Carrier frequency  

The carrier frequency used by a wireless solution dictates many of a solution’s characteristics as follows: 

Propagation: line-of-sight, near-line-of-sight or non-line-of-sight3 
At lower frequencies, link obstructions are smaller compared to the wavelength, giving better penetration 
through or diffraction around them. Broadly speaking, and in the context of backhaul systems being 
discussed, systems using carriers below 6 GHz can support non-line-of-sight/near-line-of-sight propagation. 
Above 6 GHz, losses tend to be too high and only line-of-sight propagation is used. There is no hard cut-off 
frequency between line-of-sight and non/near-line-of-sight; it depends on the system link budget.  
It is also worth noting that absorption of oxygen in the atmosphere becomes significant in the link budget at 
frequencies around 60 GHz. High propagation losses here can be exploited to reduce interference (this is 
described in more detail in the 60 GHz section). 

Size of RF components 
The size of RF components and, perhaps most importantly, antennas, is proportional to the wavelength for a 
given set of characteristics. Antenna gains are also related to their ‘aperture’ size in wavelengths. 
 
We generally see higher antenna gains at higher frequencies because 

• They can be achieved in a compact form 
• High gains mean narrow beams, which extend the range of line-of-sight links 

 
We generally see lower gain antennas at lower frequencies because: 

• High gain would require large physical sizes. 
• For non-line-of-sight propagation, wider beams or omnidirectional patterns are better suited to 

match the scattered energy arriving over a range of angles. 

 

3 Non-line-of-sight: completely obstructed path (optical & RF) between the transmitter and receiver with 
the presence of buildings, trees, hills and other obstacles. Near-line-of-sight: partially obstructed path 
between the transmitter and receiver. In this case, it may be possible to have a clear optical path (visual) 
between the transmitter and receiver, but there is no clear RF path due to the presence of obstacles within 
the first Fresnel zone. Line-of-sight: Unobstructed path (optical & RF) between the transmitter and receiver. 
The RF path is clear with no obstacles in the first Fresnel zone.  
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Figure 5-1 wavelengths at different carrier frequencies (note the Log Log scale) 

Bandwidth 
The channel sizes and operating bandwidth of RF components and systems are generally in proportion to 
the carrier frequency at which they operate. At higher frequencies there are more Hz of bandwidth available 
in proportion to the carrier. The figure below shows how this is manifest in spectrum allocations in a UK-
based example. Wider bandwidths are available at higher carrier frequencies. 
The figure also illustrates three broad ranges of carrier frequencies which are used to categorise solutions: 
sub-6 GHz, microwave (6-60 GHz) and millimetre wave (60-80 GHz), The types of licensing regime 
available in these different ranges are also shown. 

Sub	  6GHz:
1.54 GHz	  for	  licensed	  and	  
unlicensed	  fixed	  &	  mobile

Microwave:
16.4GHz for	  terrestrial	  
fixed	  links

millimetre	  wave
18.3GHz

Unlicensed
Light	  licensed

Link	  licenced	  (PTP)
Area	  Licensed	  (PMP)

Area	  Licensed
Unlicensed	  

 

Figure 5-2 spectrum allocations for terrestrial services in the UK [16] 
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5.1.2 Line-of-sight and non-line-of-sight propagation 

As described earlier, non-line-of-sight propagation can be supported at lower carrier frequencies. Higher 
frequencies dictate that only line-of-sight propagation may be used.  

Non-line-of-sight systems generally have: 

• Lower carrier frequencies below 6 GHz. 
• Coverage around corners and through walls. There is still a limited link budget, however, and 

lower carrier frequencies have better penetration. For example, Wi-Fi at 2.4 GHz has noticeably 
better coverage than that at 5 GHz. 

• Lower gain and wider beam width or omni antennas — as the signal arrives over a range of 
angles, which are not obvious at the time of deployment and which can also change with time. 
Where antennas are omnidirectional, alignment is not necessary or possible. 

• Fast link adaptation and hybrid ARQ to deal with the changing channel. While this is clearly 
relevant for mobile communications, it also applies to fixed link endpoints due to movement of 
the objects causing multipath in the channel . 

• Two-to-four-way MIMO (and potentially higher where space for antennas is available). 
• N=1 reuse as bandwidth is limited. Sophisticated systems are used to co-ordinate interference 

between ‘cells’ inherited from mobile applications. 

Line-of-sight systems generally have: 

• Higher carrier frequencies in the microwave or millimetre wave regions. 
• Higher gain antennas with narrow beams that need to be aligned along the line-of-sight. 
• Slow link adaptation to compensate for changes in path loss due to rain fading. 
• Two-way MIMO in the form of cross polar interference cancellation (XPIC). 
• N=2 or higher reuse, as bandwidth is plentiful and all links can operate at high SINR.  

5.1.3 Spectrum licensing options 

The use of wireless spectrum is subject to a framework of international and national regulations. Certain 
aspects are harmonised at regional level but it is the national regulators (or government bodies) that define 
the rules by which users of the spectrum must abide within their respective jurisdictions. Perhaps the most 
significant of these rules are those that cover whether a licence is needed to transmit in a given frequency 
band, and whether that licence authorises the operator to deploy a network of transmitters over an area or 
is restricted to a single link. There are four broad types of licensing regime: 

License exempt 
Anyone may transmit within the band provided equipment complies with certain standards. These usually 
include, as a minimum, in-band power limits and out-of-band emissions. No fee is payable, making for very 
low-cost operation. However, this can lead to heavy usage in areas of high traffic demand, and 
uncontrollable interference from other users may impact quality of service. 

Link licensed  
Traditional microwave point-to-point links are typically licensed per link. The operator provides the locations 
of the link end points to the regulator, and receives a spectrum allocation for that link. The regulator takes 
the responsibility of ensuring that there is no interference with other links. While this provides a high level 
of link reliability, the interaction with the regulator takes time, depending on the degree of automation of 
the regulator’s coordination process. Such an approach may not scale well for backhaul to a constantly 
evolving small cell network. 

Light licensed 
This is a lightweight version of the link licensing scheme. Users enter link data into an online database; this 
helps prevent interference. Costs are lower than with a link licensed scheme. 

Area licensed 
The licensee may transmit in a given channel assignment anywhere within a region, which is typically 
country or county-sized. The user is responsible for managing interference. Complex adaptive co-ordination 
schemes have evolved to maximise utilisation and efficiency. 
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There is also a growing trend towards dynamic licensing of what is known as white space. In this case, 
devices wishing to transmit must first make a request to an online database, to identify available channels 
(or ‘white spaces’) in the vicinity of the transmitter. The database can be used to protect primary users such 
as digital TV broadcasts, which occupy different channels in different regions. White spaces not used by the 
primary users may then be available on ‘free-for-all’ basis or on a light licensed basis. 

White space regimes are still in their infancy, but are likely to become more widely adopted by regulators 
around the world in the future as a means of enabling greater spectrum efficiency in ever more crowded 
frequency bands. 

5.1.4 Connectivity and topology 

Wireless access points (or hubs) are in general designed either to communicate with a single terminal in a 
point-to-point connection, or to multiple terminals with point-to-multipoint connectivity. Multiple point-to-
point or point-to-multipoint links can then be used to form tree, ring or mesh topologies that enable trading 
between resiliency and capacity for a given number of links. Their chief characteristics are: 

Point-to-point 
• Typically line-of-sight with highly directive antennas at each end of a link. Full link capacity 

dedicated to a single terminal. Long link ranges possible.  
• Requires dedicated transceiver hardware at each end of the link. Each additional link requires 

engineering at both ends. 
• Tends to use link or light licensing, although other schemes would work. 

Point-to-multipoint 
• Most non-line-of-sight systems operate point-to-multipoint connectivity, as well as line-of-sight 

microwave multipoint.  
• The hub uses omni (or multiple sector) antennas to provide connectivity to a number of 

terminals anywhere around the hub site. Wider beam widths mean reduced ranges compared to 
point-to-point. 

• New small cell sites can be added without revisiting the hub site. 
• Hub capacity is shared among terminals, but statistical multiplexing gains are available with 

bursty traffic. 
• Requires license exempt or area licensing. 
• A point-to-multipoint system can be considered point-to-point where only one receiver is 

configured 

5.1.5 Summary of wireless solution categories 

Wireless backhaul solutions fall within a number of categories, defined by the combination of 
aforementioned design choices as summarized in Table 5-1. 

Category name Carrier Frequency LOS or 
Non LOS 

Spectrum 
Licensing 

Connectivity 

Millimetre 70-80 GHz 70-80 GHz LOS Light licensed Point-to-point 

Millimetre 60 GHz 56-64 GHz LOS Unlicensed Point-to-point 

Microwave  
point-to-point 

6-56 GHz LOS Link licensed Point-to-point 

Microwave  
point-to-multipoint 

6-56 GHz LOS Area licensed Point-to-multipoint 

Sub 6 GHz unlicensed 2.4 GHz, 3.5, 5 GHz Non LOS Unlicensed Point-to-multipoint 

Sub 6 GHz licensed 800MHz-6 GHz Non LOS Area licensed Point-to-multipoint 

TVWS 600-800MHz Non LOS Dynamic Point-to-multipoint 

Satellite 4-6, 10-12,  
20-30 GHz 

LOS Licensed Point-to-multipoint 

Table 5-1 Wireless backhaul solution categories 



 

Report title: Backhaul Technologies for Small Cells 
Issue date: 14 February 2013 
Version: 049.01.01.19 26 

 
5.2 Millimetre wave: 60, 70-80 GHz 

Millimetre wave frequencies in the 60 GHz and 70-80 GHz ranges are gaining prominence in mobile 
backhaul applications. There are a number of reasons for this. 

Firstly, capacity and reach requirements for wireless backhaul are changing, with an increasing densification 
of RAN. Capacities are growing while transmission distances are reducing. This is especially the case in 
urban areas where macrocells are already as little as 500m apart and where it is expected that small cells 
will eventually be as little as 50m apart. 

At the same time, capacities per cell are going up. A common network design benchmark today is to deliver 
dedicated peak rates of up to 1 Gbps backhaul for a large macro site and 100 Mbps for a small cell in 
readiness for LTE. Look further into the future — a future of higher order MIMO, multi-sector, multi-
technology small cells, and backhaul sharing — and it is not inconceivable that operators will need to be 
delivering 10 Gbps to the rooftop and 1 Gbps to the lamppost. Crucially, network operators need to deliver 
these capacities at a very low cost of ownership. 

Propagation characteristics of 60 GHz and 70-80 GHz, the latter also commonly referred to as E-band, 
ideally suit this evolution of backhaul towards high capacity short-range links. Lower frequency technologies 
rely on complex RF techniques to deliver higher capacities: multi-path propagation and channel aggregation 
below 6 GHz, or spatial multiplexing at higher frequencies up to 42 GHz. 

In contrast, millimetre wave technologies rely on generous availability of wideband RF-channels to deliver 
Gbps (and more) of throughput using simple single-channel configurations. This simplicity in design gives 
millimetre wave technologies a potential for cost-per-bit advantage for high capacity backhaul. 

5.2.1 General characteristics and use cases 

Millimetre wave technologies are impacted by atmospheric attenuation to a greater degree than lower 
frequency technologies. RF power attenuation at 60 GHz (57-66 GHz) is mainly caused by oxygen (or dry 
air), while 70-80 GHz (71-76 GHz, 81-86 GHz) is more akin to conventional microwave frequencies (6-42 
GHz) where attenuation is mainly caused by water molecules in the air (or water vapour). As a result, 60 
GHz is more heavily attenuated. The result of this is a maximum practical reach of about 1km. 70-80 GHz is 
more likely to be affected by heavy or excessive rainfall. This typically equates to a link distance of a few 
kilometres depending on the rain region and desired link availability factor. 

Transmission at both 60 GHz and 70-80 GHz frequencies carries a low risk of interference as it relies on 
highly directive narrow beamwidth antennas at each end of a link, with no penetration through or reflection 
from obstacles such as buildings and vegetation. This is the primary reason why CEPT ECC 
Recommendations say: “The physical propagation features in these bands make possible a license exempt, 
‘light licensing’ or similar mechanisms, still ensuring highly efficient re-use of the frequency band, which 
may include access to spectrum through the use of flexible frequency arrangements”. [ECC 
Recommendations (09)01 and (05)02] 

The main implication of either a licence exempt or light licensing approach is a significantly lower cost of 
spectrum compared to some of the other technology options, not just in terms of license fees but also in 
terms of reduced administration costs of license management. In addition, depending on the local 
regulatory policy, there is up to 9 GHz of available spectrum at 60 GHz and two blocks of 5 GHz spectrum at 
70-80 GHz. 

Regulatory provisions of 60 GHz band for various countries in terms of available license-exempt bandwidth, 
maximum EIRP limit and maximum transmit power are summarised by Yong [17]. Depending on the 
national rules, the 60 GHz band has from 4-9 GHz contiguous bandwidth that is license-free (subject to the 
corresponding EIRP and transmit power regulations). In the 70/80 GHz spectrum, two contiguous bands, 
71-76 GHz and 81-86 GHz, are regulated with a ‘light licensing’ approach although specific details depend 
on local regulation rules. Licensing of the 70/80 GHz band in the US is carried out using a two-tier approach 
to grant a point-to-point link utilising these bands. 

The available spectrum blocks mentioned above are generous amounts that can accommodate very dense 
network deployments even though equipment at these frequencies uses wide transmission channels (from 
50 MHz up to 1000 MHz, depending on vendor implementation). In comparison, spectrum and frequency 
channels at sub-6 GHz (typically 10 MHz to 40 MHz) and 6-42 GHz (ranging from 3.5 MHz to 56 MHz) are 
either heavily congested or heavily regulated, or both. This is why millimetre wave technologies have a 
distinct advantage in terms of spectrum cost and availability. 
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Source: ITU-R P.676-7
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Figure 5-3 Attenuation of 60GHz and 70-80GHz [2] 

Small equipment size is one of the key requirements for the small cell environment, and wireless 
transmission equipment designed for small cell backhaul tends to be based on what is commonly referred to 
as ‘all-outdoor radio’ (AOR) architecture. In this design approach all baseband, RF and antenna components 
are physically integrated, and antenna dimensions tend to be the determining factor in the overall physical 
size of the equipment. In comparison to 70-80 GHz, 60 GHz has fewer engineering constraints due, in 
particular, to smaller antennas and lower production costs. As a broad indication, a diameter of 60 GHz 
antennas is in the range of approximately 10cm. This results in equipment that is lightweight and small in 
size. 

It is this small size and relatively lower cost that makes 60 GHz a good choice for street-to-street and 
street-to-rooftop links; 70-80 GHz, by contrast, is more suited for roof-to-roof connectivity. This is also due 
to inherent link range, which was mentioned earlier. 60 GHz is shorter in reach and well suited for 
connectivity to the small cell while E-band can reach further and is a better fit for ‘rooftop aggregation’ of 
small cells using existing or new macrocell sites. Table 5-2 and Figure 5-4 summarise the comparison 
between two technologies and illustrate the best-fit use case for each. 

60GHz
57-66GHz

70-80GHz
71-76GHz and 81-86GHz

Link capacity versus link 
reach

100Mbps – 1Gbps
up to 1km

multi-Gbps
up to 3km

Spectrum availability and 
licensing

~9GHz contiguous
mostly unlicensed

occasionally light licensed

2 x 5GHz
mostly light licensed

occasionally fully licensed

Physical size of the 
equipment 

Very compact (all-outdoor)
antenna diameter ~7-15cm

Compact (all-outdoor)
antenna diameter 20/30/60cm

Relative equipment cost
(BoM & manufacture) Lower Higher

 

Table 5-2 Comparison of key aspects of 60 GHz and 70-80 GHz technologies 
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Figure 5-4 Use case illustration for 60 GHz and 70-80 GHz technologies 

5.2.2 Performance and cost of ownership of 60 GHz 

Some of the advantages of 60 GHz in the context of small cell backhaul have already been mentioned. 
Bearing in mind the requirements for small cell backhaul identified in this white paper, 60 GHz technology 
is, in many ways, a strong choice for connecting urban small cells to their backhaul gateways. This is true 
for gateways that exist in macrocell sites or perhaps FTTC cabinets in a hybrid backhaul architecture that 
uses both optical and millimetre wave transmission. 

In favour of 60 GHz are: 

• Scalable high capacity ready for LTE 
60 GHz delivers capacity from a few dozen Mbps up to 1 Gbps to each small cell depending on RF 
channel sizes and modulations implemented by vendors of choice. 

• Abundance of zero-cost spectrum 
• Across global markets, there is at least 5 GHz of available spectrum (and sometimes more) 

uncontested by other applications. In these cases, costs of regulation, a major factor in TCO of 
small cell backhaul, are eliminated as spectrum is allocated to fixed services as license exempt. 

• Ideal range and low interference risk 
• 60 GHz has a range of up to 1km and its highly directive antennas and non-reflective 

electromagnetic characteristics minimise any risks of interference. 
• Low latency 
• Sub-200µs round trip delay per single hops is achieved because capacity at 60 GHz is delivered 

with simple, single RF channel configurations. This eliminates the need for latency-inducing 
signal processing otherwise required by complex multi-path optimisation and RF channel 
aggregation techniques at lower frequencies. 

• Small equipment size 
• With small antennas and miniaturised SoC components, 60 GHz radio equipment has a very 

compact form factor that is easy to conceal in street environments and lends itself to integration 
into a shared enclosure with small cells. 

• Low production costs 
• 60 GHz has fewer RF design constraints than many other technologies. Low component costs and 

relatively simpler assembly processes allow for a new generation of low-cost 60 GHz products 
designed specifically for small cell backhaul applications. 

However, no technology is entirely the perfect choice for small cell backhaul and 60 GHz is no exception. 
The main challenge of millimetre wave is the line-of-sight transmission where a physically clear and 
unobstructed radio path is required between the small cell and its backhaul gateway. 

Line-of-sight requirement gives rise to a number of key issues 

Multiple hops 
60 GHz technology might require multiple hops between small cells and backhaul gateways to circumvent 
obstacles (such as buildings, trees and moving vehicles) in the propagation path. This in turn can increase 
the capital expenditure of the overall solution and the end-to-end latency. It is impossible to estimate the 
generic cost impact with any certainty as the number of required hops is highly dependent on the topology 
of each location. In some cities, most 60 GHz links can be achieved with a single hop; other locations need 
a number of additional hops. 
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Complexity of installation 
Installation and commissioning for line-of-sight technologies is marginally more complex compared to non-
line-of-sight as radio transmitters and receivers need to be precisely aligned to each other upon installation. 
However, vendors of 60 GHz equipment are currently designing tools that enable simple and fast link 
alignment in order to minimise the installation time of a large number of links in dense urban deployments. 

Pole sway 
Pole sway may cause a loss of link alignment if it reaches a degree angle greater than half the beam width 
of the radiation pattern. Dramatic shaking of a lamppost for a prolonged period of time, for example, could 
have a noticeable effect on user experience. The effect may nevertheless be acceptable in the small cell 
environment. 

It is worth pointing out that line-of-sight issues are not unique to 60 GHz; they equally apply to any high 
capacity wireless technology, whether in point-to-point or in point-to-multipoint configuration. Even at lower 
frequencies, a line-of-sight or near-line-of-sight is preferable for high link quality and corresponding 
increased link throughputs. 

Finally, packet networking requirements should be noted (as highlighted in this white paper) as these will 
also have a role to play in managing overall quality of user experience, in conjunction with the performance 
enabled by underlying transmission technologies. Path management, QoS, synchronisation, and security are 
independent of the choice of physical layer. It is therefore down to vendor designs to what extent these 
features are integrated into 60 GHz and 70-80 GHz equipment itself. 

5.2.3 Millimetre wave as a key technology for backhaul evolution 

Millimetre wave technologies are well suited to requirements for future-proof LTE high capacity wireless 
backhaul in urban environments with high cell density. An increasing number of new 60 GHz and 70-80 GHz 
solutions from equipment vendors exploit scalable capacity and low latency of millimetre wave technologies. 
Equipment designs for quick and simple installation and commissioning, and integration of networking 
functions, are opportunities for value-add innovation and vendor differentiation. This is particularly the case 
in managing the line-of-sight challenges of 60 GHz in urban street canyons. 
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http://www.erodocdb.dk/docs/doc98/official/pdf/Rec0502.pdf  

• ECC Recommendation (05)07: Radio frequency channel arrangements for fixed service systems 
operating in the bands 71-76 GHz and 81-86 GHz 
http://www.erodocdb.dk/docs/doc98/official/pdf/REC0507.pdf  

• Recommendation ITU-R P.676-7: Attenuation by atmospheric gases 
•  http://www.itu.int/rec/R-REC-P.676-7-200702-S/en 
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5.2.4 Summary table: millimetre wave  

The following tables provide an overview of 60 GHz and 70-80 GHz solutions. The information is an 
amalgamation of a number of publicly available sources and general comments expressed by technology 
experts in various industry forums. It should be noted that vendor roadmaps are continually evolving and 
the information shown should be treated only as an indicative reference. 

Aspect Key point Notes

Capacity 1Gbps +
(scalable)

Example RF configuration for 1Gbps uses 1000MHz channel and 
QPSK modulation. New systems will achieve this with 250MHz 
channels or smaller by increasing modulation levels, e.g. 
256QAM and beyond – rapidly increasing spectral efficiency

Latency sub 200µsec 
RTT single hop

This value is frequently quoted as the worst case, sometimes 
as low as 40-50µsec RTT single hop. TDD/FDD variation.

Coverage ~1km hop length As any wireless technology, there’s a capacity/reach trade-off, 
with lower than maximum capacities at maximum distance

Availability / 
Resiliency

99.999% -
99.9%

Depends on design parameters (required availability), no 
different to any RF link design. Options for ring/mesh topology

QoS Support Full L2/L3 CoS Subject to vendor implementation but many products 
incorporate standard backhaul QoS techniques (4/8 classes)

Equipment at 
small cell site

Very compact Ranges from 10-20cm in width and length, less in depth. All 
outdoor radio design with a fully integrated antenna . 2-3kg in 
weight, and typically ~20W power consumption.

Installation Line-of-sight Standard practice line-of-sight installation. Some novel designs 
for ‘assisted’ link alignment.  Auto-configuration features are 
sometimes available.

USP High capacity at 
ultra-low TCO

Uniquely unconstrained high capacity, low latency, low footprint 
and low TCO advantages

Main use case(s) Capacity / urban 60GHz radio is a strong candidate to be the primary wireless 
technology for small cell backhaul at the ‘street-level’ 

 

Table 5-3 60 GHz solutions overview 

Aspect Key point Notes

Capacity 10Gbps +
(scalable)

In theory 10Gbps can be achieved with RF configuration of 
500MHz channel, 128QAM, XPIC, and LOS-MIMO. This is just 
one example. Vendors are rapidly increasing spectral efficiency.

Latency 65-350µsec 
RTT single hop

These are drawn from a sample of vendor quotes. TDD systems 
tend to have higher latency than FDD systems.

Coverage ~3km hop length As any wireless technology, there’s a capacity/reach trade-off

Availability / 
Resiliency

99.999% -
99.9%

Depends on design parameters (required availability), no 
different to any RF link design. Options for ring/mesh topology

QoS Support Full L2/L3 CoS Subject to vendor implementation but many products 
incorporate standard backhaul QoS techniques (4/8 classes)

Equipment at 
small cell site

Compact Ranges from 25-35cm in width and length, less in depth. All 
outdoor radio design. Typically with external antennas 30-60cm 
in diameter. 3-6kg in weight, ~30-60W power consumption.

Installation Line-of-sight Standard practice line-of-sight installation. 

USP Ultra high 
capacity

“These systems would allow a rapid and effective deployment 
of broadband capacity in areas where fibre optic cables are not 
available or are not cost effective.” – ECC (05)07

Main use case(s) Capacity / urban 70-80GHz radio is suitable for ‘rooftop aggregation’ of small 
cells using macro cellular sites as concentration points

 

Table 5-4 70-80 GHz solutions overview 
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5.3 Microwave: 6-60 GHz 

5.3.1 General description 

Microwave is a mature technology that has been used to provide high capacity communication links for 
many decades. It is widely used in macrocell backhaul, accounting for over 55% of global backhaul 
connections at the end of 2011 [18]. In some definitions, ‘Microwave’ can refer to frequencies from 
300MHz-300 GHz [19]. However, in the context of backhaul in this report, it refers to wireless systems with 
carrier frequencies between 6 and 60 GHz. 

5.3.2 Spectrum and licensing 

A significant amount of microwave spectrum is allocated to fixed terrestrial links. In the UK, around 16.4 
GHz spectrum is available [20], and is predominantly used for mobile backhaul. The spectrum allocation for 
backhaul is more than an order of magnitude larger than the hundreds of MHz allocated to the RAN [21], as 
much higher capacity is needed to aggregate traffic from many RAN sites. 

Two types of licensing regime exist in the 6-60 GHz range: 

• Regulator-managed link licensing for point-to-point links 
• A licensee requests a spectrum allocation, specifying the two end points of the link. The regulator 

assigns channel(s) for that link which will not cause (or be susceptible to) interference to (or 
from) nearby links re-using the same channel.  

• Regulator-auctioned area licensing for point-to-multipoint 
• The licensee is responsible for managing re-use of a block of channels over a specified 

geographical region. For microwave this might be county-sized or country-wide. 

From a small cell perspective, the per-link managed licensing regime may prove cumbersome considering 
that a rapid, low-cost rollout is needed. An area licensing approach enables more flexible backhaul 
deployment once the license is acquired, and is better suited to the small cell scenario. 

5.3.3 Capacity 

Microwave technologies support link throughputs of multiple Gbps, which can be shown by considering the 
following formula:  

Link capacity (Mbps) = channel size (MHz) x spectral efficiency (bps/Hz) 

Microwave channel sizes are typically multiples of 7 MHz. Modern-day microwave equipment can transmit 
over multiple adjacent channels of up to 56 MHz; 112 MHz sizes have recently been made possible in some 
regions [22]. Contemporary microwave equipment operates at modulations of up to 256, 512 and now 
1024 QAM, the latter providing a spectral efficiency of 9 bps/Hz when combined with appropriate coding 
[22]. Cross polar interference cancellation (XPIC) doubles spectral efficiency by exploiting the orthogonality 
between polarisations [23], [24]. Moreover, it is possible to implement a further doubling of spectral 
efficiency from 2x2 MIMO using spatially separated dish antennas on a line-of-sight link. Combining this 
with XPIC results in an efficiency of 36 bps/Hz. This was demonstrated in 2011 by Ericsson, achieving a link 
throughput of 1 Gbps over a 28MHz channel [22]. Figure 5-5 shows microwave link throughputs for a 
variety of channel size and technology combinations.  

It is important to note, however that the rates shown represent normal operation. Microwave systems 
support link adaptation to trade data rates for improved robustness during times of heavy rainfall. Links are 
generally planned to limit such ‘rain fades’ to fractions of one per cent of the time, (as described in the 
availability section). Line-of-sight links have very stable signal quality compared with their non line-of-sight 
counterparts. These rely on multipath propagation, which can change with the movement of nearby people 
and vehicles [25]. 
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Figure 5-5 Microwave link throughputs for a given channel size and spectral efficiency 
combinations. Rates of 1 Gbps have been demonstrated in a 28 MHz channel. 
Source: Ericsson [22]  

Point-to-multipoint and statistical multiplexing benefit 
Point-to-multipoint microwave uses the same type of air interface technology as point-to-point and the 
same spectral efficiencies are possible. Where point-to-multipoint differs is that a wider beamwidth antenna 
is used at the ‘hub’ end of the link to provide a sector of coverage to serve multiple small cell sites. Sector 
capacity is therefore shared between the sites served. As shown in the provisioning requirements, backhaul 
traffic from small cells is likely to be very bursty with little correlation of bursts between neighbouring sites. 
Significant statistical multiplexing benefits can be achieved with a multipoint topology, which improves the 
utilisation of link capacity compared with dedicated point-to-point links. An improvement of 58% has been 
shown in a case study of live data from a tri-sectored macrocell network [26]. Larger gains can be expected 
for single sector small cells. 

5.3.4 Latency 

The propagation of microwaves through air is around 50% faster than that of light through optical fibre 
[27]. However, the difference amounts to around 3µs per mile, so is not significant for the short links used 
for small cell backhaul. Packet delay is largely determined by the transmission time interval (TTI) of the air 
interface. For a given transport block size (which determines channel coding benefits), wider channel 
bandwidths and higher spectral efficiencies enable much lower TTIs in microwave than are used by RAN 
technologies such as LTE or WiMAX. The RTT latency design target for the LTE RAN is 10ms [28], while that 
of microwave equipment is typically under 1ms RTT per hop [29]. 

5.3.5 Coverage 

Coverage is available to small cell sites with a line-of-sight to a backhaul ‘hub’. The location and number of 
hubs therefore dictates the degree of coverage. Line-of-sight propagation works well down ‘urban canyons’ 
where many sites can be covered down a long street from a hub at one end. Table 5-5 shows link ranges 
assumed by an analysis for UK regulator Ofcom, and how they vary with carrier frequency. It should be 
noted that the lower gain of the wide beam sector antenna used by point-to-multipoint reduces link ranges 
slightly. One vendor cites typical ‘hop lengths’ for 30-42 GHz point-to-point links as 2km to 4km with 
99.999% availability [22]. A point-to-multipoint vendor shows ranges of up to 7km possible at 28 GHz with 
99.99% availability [30]. 
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Table 5-5 Assumed link ranges for different carrier frequencies. Source: Ofcom [31] 

5.3.6 Link availability and QoS support 

Being line-of-sight, microwave links are much more predictable than non-line-of-sight, which require fast 
adaptation and Hybrid-ARQ to cope with the rapid channel variations caused by multi-path propagation. 
Microwaves are known to be attenuated by rainfall. For this reason an extensive set of data is available to 
plan link budgets for different carrier frequencies and locations across the globe [32]. Planning tools using 
this data can evaluate availability for a given link, or the link range for a chosen availability [33]. Backhaul 
links are normally planned with three-to-five ‘nines’ (99.9% to 99.999%). 

Link adaptation is used to increase robustness during fades to ensure reliable data transmission is 
maintained. QoS mechanisms exist that take into account the available data rate to ensure that essential 
and delay-sensitive traffic is prioritised if fading causes link congestion [34]. 

5.3.7 Equipment and installation 

Microwave equipment is increasingly being made available in outdoor-only form factors [35]. In these cases 
baseband, radio and antenna are combined into a single ‘zero footprint’ unit, suitable for deployment with 
small cells. One vendor shows a backhaul unit comparable in size to ALU’s lightRadio26 (around 12in/30.5cm 
tall).  

Microwave point-to-point typically uses a pair of high gain, narrow beam antennas, each of which must be 
aligned to the other end of the link. Point-to-multipoint reduces installation times, however. This is because, 
once the hub site is in place, each additional small cell only needs installing and aligning at the small cell 
end of the link. Microwave equipment optimised for small cell deployment can use wider beams for easier 
alignment, where the high gain for longer link ranges is not needed. 

5.3.8 Synchronisation support 

Microwave links have been used for many years to backhaul both FDD and TDD systems, demonstrating a 
general capability to provide both frequency and phase synchronisation. Support of specific technologies 
varies from product to product, but examples of both physical layer (Sync E) and packet-based (1588v2 
point-to-point) support can be found [36]. 

5.3.9 Applicable use cases 

Microwave is a mature technology providing high capacity backhaul over line-of-sight links. Point-to-
multipoint microwave is most suitable for the non-targeted capacity enhancement use case where small cell 
sites can be influenced by the availability of a line of sight. It can also be suitable for targeted capacity 
hotspots. Point-to-point microwave with longer link ranges may be suitable for outdoor not-spots, or in 
‘middle-mile’ backhaul links needing higher capacity for aggregates of many small cell sites. 
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5.3.10 Summary table: Microwave 6-60 GHz 

Aspect Key point Notes 

Capacity 1Gbps + 1G bps in a 28 MHz channel demonstrated at 
MWC 11 
Channels up to 56MHz now available. Capacity 
available in both dedicated point-to-point and 
shared point-to-multipoint topologies. Rates 
represent normal operation. See also ‘availability’ 

Latency <1ms RTT single hop Nearly all microwave 6-60 GHz is FDD, giving 
lower latency 

Coverage 2-4km typical  
at 30-42 GHz for small cell 
application.  
 

30-42 GHz assumed, as well as typical point-to-
point link budget with five nines availability. 
Longer ranges possible at lower frequencies and 
availabilities. Point-to-multipoint range likely to be 
slightly less 

Availability 99.999% - 99.9% Established ITU-R system for availability planning. 
Free tools available 

QoS Support L2 and/or L3 label-based 
prioritisation  

Established backhaul QoS techniques (four-to-
eight classes of service), based on L2 p-bits 
and/or L3 IPTOS labels 

Equipment at 
small cell site 

All outdoor. Zero footprint 
designs available.  

Lower gain antennas for metro point-to-multipoint 
are smaller than for long point-to-point links. 
Microwave backhaul units comparable in size to 
metro small cell product 

Installation Line-of-sight Antenna alignment needed. Most products have 
features to assist. For point-to-multipoint only 
new small cell end needs installing once hub is in 
place 

USP Mature high capacity 
backhaul technology in 
point-to-multipoint format 
for small cells. 

Microwave is an extensively used solution for 
macrocell backhaul. Metro-optimised point-to-
multipoint version is well suited to small cell 
deployment 

Main use 
case(s) 

Point-to-multipoint: 
Peppered Capacity 
point-to-point: Remote 
not-spots 

High capacity links should be deployed where line-
of-sight to hub is available. Long range point-to-
point links for middle mile and remote not-spots 

Table 5-6 Microwave 6-60 GHz 
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5.4 Sub-6 GHz licensed bands 

5.4.1 General description 

When considering small cell backhaul, operators will often choose licensed spectrum for two key reasons. 
Firstly to maintain CoS/QoS from the core to the user equipment. Licensed spectrum provides the means to 
deliver against an SLA by means of a controlled RF interference environment. 

The second is to avoid external interference in order to allow a scalable high capacity backhaul network. 

Sub-6 GHz spectrum has been used primarily for wireless access services where its ability to operate in 
harsh mobile non-line-of-sight propagation environments makes it an ideal choice. The same characteristics 
also make it well suited to the backhaul of small cells deployed in locations where high capacity non-line-of-
sight connectivity is required. 

Licensed frequency bands in the sub-6 GHz range vary by geography. A number of allocations are fully 
occupied for mobile access services. However, many are under-utilised. These include small fragmented 
unpaired allocations, as well as frequency ranges above 3 GHz, which, due to higher propagation losses, are 
sub-optimal for providing mobile connectivity to handsets. These spectrum allocations are ideally suited to 
non-line-of-sight small cell backhaul applications. The use of beam-switching/beam-forming, network-wide 
synchronisation and highly directional antennas with sophisticated algorithms delivers large spectral 
efficiency gains and enables n=1 frequency re-use. This typically doubles or triples capacities compared to 
omni antennas. In other words a small amount of licensed spectrum goes a long way. 

5.4.2 Spectrum and licensing 

Frequency ranges can be broadly summarised as follows: 

Range Summary 
Sub-1 GHz Mostly fully utilised for mobile access using paired allocations. TV white space 

(TVWS) provides lightly licensed unpaired spectrum suitable for small cell 
backhaul in rural locations. 

1 GHz to 2 
GHz 

Largely used for mobile access using paired allocations. However, small 
unpaired allocations, held by some operators, are unused and ideally suited to 
small cell backhaul. 

2 GHz to 3 
GHz 

Paired allocations recently or currently being auctioned primarily for mobile 
access. However, small unpaired allocations are available and ideally suited to 
small cell backhaul. 

3 GHz to 5 
GHz 

Largely under-utilised and licensed for paired or unpaired operation. Due to 
propagation losses, this frequency range is more suited to fixed applications 
such as small cell backhaul than mobile access applications. Lightly licensed 
allocations are also available in this frequency range in some countries (for 
example 3.65 GHz in the US). 

5 GHz to 6 
GHz 

Most regulators have made frequency allocations such as 5.4 GHz and 5.8 GHz 
license-exempt. However, some licensed frequency ranges do exist. 

Table 5-7 Frequency ranges 

In some cases, bandwidth allocations greater than 40MHz are available. However, this is unusual in the sub-
6 GHz bands. Generally allocations range from 5 MHz to 20 MHz. 

Available licensed spectrum in the sub-6 GHz bands varies from country to country. However, it is generally 
licensed on a regional or nationwide basis, allowing an operator to deploy large-scale networks with 
contiguous coverage. An area, regional, or nationwide licensing regime allows the fastest network rollout. 
This is clearly advantageous when deploying a small cell network; the ability to lay down small cell backhaul 
coverage across a target area significantly speeds up the deployment of small cell nodes. 

Most spectrum regulators limit the power (EIRP) limits permitted by unlicensed spectrum. Sub-6 GHz 
licensed bands allow much higher EIRP limits. Typically, EIRPs in sub-6 GHz license-exempt bands are 
limited to +33dBm or +36dBm, whereas licensed sub 6 GHz bands typically permit up to +60dBm or at 
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least +50dBm. This gives a 14-30dB link budget advantage, which can be practically leveraged for small cell 
backhaul using symmetric links. 

5.4.3 Capacity 

The capacity of a wireless link is determined by its spectral efficiency multiplied by the channel size. The 
capacity of a wireless system is determined by the ‘link’ capacity multiplied by the system’s ability to re-use 
frequency channels.  

Licensed sub-6 GHz spectrum offers the opportunity to manage interference levels to leverage high order 
modulation and coding schemes such as 256 QAM (and later 1024 QAM). In addition, its non-line-of-sight 
propagation characteristics allow spatial-multiplexing techniques such as MIMO to be used. These both 
increase the ‘link’ spectral efficiency. Today’s small cell backhaul solutions use 256 QAM and 2x2 MIMO to 
yield a peak spectral efficiency in the order of 14 b/s/Hz over the air. Future extensions are expected to use 
1024 QAM and 4x4 MIMO, increasing peak spectral efficiency to 35 b/s/Hz. These typically equate to net 
TCP/IP channel capacities of 170 Mbps and 425 Mbps respectively when operating a 20 MHz TDD channel, 
which can be delivered on a point-to-multipoint or point-to-point basis. 

OFDMA-based frequency re-use schemes applied to downlink and uplink could be combined with 
interference-aware scheduling algorithms and smart steerable antenna technology. This means it should be 
possible to deploy a small cell backhaul network in sub-6 GHz licensed spectrum using a single channel 
allocation. 

A point-to-multipoint small cell backhaul network running in a 20 MHz sub-6 GHz licensed spectrum 
allocation consisting of 50 backhaul ‘hub’ nodes, could provide a peak capacity of 9 Gbps using today’s 
technology. With 1024 QAM and 4x4 MIMO extensions, this can potentially be increased to 22 Gbps. 

Network-wide optimisation and interference-aware algorithms are required to achieve these capacities. In 
addition, the ability to schedule traffic in frequency, time and space are fundamental to maximising spectral 
efficiencies. OFDMA and smart steerable antennas are being adopted by small cell backhaul vendors to 
achieve this. 

It should be noted that the dimensioning of a point-to-multipoint backhaul solution is calculated differently 
from that applied to a traditional uncontended point-to-point solution. The ability of the system’s QoS to 
deliver bursty data rates to multiple locations (depending on instantaneous demand) allows for network 
dimensioning to be based on statistical multiplexing. It should also be noted that downlink/uplink TDD 
timing ratios are configured to match the access network’s traffic needs. 

The number of end points in a point-to-multipoint backhaul solution depends on capacity dimensioning. For 
backhauling LTE small cells, the number of end points is typically five to ten per backhaul hub. For 3G, this 
can be increased. Point-to-multipoint small cell backhaul solutions allow for this flexibility. Topologies 
supported also allow flexibility. That is, systems support star (point-to-multipoint) and linear (relay) 
deployments. 

5.4.4 Latency 

Small cell backhaul systems designed for sub-6 GHz licensed spectrum are mostly point-to-multipoint, 
where traffic scheduling is centrally coordinated. In such systems, the latency is dominated by air interface 
frame structures and scheduling algorithms. 5-12ms one-way latency is typical of today’s solutions; 
technology evolution could deliver sub-5ms one-way latency. However, it should be noted that latency and 
QoS are closely coupled. Not all traffic requires the minimum latency and overall network capacity increases 
if real-time services are handled differently from traffic that is not latency-sensitive. Latency-aware 
scheduling is a key feature for systems deploying contended backhaul. A close integration of the backhaul 
with the access QoS is critical to ensuring delivery of real-time services. 

5.4.5 Coverage 

Sub-6 GHz licensed spectrum provides the means to achieve reliable non-line-of-sight coverage as well as 
line-of-sight between network nodes. Small cell backhaul systems using this spectrum are likely to be 
deployed to cover a target area rather than on a node-by-node basis. 

Two basic deployment models are possible depending on whether network aggregation points or ‘points of 
presence’ (POPs) are at street level or higher — on, say, existing macro-sites. With street-level POPs, non-
line-of-sight backhaul is used between adjacent street poles where small cells are located. In this case, non-
line-of-sight technology helps backhaul cope with local clutter such as trees. Where high-site POPs are 
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available, a point-to-multipoint ‘cellular’ coverage of small cell backhaul can be deployed. Both of these 
models result in very different backhaul link distances, or POP spacing. 

The link budget of the small cell backhaul solution is critical to achieving maximum coverage. A typical 
solution operating in 3.5 GHz would have a system link budget greater than 160dB. Unlike microwave point-
to-point solutions, antenna gains cannot be simply increased, in the interests of form factor and MIMO 
performance, to achieve these link budgets. 

Typical Point of Presence (POP) spacings are shown below: 

Environment Coverage type Typical POP Spacing 
Urban	   Cellular coverage	   3km	  
Sub-urban	   Cellular coverage”	   5km	  
Rural	   Spotty coverage”	   15-20km	  

Table 5-8 Point of Presence spacings 

5.4.6 System availability 

System availability is a combination of equipment availability and service availability. 

Equipment availability 
Equipment availability is determined by small cell backhaul hardware mean time between failures (MTBF). 
In order to maximise its availability, the equipment used for small cell backhaul should be carrier grade, as 
opposed to enterprise or consumer grade. 

Operational life is another significant factor. Licensed spectrum plays a vital role in ensuring that the 
operational life of the deployment is down to equipment, rather than limited by gradual spectrum pollution 
(as would be the case with operating in license-exempt spectrum). 

Service availability 
As with any wireless system, ‘link’ availability is based on link budget and appropriate fade margins applied 
in order to achieve target availability levels. However, with systems running in the sub-6 GHz licensed 
frequency bands, network topology plays a more significant role in ensuring adequate service availability. 
The following techniques can be employed to optimise network availability: 

• Link adaptation on a per-end-point (or backhaul terminal) basis 
• Hybrid point-to-multipoint and relay topologies creating centrally coordinated mesh-like 

topologies 
• Dynamic network architecture for equipment failure resilience 

In addition to ensuring adequate fade margins, service availability ultimately relies on a solution that can 
deliver adequate capacity in the location and time required. QoS support is key in ensuring that real-time 
traffic is assigned adequate priority in the event of an RF fade. Latency-aware QoS schedulers that respond 
quickly to RF conditions are employed by small cell backhaul systems for this purpose. 

5.4.7 QoS support 

Due to limited frequency allocations in sub-6 GHz Licensed spectrum, the small cell backhaul is likely to be 
the traffic bottleneck in the end-to-end system. It is therefore critical to employ QoS in the small cell 
backhaul system which is capable of making real-time scheduling decisions based on throughput, latency 
and jitter requirements for any given IP service flow. Sub-6 GHz licensed small cell backhaul solutions are 
available with QoS support embedded in the radio interface. Networks should be designed with contention in 
the small cell backhaul expected and, as a minimum, the levels of QoS support should match the access 
network being backhauled. Further to this, tight integration of the small cell backhaul and access air 
interfaces offers significant benefits by creating end-to-end QoS from the core to the user equipment. 
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5.4.8 Equipment and installation 

The typical target locations for deploying outdoor small cells are lampposts and existing street poles. In 
order to rapidly roll out a network using these types of locations, the following key requirements should be 
met: 

• Area-wide approval of equipment; it is important to avoid pole-by-pole planning permission 
• Single person, low skill, rapid installation 
• A self-configuring, self-optimising network 
• Light pre-planning of the exact small cell locations 
• Re-configuration through remote access; there should be no need for site revisits during network 

expansion. 

The installation time is proportional to the overall ROI and viability of the solution. For example, a one-hour 
deployment, with five to six installs per day, can save thousands of dollars per small cell. By contrast, 
installation and commissioning processes that take two days — one for backhaul with antenna alignment 
and another for provisioning the small cell — can destroy the business case for small cells. 

For a network rollout to take place rapidly and at minimum cost, the operator needs to work closely with the 
local authority to avoid the need for planning permission on each individual street pole. However, for local 
authorities to grant blanket permission to deploy on any street pole, they will require the equipment to be 
regarded as ‘de minimis’, or low impact. Both the small cell access and backhaul equipment need therefore 
to be compact and blend in with their surroundings. Antennas need to be compact and preferably no wider 
than the street pole. Ideally, and in some cases this will be mandatory, the backhaul and access nodes 
should be integrated into a single physical enclosure. 

The exact locations of the small cells will largely depend on the accessibility of existing street poles. This 
may mean selecting the most appropriate lamppost at the time of the installation. Sub-6 GHz licensed small 
cell backhaul is ideal for this scenario. The small cell backhaul coverage can be established on an area-wide 
basis using cellular deployment topologies (through location of hub nodes at macro-cells and other network 
POPs) such that contiguous network connectivity is available wherever the installer needs to locate the small 
cell. This eliminates the need for ‘engineering’ individual links to each small cell. It also increases rollout 
speed and reduces deployment cost. Small cell backhaul solutions with self-steering antennas at the small 
cell end remove the need for manual antenna alignment. They also increase network efficiency through 
better MIMO performance and self-interference reduction. 

When the small cell backhaul network requires additional capacity, techniques such as cell splitting (of the 
small cell backhaul coverage) can be applied. Similar approaches are taken with today’s cellular networks. 
Sub-6 GHz licensed is well suited to this technique. Small cell backhaul solutions are available where this 
can be done remotely without the need for site visits to reconfigure previously deployed small cells (for 
example, manual antenna re-alignment is not required). The same approach is taken when using 
wireline/fibre or line-of-sight microwave backhaul to add capacity in particular areas. 

5.4.9 Applicable use cases 

Sub-6 GHz licensed small cell backhaul is ideally suited to enable the rapid deployment of large areas of 
small cells. It has lower capacity than line-of-sight microwave backhaul solutions (due to limited channel 
sizes), but significantly higher coverage. This higher coverage can enable a rapid rollout of small cells across 
a target area. Given the right system, mixing it with microwave line-of-sight and fibre connectivity can lift 
capacity. 

The licensed spectrum allows for support of frequency reuse and QoS suitable for backhauling licensed 
spectrum access technologies. Different access technologies demand very different peak rates from a point-
to-multipoint backhaul solution, as described under the earlier section on backhaul capacity requirements: 

Sub-6 GHz licensed non-line-of-sight backhaul technology is also well suited to backhaul of mobile small 
cells — where the end points are on a moving train for example. In this case, mobility techniques used in 
mobile RANs can be applied to provide a continuous backhaul connection to the train via trackside hub 
nodes. 
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5.4.10 Summary table: Sub-6 GHz (licensed) 

Aspect Key point Notes 

Capacity 170Mbps (20MHz TDD) Limited by typical licensed spectrum 
allocation availability 
Technology evolutions expected to increase 
this to >400Mbps 
N=1 frequency reuse techniques enable 
network capacity to significantly scale 
Point-to-point or point-to-multipoint 
(shared) 

Latency 5ms single hop one-way Latency-aware QoS scheduling ensures 
lowest latency when required 

Coverage 1.5 to 2.5km urban (at 3.5 
GHz) 
10km rural (at 3.5 GHz) 

Depending on deployment type and 
frequency 

Availability 99.999% - 99.9% Service availability determined by RF fade 
margin, flexible network topology and QoS 

QoS support RAN-class QoS (grant/request 
style) 

Latency-aware QoS with classes of service 
to match (and work cooperatively with) 
access network. L2 and L3 classification 

Synchronisation Supports  
physical layer frequency (e.g. SyncE) 
packet-based frequency (e.g. PTP, NTP) 
xpacket-based time/phase (e.g. PTP, NTP) 

Equipment at 
small cell site 

All outdoor, zero footprint 
designs available.  
Suitable for deploying on 
existing street poles. 

Access technology re-use enabling fully 
integrated (access plus backhaul) solutions 
 

Installation Very rapid 
Non-line-of-sight 
Single person installation 

Use of self-aligning antennas significantly 
reduces installation time 

USP Enables rapid interference-free 
blanket small cell deployments. 
RAN-class QoS for end-to-end 
service delivery. 

No need to engineer individual links. Point-
to-multipoint non-line-of-sight enables 
most rapid (and low-skill) deployments 
without time-consuming antenna 
alignments 

Main use 
case(s) 

Urban capacity and coverage 
Rural: capacity and coverage 

 

Table 5-9 Sub-6 GHz (licensed) 
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5.5 Sub-6 GHz unlicensed 

Deployment of small cell backhaul in sub-6 GHz unlicensed spectrum has a number of benefits, leading 
operators to give this option serious consideration for point�to�multipoint, in line-of-sight and non-line-of-
sight applications. However, with the benefits also come challenges. This section will address trade-offs 
related to the use of unlicensed spectrum under 6 GHz for various applications. 

Note: a comparative analysis between unlicensed operation at 2.4 GHz and licensed operation at 2.5 GHz 
(for example) is more of a discussion of one vendor’s implementation versus another’s. The spectrum’s 
relative properties are, to all intents and purposes, equal. This section will endeavour to decouple issues 
related to a band’s regulatory status from issues related to a specific implementation. The aim is to make 
clear which parameters are truly impacted by regulation and which are merely a side�effect of a technology 
selection. 

A given implementation will perform the same, regardless of the arbitrary legal identification associated with 
that spectrum in a given jurisdiction. Conversely, the legal identification and jurisdiction will most likely 
have a significant impact on the technology. This subtle yet significant difference must be factored into an 
operator’s solution selection process. 

5.5.1 Definition 

Unlicensed spectrum, in the context of sub�6 GHz radio communication, refers to an interval (band) 
between specified upper and lower frequency limits, which has been designated as not requiring a license 
request, fee or other filing from the user, nor associated approvals. The band or bands is/are assigned by 
the designated regulatory authority for a given geographic territory. The specific location(s) within the 
spectrum, as well as other optional constraints such as radiated or input power, modulation type(s) and 
modes, and private or commercial usage, are dictated by these bodies. In some markets (for example, the 
UK) some sub-6 GHz bands also enjoy a lightly licensed regime, where very low cost, per link license fees 
are levied, allowing the regulator to manage allocation. Unlicensed technology can also be successfully 
deployed in these bands. 

5.5.2 Benefits and trade-offs of deployment in unlicensed spectrum 

One of the major attractions of unlicensed deployments is that they do not involve the same upfront cost 
and related lead time as licensed spectrum. Costs to prepare, maintain, and file license requests are not 
applicable. There is little to no expenditure of time and/or capital associated with securing the actual 
spectrum. This can be useful when time is tight but the very attributes that make it so popular can conspire 
against it if too many users in the same vicinity attempt to take advantage of it. 

Other benefits of unlicensed deployments include the flexibility offered in technology selection. Regulatory 
requirements are often fairly flexible with regard to actual spectrum usage, in terms of parameters such as 
mode, modulation/coding, bandwidth and encryption. Radiated power and other aspects are more tightly 
restricted, but frequently must be closely controlled irrespective of regulatory requirements, as the same 
spectrum for backhaul may also be used as the access medium (as with Wi-Fi). If the backhaul 
unintentionally interferes with the access, or vice versa, the solution will share bandwidth with neighbouring 
customers’ networks. 

The amount of available contiguous spectrum in unlicensed space is also an attractive feature. Links 40MHz 
wide and greater can be deployed. By contrast, with licensed bands at similar carrier frequencies, sufficient 
width may not be available for the application and, when it is, it can be costly. This is especially true for 
point-to-point links utilising relatively narrow beam widths, where the probability of interference is reduced. 
However, licensed spectrum, once secured, tends to remain clear — which brings us to some of the 
challenges of unlicensed spectrum. 

5.5.3 Challenges 

Unlicensed spectrum is, by definition, uncoordinated; therefore adjacent channel and co-channel 
interference need to be considered. Vendors attempt to manage such co-ordination issues — aiding the 
identification of alien waveforms near managed unlicensed installations, for example, and effecting changes 
to the configuration of those systems to mitigate the impact of such interference sources. In both licensed 
and unlicensed spectrum, frequency reuse is important, but with even the best planning of unlicensed 
spectrum, clear today does not guarantee clear tomorrow. 
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Most technologies deployed with unlicensed spectrum rely on contention-based protocols; this allows a 
greater degree of interoperability and co-existence among competing radios using the same radio channel. 
Of course if ‘they’ are interfering with you, you are most likely interfering with them. If this is another 
operator, however, the odds are improved they will identify this condition during commissioning and retune 
to improve their performance — thereby self-correcting and improving your performance. 

Nevertheless, managing this situation may be a challenge, particularly in areas with high operator 
occupancy. Expertise in the technology, be it in-house or consultative, can help operators predict these 
challenges and manage them. Alternatively, embedded functionality can be integrated into the unlicensed 
systems to enable optimal operation in areas of adjacent and co-channel interference. 

Frequently, ‘unlicensed’ means ISM bands, commonly in the 2.4 GHz and 5.8 GHz ranges. Subscribers and 
certain small cells that offer 802.11 service may use these bands . Operators should try to ensure backhaul 
does not interfere with access when the bands overlap. There are various mechanisms to mitigate this 
situation such as controlling beam width via mechanical or logical means. However, the easiest way to avoid 
interference is not to overlap bands for backhaul and access. 

If radar is present unlicensed radios are required to implement radar detection and mitigation mechanisms 
(for example dynamic frequency selection — DFS — in Wi-Fi) by avoiding those channels when radar signals 
are detected. Such mitigation mechanisms provide varying results depending on the software release level. 

All products deployed in bands that may have radar present must employ DFS and comply with the 
associated regulations to prevent interference with radar. 

5.5.4 Topologies 

Use cases for small cell backhaul communication over unlicensed spectrum in the sub 6 GHz range include 
point-to-point and point-to-multipoint and are similar in functionality and topology to those provided by 
licensed solutions operating in sub 6 GHz spectrum. 

5.5.5 Performance aspects 

Performance aspects are dependent upon underlying technologies (FDD and TDD, for example), as well as 
on design decisions made during implementation of those technologies. Two solutions that operate on the 
same frequency but are provided by different vendors may have drastically different performance 
characteristics. Therefore, when making vendor and product selections, operators should keep their 
application’s requirements in mind and match them to the technologies best suited to meet those 
requirements. For example, if ultra-low latency is required, the first choice would be an FDD-based 
underlying technology. Real-world trade-offs are likely to be much more complex, however, so the 
performance of due diligence by properly trained individuals is strongly recommended. 

Effective capacities for solutions operating in sub 6 GHz spectrum are frequently rated in aggregate 
bandwidth (Mbps) and currently range from tens of Mbps to hundreds of Mbps (typically <450 Mbps). For 
people who are used to thinking about up and downstream rates as discrete, an aggregate throughput 
metric can seem non-intuitive. However, these solutions commonly have a provisionable asymmetric 
throughput, the ratio of which is determined by the operator or dynamically with traffic demands. Hence, 
specifying an aggregate throughput concisely captures a link’s capacity — irrespective of system datafill.. 
System latency and jitter and dependent on both underlying technology and implementation (in other 
words, vendor). FDD will offer much lower latency with less jitter as its full-duplex mode of operation is 
inherently free of the delay more common with half duplex technologies.  

However, many modern sub�6 GHz n/non-line-of-sight systems are TDD. Single-hop TDD systems may 
experience two to 20ms of latency with varying degrees of jitter; both are again dependent on 
implementation. Some solutions offer tighter jitter control by leveraging deterministic media access, akin to 
TDM(A). Coverage is closely related to radiated power (and antenna pattern), path loss, channel conditions 
and throughput requirements at the edge of the coverage area. Availability, resiliency, QoS support, the 
form factor of equipment at a remote site and installation are, of course, important concerns. However, they 
are more likely to be specific to vendors than directly related to spectrum regulation. 

5.5.6 Technology 

Choices in underlying technology will affect operational characteristics. An example relevant to sub 6 GHz 
unlicensed is the IEEE 802.11 suite of MAC and PHY devices. These devices have the price advantage of 
enormous scale. In addition, 802.11, being contention-based, is inherently able to deal with interference 
from other networks and share spectrum without any operator intervention. However, many of their 
inherent characteristics such as latency and jitter, as well as their intended graceful MAC-operation when 
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operating in the presence of interference, may limit their use for mobile backhaul applications. This problem 
could be overcome, at least in part, if the devices are carefully engineered or used in narrow point-to-point 
mode. Alternatively proprietary capabilities could be used to detect and mitigate interference scenarios via 
DFS techniques. 

Other solutions leverage other media access schemes, such as 802.16, LTE and even proprietary schemes. 
These solutions tend to be tailored to the more stringent requirements of real-time services. However, they 
are often challenged when it comes to dealing with interference from other systems. Even with standards-
based solutions, interoperability can often be limited to intra-vendor. 

0.1.1.1 Experimental study of IEEE 802.11n technology as backhaul 
Some of the results of an experimental study of an IEEE 802.11n wireless link appear below. It assesses 
how well 802.11n meets the requirements for a small cell backhaul link. Two different vendors’ APs were 
used in the study. The analysis of data gathered shows that the link could provide sufficient throughput, 
latency, and jitter for backhauling the traffic of a picocell. 

 

Figure 5-6 Theoretical vs. practical throughput of IEEE802.11n links and technical 
specification of APs 

It also shows that changing the settings and configuration of the link (for example the specific MIMO mode 
and channel bandwidth), can influence performance. 

 

Figure 5-7 Peak throughput as a function of received signal strength indicator (RSSI), for 
different MIMO modes and modulation and code schemes (MCS), for vendor A 

The latest generation of IEEE 802.11 technology — 802.11ac — offers even higher performance. With up to 
160MHz channels, 8x8 MIMO, 256 QAM, 5/6 coding, PHY rates of 6.93 Gbps are achievable. Aggregation of 
up to 160 MHz can be accomplished across non-contiguous 80 MHz channels offering great flexibility of 
deployment. 
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5.5.7 Summary table: Sub-6 GHz (unlicensed) 

Aspect Key point Notes 

Capacity: 
peak throughputs 

1X1 MIMO: 150 Mbit/s 
2X2 MIMO: 300 Mbit/s 
3X3 MIMO: 450 Mbit/s 

802.11n-based PHY rates assume 40MHz 
channel bandwidth, maximum modulation 
rate and full MIMO gain 

Coverage Up to 250 metres Typical value in urban setting 
5m high deployment 
With approximately 15dBi antenna gain 
Yielding 1 ~ 4W EIRP 

Availability Up to 99.999% 
Dependent on level of 
congestion from other users 
of the spectrum 

Links deliver worst case 10% PER at 
sensitivity 
Operational PER will be higher depending 
on signal strengths and interference 
Product availability is a function of 
hardware reliability MTBF and MTTR 

QoS Support WMM (Wi-Fi Multi-Media) 
IEEE 802.11e 

Four access category levels: video, voice, 
best effort, background 

Equipment at small 
cell site 

Outdoor or indoor PoE or AC power  
802.3af or 802.3at PoE  
Outdoor network powerable using PoE 
Can be integrated with small cell radio in 
some products 

Installation Similar to an outdoor small 
cell 

Pole or wall mount-configurable as needed 
One person installation 
 

USP  
(Unique Selling 
Point) 

Mature high volume 
technology enables low cost 
Co-exists with other links 

 

Main use case(s) Remote or isolated locations. 
Backhaul of Wi-Fi access 
points  

 

Table 5-10 Sub-6 GHz (unlicensed) 
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5.6 TV white space (TVWS) 

5.6.1 Overview  

The transition to digital television transmission has resulted in the opening up of new spectrum bands, 
referred to as TV white space (TVWS), in a number of countries. In the US, the FCC ruled in 2010 that 
TVWS be open for unlicensed use by commercial devices provided that they do not interfere with licensed 
(primary) services, including DTV broadcasters and wireless microphone users. TVWS channels are 6 MHz 
wide in the US and Canada, 7 MHz wide in Australia and New Zealand, and 8 MHz wide in Europe and most 
other countries in the world. 

TVWS channel availability is location-specific as it depends on the location and power of the primary users. 
Availability varies greatly with location [37]; fewer TVWS channels are expected in densely populated areas 
due to the increasing number of DTV stations.  

In order to protect the primary users, many countries, including the US, UK, Canada, Finland, Japan, and 
Singapore, have developed or started to develop regulations for TVWS operation [38]. Based on FCC and 
Ofcom requirements, [39] [,40] access to TVWS channels in the US and UK will be controlled through the 
use of a geolocation TVWS database. In addition, devices can only operate on channels that the geolocation 
database indicates are available in that location. Devices must also meet strict emission requirements, and 
must not exceed power limits imposed by the database or through regulation [41] [42]. In Europe, efforts 
are underway to standardise the interface between the geolocation database and the device. In the US 
several geolocation databases have been certified for operation [43]. 

5.6.2 TVWS technologies for small cell backhaul 

TVWS channels offer much better propagation properties, both in range and through or around obstacles, 
than ISM bands (for example 2.5/5.0 GHz, 900 MHz) and most cellular licensed bands (such as 2.0 GHz, 
1700/1900 MHz). The unlicensed nature and larger footprint of TVWS help reduce network costs. In 
locations where TVWS channel availability is high, TVWS spectrum would be an ideal candidate for wireless 
backhaul connections between small cells. 802.11-based technology, already cost-effective and designed to 
operate in harsh unlicensed environments, is a natural choice for TVWS.  

Figure 5-8 shows a scenario where TVWS spectrum is used as a wireless backhaul. Coverage for small cell 
access is provided via existing 802.11n technology operating in the ISM bands. The wireless backhaul 
between the small cells and the base stations uses enhanced 802.11n technology customised for TVWS 
spectrum. A TDD and multiple access technology such as 802.11n offers significant advantages for 
backhaul. The TDD nature of 802.11n allows for both uplink and downlink operation on a single channel, as 
well as adapting naturally to heavy uplink or downlink traffic profiles. In addition, the 802.11n carrier sense 
multiple access with collision avoidance (CSAM/CA) supports point-to-multipoint connections. 

Wired backbone 
(fiber-optic, DSL)

TVWS 
database

TVWS band 
backhaul

Legacy small 
cell(SC) 

coverage

BS3

BS1

P2P 
LinkBS2 

SC1SC2

SC3

SC4SC5

SC6

 

Figure 5-8 Small cell backhaul using TVWS 

Aggregation can be very valuable in a backhaul scenario as it allows the system to quadruple the 
throughput (as shown in Table 5-11 below) as well as providing increased reliability and robustness. It is 
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also worth noting that IEEE 802.11 is developing a standard for TVWS operation in 6, 7, and 8 MHz based 
on 802.11ac. The standard is expected to be finalised in 2014. 

 Distance 
(m)	  

Path 
loss	  
(dB)	  

UDP throughput — 
single channel 
operation (Mbps)	  

UDP throughput — four 
channel aggregation	  
(Mbps)	  

LOS 
(EIRP 
42dBm)	  

5000	   130	   8.3	   21.3	  
4000	   125	   9.8	   39.2	  
2000	   115	   9.8	   39.2	  
250	   85	   9.8	   39.2	  

Table 5-11 TVWS backhaul RF link budget estimates 

Assumptions : 1) antenna heights 20m x20m, 2) UDP based application; 3) target PER = 10%; 4) fading 
loss margin = 6dB; 5) operational frequency = 600 MHz; 6) operational bandwidth = 5MHz; 7)antenna 
gains = 12 dBi	  

5.6.3 Challenges and solutions 

Challenges for TVWS operation include the radio design and secondary user co-existence. The radio design 
must comply with regulations intended to protect primary users. For example, spectral mask requirements 
such as adjacent channel leakage ratio (ACLR) and adjacent channel selectivity (ACS) drive filter designs 
that may increase cost and power consumption. ACLR requirements impact the dynamic range of the digital-
to-analogue convertor. The ACS requirements impact receiver linearity, power consumption and analogue-
to-digital convertor design. In a recent memo, the FCC has relaxed maximum device height and ACLR 
requirements. This should enable less expensive low-power devices and increased coverage for rural areas 
[44]. 

Co-existence is another key area. Unlicensed spectrum is a harsh environment and interference needs to be 
mitigated to enable robust and reliable operation among the secondary users. Approaches include adding 
intelligent sensing and enhancing radio resource management capabilities for existing technologies such as 
802.11 and LTE. Intelligent co-existence functionality may also be incorporated into the geolocation 
database. In all likelihood, a combination of approaches will be required. 

5.6.4 Industry and standards landscape 

TVWS has generated tremendous interest both in standards organisations and industry. Products that can 
operate in TVWS spectrum are being developed or are available from many companies including: 
InterDigital; Spectrum Bridge (the first approved TVWS database administrator in the US); Shared 
Spectrum (a provider of sensing technology); Neul (which focuses on M2M); KTS wireless (the first FCC-
approved radio); Adaptrum (a radio provider); and 6Harmonics (another radio provider). Standards groups 
are very active. The IEEE is standardising operation in TVWS for 802.11 devices (802.11af) [45]. The IETF 
is standardising the interface between the device and the geolocation database (PAWS) [46]. ETSI RRS is 
looking at both modifications to LTE and new database models for operation in TVWS [47]. 
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5.6.5 Summary table: TV white space (802.11-based) 

Aspect 	   Key point(s) 	   Notes 	  

Spectrum Non-line-of-sight, 
excellent range, and 
penetration 
characteristics 

Channels: 6/7/8 MHz depending on country. 
Spectrum is unpaired: TDD operation. Spectrum 
availability is maintained through a geolocation 
database that devices must consult 

Capacity  18 Mbps per channel 
(current prototype) 
(scalable up to four 
channels)  

Scalable with channel aggregation. New 802.11af 
standard (due 2014) will support 80 Mbps in a 
single 6 MHz channel (4x4 MIMO). Both uplink and 
downlink contend for the same medium through 
CSMA/CA 

Latency 10 msec in good 
channels: typical of 
802.11-based networks 

End-to-end latency for a single point to point link. As 
with 802.11 systems, latency will increase as more 
devices contend for the medium 

Coverage ~1-5km for maximum 
throughput 
Can support line-of-sight 
> 10km at 10 Mbps using 
2 channels 

Excellent non-line-of-sight coverage, range, and 
penetration at UHF band 

Channel 
availability / 
resiliency  

Channel availability 
dependent on location.  

Addition of carrier aggregation and sensing 
increases both robustness and availability  

QoS support  802.11e  Existing 802.11e mechanisms can be used to 
enhance QoS  

Equipment at 
small cell site  

Wi-Fi AP form factor  Small form factor, but may require a larger UHF 
high directivity antenna to increase range 

Installation  Non Line-of-sight or line-
of-sight  

Line-of-sight installation will increase coverage and 
range compared to non-line-of-sight installation 

Main use 
case(s)  

Capacity offload / urban 
/small cell backhauls 

The excellent coverage and range provided by 
TVWS make it an ideal candidate for small cell 
backhaul solutions  

Table 5-12 TV white space (802.11-based) 
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5.7 Satellite 

5.7.1 Use cases 

Satellite backhaul offers unique characteristics in terms of its practically universal availability and rapid 
deployment times. However, in common with most leased line tariffs it incurs an ongoing operational cost 
that is related to the bandwidth that needs to be rented on a satellite transponder. For this reason it is 
typically deployed for one of a number of particular use cases. 

Universal access 
• Satellite backhaul can be deployed anywhere that has visibility of a suitable satellite. In practice 

this means that practically any location (except the northern side of mountains in the northern 
hemisphere and the southern side in the southern hemisphere) can be linked, irrespective of 
distance from other backhaul technologies. Thus satellite backhaul can be employed at locations 
where there is no xDSL or fibre, and where establishing microwave links would be too expensive 
— for example, cases where multiple hops would be needed to serve a single site. 

• Rapid deployment 
• A satellite backhaul link for a small cell typically requires the installation of a small parabolic dish 

and a remote satellite modem. The dish is similar to a TV satellite dish, typically from 69 – 
120cm in diameter. The modem is a small outdoor-mounted box (typically 25 x 25 x 8 cm). Such 
equipment can normally be installed in an hour or so at most locations, directly mounting on a 
building or on a flat roof using a non-penetrating mount, similar to a tripod. A remote small cell 
could be installed and integrated using relatively low skill levels in half a day. 

• Mobile sites 
• The use of small cells in a variety of mobile situations can be achieved simply using satellite 

backhaul. These use cases include the use of small cells on aeroplanes (business or large-bodied 
jets), ships (ranging from large yachts to commercial vessels and cruise ships) and land-
deployed ‘cells on wheels’ deployed to provide extra coverage in case of special events or 
disaster situations. For ships and aeroplanes special stabilised antenna systems are used to point 
at the satellite. The systems also have to be able to switch between different satellites as the 
ship or aeroplane moves from one coverage area to another, and also to compensate for Doppler 
effects. For ‘cells on wheels’ applications the antenna is only deployed when the vehicle is 
stationary and can be pointed manually or automatically by an auto-point antenna.  

5.7.2 Capacity 

Satellite can provide practically any reasonable capacity from a few kilobit/s (useful for Supervisory Control 
And Data Acquisition (SCADA)-type applications) to 350 Mbit/s. The only real constraints are that the size of 
the dish and power amplifier increase with capacity and, more importantly, that the operational cost is 
directly proportional to the capacity required. Modern TDMA systems share a single pool of bandwidth 
between all sites. The overall capacity needed is the sum of all the instantaneous peak requirements. Erlang 
B is normally used to calculate the capacity in terms of channels for voice — which is then multiplied by the 
average capacity required per voice channel. Since most systems employ some form of silence suppression 
the capacity required depends on the duty cycle (typically 60% – 70%). For data similar techniques can be 
used to take account of the peaky nature of traffic coming from most small cell sites. Since the TDMA 
system typically re-allocates bandwidth eight times per second the load balancing can be considered to be 
quasi-instantaneous. 

Typical link capacities provided for small cell sites by satellite would be in the range of 1 Mbit/s outbound by 
512 kbit/s inbound for a rural voice-only site in a developing country to 10 Mbit/s outbound by 2 Mbit/s 
inbound for a voice and data service in a developed country. The economics of satellite backhaul are 
discussed separately in the Rural Small Cell white paper, also available from the SCF. 

5.7.3 Availability 

As with most telecoms link technologies the availability of a satellite link is a function of the engineering 
rules applied to it. If the need is for (say) 99.9% link availability then the equipment and satellite bandwidth 
will be cheaper than that required to realise a 99.999% link availability, given the same locations, satellite 
transponder etc. 

TDMA satellite systems incorporate adaptive coding and modulation (ModCod) techniques and automatic 
power control so that the effects of varying atmospheric conditions (or rain fade) can be compensated for. 
The choice of satellite band and geographic location strongly influences the degree of rain fade to be 
expected. Lower frequency bands (C-band: 4 – 6 GHz) are practically unaffected by weather. The most 
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commonly used band (Ku-band: 10 – 12 GHz) is slightly more affected. However, the highest currently used 
band (Ka-band: 20 – 30 GHz) could expect up to 24 dB of rain fade. 

That said, the integration of the satellite system’s QoS scheme with the automatic power and ModCod 
control means that the bandwidth for a given site can be maintained according to its SLA throughout fading 
conditions. The link capacity is first calculated using ‘clear sky’ conditions and then extra capacity is added 
to allow for the increased capacity requirement of the maximum expected percentage of sites that will be in 
a deep fade at any time. The allocation of this capacity is automatic and transparent to the end systems. 

5.7.4 Jitter and delay 

A TDMA satellite system uses a shared outbound carrier and time division access to the inbound carrier(s). 
Therefore the jitter characteristics are typically much more challenging than on a terrestrial link. Typical 
average values to be expected on the outbound link would be 5ms with a maximum of 25ms. Similarly on 
the inbound carriers the jitter may average 10ms with a maximum of 50ms.  

For delay there are two components. One of these is the fixed ‘speed of light’ delay in the signal travelling 
from the ground to the satellite and back to the ground. Typical values here are 240 – 260ms depending on 
the exact geographic locations of remote site, hub site and satellite. In addition there are the packetisation 
and processing delays which add 35ms – 50ms, leading to typical one-way trip times of 275 – 310ms. 

5.7.5 Satellite service provision 

In most cases the satellite service (including installation, management and repair) is provided by a satellite 
network operator (SNO). There are at least 350 SNOs worldwide, ranging from transnational companies 
such as OBS and BT to local operators providing single country or regional operations. Occasionally the 
mobile network operator will decide to operate the network itself if it is economically advantageous to do so. 
Links are usually rented to include the remote terminal equipment and satellite bandwidth. A customer 
portal into the network management system provides the real-time and statistical information required by 
the mobile operator. 
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5.7.6 Summary table: Satellite 

Aspect Summary 

Capacity  Up to 50 Mbit/s downlink, 15 Mbit/s uplink,  
but pay per Mbit/s so realistic b/w typically  
2 – 10 Mbit/s downlink, 1 -2 Mbit/s uplink  

Latency / Jitter  300 ms one-way latency.  
Jitter 5 – 30 ms. Often requires special parameters/settings  

Coverage  Almost ubiquitous. Includes mobile cases (such as ships, air or trains)  

Availability / 
resiliency  

Link availability can be engineered as required  

QoS support  Varies by vendor, but carrier-class solutions with extensive 
site/application/VLAN QoS available and required for good voice 
quality/data throughput  

Equipment at 
small cell site  

Small IP67 outdoor unit, 25cm x 25cm x 10 cm plus small dish 69 cm 
upwards  

Installation  Satellite installation possible by a TV antenna engineer or similarly skilled 
technician 

USP  Total coverage, pay per b/w. Shared use of b/w is highly efficient (trunking 
gain). Multicast option for content distribution  

Main use case(s)   Targeted capacity hotspots with no fibre or line-of-sight to macro.  

Table 5-13 Satellite 
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6. Wired backhaul solutions 

Wired backhaul solutions have played a key role in mobile base station backhaul over the years due to their 
high reliability, high data rates and high availability. For small cells wired solutions may need to work with 
new site types, in particular street furniture such as streetlamps and wall mounts. They may also need to 
meet economic targets much lower than those associated with macrocell backhaul. All of which sounds 
challenging. However, wired solutions can play a useful role in small cell backhaul, and of course the overall 
backhaul solution can be a hybrid of wired and wireless, with the wired solution delivered to wireless hub 
sites. Several approaches are possible, and detailed below. 

6.1 Direct fibre 

Fibre is used for point-to-point high speed data connections. Virtually any backhaul capacity can be 
achieved, and with low latency. The solution is usually terminated with network terminating equipment 
(NTE). In general, direct fibre would incur a higher connection and rental charge and would be typically used 
in a hybrid. A wireless solution would backhaul any wireless hub sites (Figure 6-1 below). 

At this stage a few points on optical fibres are worth making. Optical fibres include a transparent core and a 
cladding. Rays of light are kept in the core by total internal refraction. This approach also allows the cable to 
be twisted in delivery. Fibres that can support multiple propagation paths are known as multi-mode fibres 
(MMF). These are, in general, wider and used for shorter lengths. Fibres that have a single path are known 
as single-mode fibres (SMF). 

 

Figure 6-1 Direct fibre solution with integrated wireless aggregation 
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6.1.1 Summary table: Direct fibre 

Aspect Key point Notes 

Capacity 100s of Mbps to gigabits 
per second 

Bandwidth capacity down/up scalable to 
virtually any speed. Speed at reach defines 
optics used 

Latency Millisecond or less typical 
RTT 

Other elements in the network could be the 
source of latency concerns 

Coverage Up to 80 kilometres 
common 

Optics package (for example, single form factor 
pluggable-SFP) define speed/distance 

Availability Fibre availability varies 
widely in most metro 
areas 

Nearest proximity to fibre may result in 
placement of new drops from metres to 100s of 
metres in length 

QoS Support QoS capabilities are 
common 

Depending on whether Layer 2 or 3 QoS. There 
may be vendor/equipment dependencies 

Equipment at 
small cell site 

Optical Network 
Termination (ONT) 

Potential need for NTE premises equipment 
depending on site requirements 

Installation Technical installation  Often requires fibre splicing, configuring power 
and specialised test equipment 

USP Virtually unlimited 
bandwidth capacity and 
low latency 

Highly reliable once installed. Low operational 
cost 

Main use case(s) Wherever fibre is readily 
available to site proximity  

Usually applies where multi-technology radios 
drive backhaul capacity beyond other 
alternatives 

Table 6-1 Direct fibre 
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6.2 Digital subscriber line (xDSL) 

xDSL solutions are mainly used for broadband applications but become relevant for small cell backhaul due 
to their low cost and pervasiveness. It is worth noting, however, that the backhaul capacity varies 
depending on the technology used as well as the distance from the exchange. The main technologies are: 

Asymmetric digital subscriber line (ADSL) 
• Offers asymmetric bandwidths. Mainly used for residential broadband, but could be relevant for 

certain use cases, especially rural scenarios where the cost of a fibre or wireless solution is 
substantially higher. 

• Asymmetric digital subscriber line 2+ (ADSL 2+) 
• With reach distances of 3 Km or beyond, and multi-line bonding capability, the facilities of 

ADSL2+ (or 2+M) may provide a low-cost alternative for certain small cell backhaul applications. 
• Single-pair high-speed digital subscriber line (G.SHDSL) 
• Symmetric data rates over a single copper pair to deliver E1/T1 or Ethernet equivalent rates. Up 

to ~3km possible and up to 5 Mbps but no voice calls supported. SHDSL can use both bonding 
and repeaters to extend high-speed service well over 20Kft. Used in many metro Ethernet 
service deployments. 

• Very high bit rate digital subscriber line (VDSL) 
• Single twisted pair used. High data rates achieved by using high bandwidths. Data rates 

susceptible to distance. 
• Very high bit rate digital subscriber line 2 (VDSL2) 
• VSDL2 is compatible with ADSL, and is commonly deployed by telcos in Europe and North 

America. 

Other solutions such as FTTx (discussed below) use VDSL2 as the underlying technology for the final drop.  

Common name	   Standard	   Downstream peak 
bandwidth (Mbps)	  

Upstream peak 
bandwidth (Mbps)	  

ADSL	   ITU G.992.1	   12	   1.8 
ADSL 2	   ITU G.992.3 Annex J	   12	   3.5	  
ADSL 2+	   ITU G. 992.5	   24	   1.3	  
ADSL 2+M	   ITU G.992.5 – Annex 

M	  
24	   3.3	  

SHDSL	   ITU-T G.991.2 – 
Annex F 

5 5 

VDSL	   ITU G.993.1	   55	   3	  
VDSL 2	   ITU G.993.2	   >100	   60	  

Table 6-2 Typical xDSL rates for backhaul 

The available data rates on DSL technologies depend on copper length from the exchange (or DSLAM). The 
data rates degrade over distance due to attenuation. The rates that can be delivered also depend on the 
quality and the gauge of the copper lines used in a particular country or region. A typical rate-reach graph 
from a US operator is shown below. 

The median total copper length in the UK is 3.4km from the exchange. The median copper length from the 
cabinet is 420m [48]. In urban areas the final drop from the cabinet is 300-400m. In US they are 
approximately 1500 feet (457m). In other words, the copper lines from the cabinet would offer rates above 
80%. Solutions such as FTTx (discussed below) would therefore offer capacity that is more than adequate 
for a small cell. Such solutions can then be used not only to serve a single small cell but also as an 
aggregation point for several small cells. These are aggregated using a wireless system (discussed above). 

Multiple copper lines can be bonded into to offer higher rates. An eight-pair bonded line can be used to offer 
in excess of 500 Mbps [49]. Vectoring is a new technology that employs the coordination of line signals to 
reduce crosstalk levels (ITU G.993.5), and thus to improve performance. 
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Figure 6-2 Rate-reach distribution of VDSL and ADSL2+ - downstream 

6.2.2 Bonding  

In general, data rates over copper lines will degrade with distance from the exchange. This solution uses 
multiple copper pairs to increase data rates. Data is modulated over multiple pairs; it therefore requires an 
NTE to terminate the service over them. The range can be up to 5 km with downstream rates offering 2-60 
Mbps. This could apply to urban use cases, where the small cell is in an indoor location, or rural use cases, 
where the distance from the exchange is likely to be greater than elsewhere. 

Table 6-3 focuses on VDSL2 applicability. Some mention should also be made here of ADSL2+ due to its 
significantly greater reach than VDSL2. An eight-line bonded solution capable of delivering 60Mbps down to 
distances of 3 km does exist. However, it requires the use of proprietary hardware that is not currently 
qualified for outdoor application. That said, it may be applicable for use if engineered into a qualified 
outdoor enclosure. Other two-line bondable solutions that can operate in the ADSL2+ mode could deliver 
25-50 Mbps depending on loop length. Again, however, they are not currently qualified for direct outdoor 
applications. 

Current rate-reach charts indicate approximately 75/15 Mbps capacity for bonded 17 MHz VDSL2. It should 
be noted that these rate-reach tables are based on equivalent 26 gauge copper pairs. A large amount of 
OSP copper in the AT&T network, for example, is actually 24 gauge, and would substantially increase rate-
reach (possibly by 20% or more) to any given small cell location. In addition, the recent introduction of 
vectoring technology in vendor VDSL2 equipment is demonstrating improvements in VDSL rate-reach on 
long loops of 20-25%. This will become increasingly important in applications where the small cell site is 
beyond 1Km from the cabinet, a wireless solution is not technically or economically feasible, and both power 
and VDSL2 are the lowest cost and most applicable solutions. 

6.2.3 Line power from exchange 

The key challenge for rural small cells is getting adequate backhaul capacity given severe economic 
constraints and the need to get power to the site. This approach provides power to small cells, as well as 
backhaul, over the copper line. If the distance from the exchange is too great, multiple copper lines can be 
bonded together. This approach is, therefore, ideal for small cell deployment. Obviously, the data rates and 
the amount of power available will depend on the distance from the exchange; hence small cells with lower 
transmit powers or efficient power amplifiers are required. 

The backhaul technology used will typically be ADSL bonded, but the distance will usually be determined by 
the number of copper pairs available and the attenuation of power over the copper line. 
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Figure 6-3 Line power from exchange 

6.2.4 Summary table: Bonded VDSL2 

Aspect Key point Notes 

Capacity VDSL2 bonded – 17 MHz 
~ 80 Down /15 Up @ 3Kft 
An eight-line bonded 
VDSL2 modem permits 
reach extension to ~5Kft. 

Rate-reach dependent technology. 
>100Mbps/20Mbps for loops 2 KFt and under. 
Physical gauge of copper (such as 26/24/22) can 
have a dramatic effect on achievable bandwidth 

Latency 5-15 ms one way typical 
depending on network 
equipment loading.  

Tiered structure of networks can increase latency 
significantly, especially for non-QoS traffic 

Coverage To 3 KFt two-line bonded 
To 5 Kft eight-line bonded 

With high confidence in achieving at least 75/12 
Mbps rates 

Availability Designed to min 99.9% Achieves four nines (99.99%) in most typical 
networks 

QoS Support L2 and or L3 label based 
prioritisation  

Established backhaul QoS techniques (four-to-
eight classes of service), based on L2 p-bits 
and/or L3 DiffServ labels. Dependent on whether 
modem is operated in ‘bridged’ or ‘routed’ mode 

Equipment at 
small cell site 

Outdoor or Indoor designs 
available 

Outdoor network powerable using +/- 190V DC 
from cabinet. 802.1at PoE to radio. No local 
power required. Indoor unit may use conventional 
110V AC power supplies 

Installation Similar to an outdoor 
gateway element 

Pole or wall mount-configurable as needed. 
Copper loop conditioning may be required 

USP Mature technology. 
Relatively low-cost 
elements. Management 
system development 
minimal 

Fairly wide availability of copper for indoor or 
outdoor applications 

Main use 
case(s) 

Two-line bonded is lowest 
cost termination when in 
reach of cabinet DSLAM 

Use of eight-line bonded should be limited to 
cases where rate-reach mandates, and/or 
wireless line-of-sight not possible. Carrier-specific 
solutions. 

Table 6-3 Bonded VDSL2 
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6.3 FTTx 

6.3.1 Capacity 

As demand for broadband increases many fixed operators are rolling out fibre closer to the home and 
business premises. The technologies generally used are: 

Fibre to the cabinet (FTTC/N) 
• Fibre from the local exchange to the cabinet and then typically VDSL2 — either single line or 

two-line bonded. VDSL2 uses discrete multitone (DMT) technology that modulates different 
numbers of tones depending on the bandwidth used. It can range from 8 MHz to 30 MHz [50]. 
Typical data rates are 80-100 Mbps or more downstream and 30-50 Mbps upstream when copper 
lengths are within a few hundred metres of the cabinet. 

• While urban copper lengths are generally below 1km for FTTC/N, this technology may be 
employed on longer loops; in fact distances of 1.5km or more are possible. However, achievable 
data rates can decrease by as much as 80% if vectoring technology is not used. This still 
emerging technology has been shown to add as much as 25% to the bandwidth capacity on 
longer loops. 

• Fibre to the distribution point (FTTdp) or fibre to the curb 
• This brings fibre within about 100m of a premises. At this copper loop length, VDSL2 provides 

typical data rates of 80-100 Mbps downstream and 30-50 Mbps upstream, since it is also 
bondable. A next generation technology, called G.fast, is also being developed for this 
distribution point. The design requirements are for G.fast to provide from 500 Mbps to 1 Gbps. 

• Fibre to the premises (FTTP/H) or fibre to the home 
• In this case the fibre is delivered from a local exchange to the residential or business premise 

using gigabit passive optical network (GPON) technology. The fibre GPON is typically contended 
with several premises but capacity is added at each stage of the hierarchy of the GPON. The 
backhaul capacity of a GPON varies depending on deployment. This is typically 2.5 Gbps 
downstream and 1.25 Gbps upstream with current generation GPON; it may increase by a factor 
of four in next generation GPON. This capacity is shared among several endpoints through the 
use of passive splitters in a 1:32 or 1:64 split ratio.  

 

Figure 6-4 Schematic diagram of FTTC and FTTP deployments 

FTTC and FTTP are more commonly available in urban areas. The fibre is delivered at least up to the 
cabinet, which is available in most streets in dense urban and urban areas wherever FTTx is deployed. This 
is therefore an ideal candidate for backhauling urban small cells. As discussed in section 5.2, copper lengths 
from the cabinet and fibre lengths from local splitter nodes are short enough to offer more than adequate 
capacity for small cells. FTTx can also be delivered to a local aggregation site where the connection can be 
extended to several other small cells using another wireless solution. Although the solution will incur a 
connection charge, the rental charges are orders of magnitude lower than direct fibre. 

Note on PON technologies 
With passive-optical-networking (PON) technology increasing in popularity, two point-to-multipoint 
standards — Ethernet passive optical networking (EPON), and ATM-based gigabit passive optical networking 
(GPON) — are in active deployment. GPON represents the most recent implementation in an evolving 
protocol set that was designed to support multiple services in their native formats. EPON, meanwhile, claims 
advantages in terms of lower cost and complexity as a simpler single Layer 2 implementation. Both 
technologies have established a beachhead of deployments and either may be used for small cell backhaul 
applications. The following diagram shows a typical PON network architecture. 
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Figure 6-5 Passive optical network (PON) 

The two most prevalently deployed implementations of PON are described briefly here.  

GPON 
The ITU-T G.984 gigabit-capable passive optical networks (GPON) standard permits several choices of bit 
rate, but the industry has converged on 2.488 gigabits per second (Gbps) of downstream bandwidth, and 
1.244 Gbps of upstream bandwidth. The GPON Encapsulation Method (GEM) allows very efficient packaging 
of user traffic with frame segmentation by leveraging its support for three layer 2 protocols: ATM for voice; 
Ethernet for data; and accommodation for an additional user-specified protocol (commonly proprietary). 
GPON continues to evolve as a standard. Work is now being undertaken on next-generation GPON (NGPON). 
This will provide a 5 Gbps downlink and 2.5 Gbps uplink capacity. 

EPON 
The Ethernet PON (EPON or GEPON) standard 802.3ah-2004 was ratified by IEEE as part of the Ethernet in 
the first mile project of the IEEE 802.3. EPON uses standard 802.3 Ethernet frames to accommodate 
symmetric 1 gigabit per second upstream and downstream rates. While EPON is most widely used in data-
centric network applications, it may also be used in full-service voice, data and video networks. 10 Gbit/s 
EPON or 10G-EPON was ratified as amendment IEEE 802.3av to IEEE 802.3. 10G-EPON supports 10/1 
Gbit/s. The downstream wavelength plan supports simultaneous operation of 10 Gbit/s on one wavelength 
and 1 Gbit/s on a separate wavelength for operation of IEEE 802.3av and IEEE 802.3ah on the same PON 
concurrently. The upstream channel can support simultaneous operation of IEEE 802.3av and 1 Gbit/s 
802.3ah simultaneously on a single shared (1,310 nm) channel. EPON is also the foundation for most cable 
operators’ business services as part of the DOCSIS Provisioning of EPON (DPoE) specifications. 

Some of the similarities and differences between EPON and GPON are provided in Table 6-4. 
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 EPON GPON Comments 
Service Full service, triple play 

+ RF video 
Full service, triple 
play + RF video 

 

Layering and 
multiplexing 

Native Ethernet 
(includes TDM) 

ATM and Generic 
Frame (including 
Ethernet and TDM) 

 

Media access    
ONT discovery and 
activation 

   

PHY-related features (grey area indicates similarities) 
Number of branches 
Wavelength arrangement 
ODN class 
FEC (optional) 

Spec: 16; 64 feasible 
# of logical splits not 
specified 
Downstream 
1480-1500 nm 
Upstream 
1260-1360 nm 
Class A (5-20 dB), 10 
km 
Class B (10-25 dB), 20 
km 
Reed Solomon 

Max 64 at PHY 
Max 128 at TC layer 
Same 
Class A; Class B; 
Class C (15-30 dB), 
20 km 
Reed Solomon 

 
GPON adds Class 
C 
FEC reduces 
optical module 
cost. It also aims 
to ease Tx power 
and Rx optical 
sensitivity 

Encryption 
(optional) 

AES on Ethernet 
payload 

AES on ATM and 
GEM frame payload 

 

Bit Rate Downstream: 1 Gbps 
Upstream: 1 Gbps 

Down: 1.2, 2.5 Gbps 
Up: 155 Mbps, 622 
Mbps, 1.2 Gbps, 2.4 
Gbps 

 

Clock 8 KHz embedded Transmit markers @ 
125 microsec 

 

Other (optional) OLT informs ONT of 
receiver stabilisation 
time at discovery 

ONT optical output 
power management 

ONTs can be 
power managed 
by OLT to relieve 
APD tolerance in 
GPON 

Table 6-4 Similarities and differences between EPON and GPON 

Protocol layer frameworks for EPON and GPON are shown in the following diagram. 

 

Figure 6-6 Protocol layer frameworks for EPON and GPON 
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6.3.2 Latency 

The VDSL systems that deliver connection from the cabinet to the source may be configured for immunity to 
impulse noise using either retransmissions or interleaving (forward error correction). Retransmissions result 
in delay variation whereas interleaving results in fixed additional delay. Adjustment of interleaving depth 
allows a trade between packet loss and delay. VDSL systems are designed to operate at an error rate less 
than 10-7 with 0 dB margin [51]. Typical operation can be made with higher margins of error (6 dB). The 
latency one-way from site to DSLAM line card or exchange is 3.8ms with retransmission and is 11.8ms with 
interleaving. FTTP on the other hand can deliver traffic at 1ms even with negligible error. 

Note: the latency figures quoted here are from site to exchange. This is much deeper into the RAN backhaul 
network than is quoted for wireless systems. Wireless small cell backhaul systems do not include any 
contribution of latency from the RAN backhaul network in Figure 4-4. 

6.3.3 Coverage 

How much capacity VDSL2 can deliver depends on attenuation, which in turn depends on copper length. 
Attenuation is proportional to the distance, quality and gauge of the copper line. Typically, 50-80 Mbps may 
be possible at up to a few hundred metres. In most urban areas, the copper lengths are within these 
boundaries. Where the incumbent has deployed FTTC, most urban areas will have very good coverage. In 
the UK, for example, there is a commitment to cover two-thirds of the population by 2014 [52].  

For FTTP, GPON technology allows up to 29km range if the optical conditions are favourable. The biggest 
question mark tends to be the business case for fibre deployment for fixed broadband use in a given area. 

6.3.4 QoS support 

Typically, VDSL2 systems will offer Layer 2-based prioritisation based on L2 p-bits. The systems are 
designed to differentiate voice and data, so would at least provide two levels of QoS [53]. The customer 
CPE can offer additional Layer 3 QoS support if required. 

6.3.5 Installation and equipment 

FTTC or P will require the copper or fibre to be delivered to the small cell site. Typically in urban areas, there 
should be many cabinets delivering these technologies. The termination of the backhaul service will be via a 
VDSL modem usually with Ethernet as an electrical port. Additional CPE functionality can be included to 
manage traffic and report faults. The CPEs would need to be ruggedized and, depending on site option, also 
be miniaturised to fit in challenging locations, such as street lamps. Similarly, the FTTP would need to be 
terminated on an optical network equipment (ONT) with an Ethernet presentation.  

6.3.6 USP 

The main USP for FTTC or FTTP technologies is that they offer a very robust and economical backhaul 
network, where they are deployed. It reuses the investment made by an incumbent operator to deliver fibre 
close to the premises. There is no requirement for getting line-of-sight and it works equally well for indoors 
or outdoors. The field engineering and OSS to manage these connections should also be available from 
same operator. 

6.3.7 Main use cases 

FTTC or FTTP can be used to cover hotspots. There is no need for upfront heavy investment to aggregate 
traffic as there is in wireless systems. It also equally applicable for indoor sites or, when available, outdoor 
coverage sites such as rural locations [54]. In the UK for example, there is a lot of focus on covering rural 
broadband not-spots by the government. FTTP in particular is also applicable for QoE enhancement use 
cases, where a hybrid system with a wireless technology can be used to extend the FTTP-delivered site 
using street-level wireless aggregation via short hops to other small cell sites. 
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6.3.8 Summary table: FTTx 

Aspect FTTC FTTP Notes 

Capacity Up to 80-100 DS 
and 10-50 US 

Up to 2.5 Gbps DS and 
1.5 Gbps US 

Typical rates for urban areas. 
FTTC is assumed to be delivered 
using VDSL2. The rates are less 
than 1 km copper length 

Latency 
(one way) 

3.8-11.8 ms  1-7 ms FTTC latency depends on mode 
of operation. It depends more on 
noise environment (rather than 
copper length) 

Coverage Most urban areas 
where available 
and some rural 
areas 

Most urban areas where 
deployed 

Range increased with lower 
capacity or availability 
requirements  

Availability Four nines and 
better for FTTN 

Four nines and better 
for FTTP 

Reliability number based on 
FTTN (instead of FTTC) and FTTP 
design requirements 

QoS Support L2 but L3 is also 
possible by CPE 

L2 but L3 is also 
possible by CPE 

Reuse of QoS levels available in 
system or build using CPE 

Equipment 
at small cell 
site 

VDSL2 modem 
optionally with 
additional CPE 

All outdoor, zero 
footprint designs 
available 

VDSL2 modem for FTTC and ONT 
to terminate GPON in FTTP 

Installation Any type of site 
within reach 

Any type of site within 
reach 

Ruggedized to fit sites. Could be 
miniaturised  

USP Very robust, No 
line-of-sight 
requirement 

Very robust, No line-of-
sight requirement 

Reuses the investment made 
already for superfast broadband 
delivery. No requirement for 
line-of-sight. Reuse of OSS 
available 

Main use 
case(s) 

Hotspot, Indoor 
coverage, outdoor 
rural coverage 
where available  

Hotspot, Indoor 
coverage, outdoor rural 
coverage where 
available. QoE 
enhancement with 
hybrid wireless 

Should offer a very stable robust 
backhaul solution when 
available. The investment has 
already made by incumbent to 
roll out fibre. The OSS to 
manage the lines are already 
available 

Table 6-5 FTTx 
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6.4 Hybrid fibre-coax (HFC) and DOCSIS® 3.0 networks 

6.4.1 General description 

Small cell backhaul using Data Over Cable Service Interface Specification (DOCSIS) offers the benefit 
of a widely available communications service. Cable multi-service operators (MSOs) have deployed fibre and 
upgraded coaxial cable infrastructure to allow bidirectional data transmission using DOCSIS protocol in most 
areas. DOCSIS 3.0 technology supports IPv4/IPv6. It also supports the 128 bit Advanced Encryption 
Standard (AES), which meets the US government requirements for enhanced security of data traffic cable. 
This ensures that the small cell traffic is secured against unauthorised access. 

The DOCSIS network is often described as hybrid fibre-coax or HFC because it is a combination of both fibre 
and RF coaxial transport. A regional data centre or hubsite typically houses a cable modem termination 
system and edge quadrature amplitude modulator; these manage and facilitate the flow of DOCSIS network 
traffic. Once the traffic has been modulated, it is converted to optical for transport over the fibre network. 
The data is carried over the fibre network to a fibre node. The fibre network can be implemented in many 
different ways. The example shown below uses a core and/or access ring architecture. At the fibre node, the 
signal is converted back to RF for transmission over the RF coaxial network. The coax network at each fibre 
node will typically pass several hundred homes.  

 

Figure 6-7 DOCSIS network 

Another attractive aspect of HFC is that the system provides power through the medium. Analogue 
amplifiers and some CPE equipment are powered directly through the coax using at 60/90 VAC injector, and 
often have battery backup available as well.  
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6.4.2 Capacity 

The current generation of DOCSIS technology, 3.0, is widely deployed and offers significant bandwidth 
increases over previous generations through bonding of multiple upstream and downstream channels. 
Typical cable frequency allocations allow for many downstream channels and several upstream channels to 
be defined. The exact number depends on the geography (Europe or North America) and also on the quality 
of the coaxial plant and any associated analogue amplifiers.  

Silicon for cable modems that adhere to the DOCSIS 3.0 specification is currently capable of bonding up to 
eight channels downstream and four channels upstream (8 x 4). This yields a theoretical maximum usable 
throughput of about 320 Mbps downstream in North America, 400 Mbps downstream in Europe and 120 
Mbps upstream in both geographies. Newer silicon for cable modems is entering the market which is 
capable of bonding up to 24 channels downstream and eight channels upstream (24x8), thereby more than 
doubling the available bandwidth. These, however, require the availability of additional free channels on the 
cable system. 

Cable systems allocate many more channels to downstream than upstream. Operators can chose which 
services — such as data, video, and VOD — to allocate to each channel. The upstream channels come from 
a limited number of available channels at the low end of the system spectrum. Each cable modem is 
assigned which channels to use. Multiple cable modems can share the same channels. 

To improve the signal quality for residential or business customers with high speed, taps can be taken off 
the coaxial network. As bandwidth requirements increase, the number of homes passed decreases by a 
process known as node splitting; this is much like cell splitting in the wireless industry. A node can be split 
at the fibre node or by adding a fibre node deeper in the network (closer to a subset of customers) while 
still leveraging the existing coax. In essence, therefore, the capacity demands of the small cell can be 
addressed by the HFC network operator as required. 

Several initiatives (DOCSIS 3.1 Specification and EPON over Coax (EPoC)) are under way to significantly 
increase the capacity of the coax span over 1 Gb/s upstream and 5-10 Gb/s downstream. It is anticipated 
that these solutions will be available in the 2014-2015 timeframe. 

6.4.3 Performance aspects 

The Metro Ethernet Forum MEF 23.1 Carrier Ethernet Class of Service — Phase 1 Implementation 
Agreement [55] defines class of service performance objectives (CPO) for three different service traffic 
types (low, medium, and high) to benchmark the performance on the network. These MEF CPOs are defined 
for four performance tiers (PT) which cover “a range of ‘field of use’ or ‘applicability’”. PT1 (Metro PT), 
derived from typical metro distances (<250 km) is applicable for small cell backhaul (see Table 6 in MEF 
23.1 for more detail). The key metrics for small cell backhaul are frame delay, frame delay variation, and 
frame loss.  

DOCSIS 3.0 networks can achieve MEF 23.1 Metro Medium (20 ms frame delay, 8 ms frame delay variation, 
and 10-4 frame loss). Some systems can meet MEF 23.1 Metro High (10 ms frame delay, 3 ms frame delay 
variation, and 10-4 frame loss). This is based on DOCSIS 3.0 networks upstream performance. Upstream 
frame delay is typically the limiting metric. DOCSIS 3.0 networks downstream performance is significantly 
better than upstream performance so that round trip frame delay of 20 ms or better can be achieved in all 
systems. In fact some systems can achieve round trip frame delay of 10 ms or better. The actual SLAs 
offered will vary based on the MSO’s service offering.  

6.4.4 System availability and QoS support 

DOCSIS 3.0 network equipment is capable of providing highly reliable services. While wireless systems are 
engineered to minimise the effects of fading, HFC networks do not have these issues. Thus, system 
availability is mainly a function of equipment failures, which are very infrequent and are minimised due to 
the redundancy in the fibre network. Cable modems effectively have a built-in spectrum analyser function; 
this allows MSOs to proactively monitor the link condition and rapidly isolate any faults that may occur. 

The DOCSIS specification also provides a number of Quality of Service (QoS) functions, which enable 
operators to control the DOCSIS network. A DOCSIS network supports and enforces the key elements of the 
MEF Bandwidth Profile permitting the offering of SLAs. These QoS functions provide strict traffic separation 
and QoS management between various traffic types. DOCSIS networks can provide the level of QoS support 
needed to meet SLAs for business data services such as small cell backhaul.  
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6.4.5 Equipment and Installation 

DOCSIS cable modems are available as both standalone devices and as modules that can be integrated into 
other equipment. 

Some Wi-Fi and small cell devices have been packaged for outdoor use so that they can be mounted directly 
on an aerial cable strand, pole top or other outdoor mounting configurations. These devices include 
embedded cable modems and are connected to the cable for both power and data communications. 
CableLabs has issued the Integrated Wi-Fi/Picocell Platform Technical Specification [56] for this type of 
device. MSO trials for these types of devices have shown that the small cell can be installed typically in 30 
minutes or less. The ease of installation also allows the small cell to be moved if necessary. 

For indoor applications, the small cell can be connected to an external cable modem. 

Cable operators have a field force trained to support the installation of a wide number of products that 
connect to the cable network. Small cell hosting as a service is an emerging solution offering that adds to 
this portfolio. 

6.4.6 Applicable use cases 

DOCSIS 3.0 networks are widely available in both urban and suburban areas. Cable network connections 
are typically available within buildings as well as on aerial strands and pole tops where aerial cable is 
present. Cable operators typically have strand and pole attachment rights that can be used for installation of 
small cells. 
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6.4.7 Summary table: Hybrid fibre and DOCSIS  

Aspect Key point Notes 

Capacity  Up to 285 Mb/s downstream and 105 Mb/s 
upstream in North America. Symmetric 
speeds up to 75 Mb/s. 

DOCSIS 3.0 networks with eight 
channels down and four 
channels up bonded. 
Newer DOCSIS 3.0 technology 
cable can bond more channels 
(24x8) and provide higher data 
rates 

Latency All DOCSIS 3.0 networks can achieve MEF 
23.1 Metro Medium (frame delay < 20 ms, 
frame delay variation < 8 ms, and frame loss 
< 10-4) or better. Can achieve round-trip 
frame delay of 20 ms or better 
Some DOCSIS 3.0 networks can achieve MEF 
23.1 Metro High (frame delay < 10 ms, 
frame delay variation < 3 ms, and frame loss 
< 10-4) or better. Can achieve round-trip 
frame delay of 10 ms or better 

Frame delay and frame delay 
Variation are dependent on the 
traffic direction. Downstream 
metrics are much lower than 
upstream 
Upstream frame delay is 
sensitive to the data rate 
Actual SLAs offered by the cable 
operators will vary 

Coverage In Cable HFC networks, the combination of 
fibre and coax elements supports very wide 
coverage where distance to the cable 
headend is not a concern 

The coax cable from the fibre 
node (as shown in 6.4.1) 
typically runs up to 5 Kft 

Availability Designed to min 99.9% Achieves four nines (99.99%) in 
most typical networks 

QoS Support L2-based prioritisation  Established backhaul QoS 
techniques (8 Traffic Priorities), 
based on 802.1ad VLAN tagging. 
DOCSIS has a rich QoS toolset, 
which includes (but is not 
limited to) L2 

Equipment 
at small cell 
site 

Outdoor or indoor designs available Some systems can be powered 
through the Coax at 60 / 90 VAC 

Installation Outdoor similar to an outdoor gateway 
element 
Indoor similar to Wi-Fi APs although typically 
slightly larger units 

Outdoor strand, pole, or wall 
mount-configurable as needed 
Indoor wall or ceiling as needed 

USP Mature technology with low-cost elements. 
Leverages large existing base of cable 
infrastructure. MSOs can typically provide 
physical space, power, backhaul, and well 
trained field force. DOCSIS 3.0 networks can 
easily be extended to reach nearby locations 

Widely available cable 
infrastructure with over 87 
million existing cable 
connections worldwide 

Main use 
case(s) 

Any location that is served by a cable 
operator 

 

Table 6-6 Hybrid fibre and DOCSIS 
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7. Conclusions 

Small cells are part of most operators’ plans, but there has been uncertainty on how they will be 
backhauled. A diverse set of solutions has been proposed but up until now there has been no common 
understanding on how they should be used. 

The purpose of this paper was to help operators and the wider industry better understand how different 
backhaul solutions can be used to address different small cell deployment scenarios. 

This was achieved by first understanding deployment scenarios for the small cells themselves, then 
capturing them in a number of use cases. We considered aspects such as typical locations as well as the 
forecasted density of small cell networks relative to macro networks. 

A set of requirements was then developed for the backhaul; these were used as a benchmark for 
consideration of solutions. Certain aspects depend on the use case. We drew upon other industry work in 
this area, including that of the NGMN Alliance.  

We then considered the range of wired and wireless backhaul solutions proposed, providing an 
understanding of their different strengths, and identified the use cases to which they are best suited. 

Overall, although no one solution category is superior in all scenarios, we find that together the range of 
options can address all of the use cases envisaged.  

Backhaul is not a barrier to small cell deployment. 
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8. Annexes 

8.1  Scale of small cell deployment forecasts 

This section describes the scale of deployment based on the non-targeted capacity use case. The purpose is 
to understand the density of small cells per km2 over the next few years. It also aims to estimate the 
number of small cells relative to macrocells for HetNet deployments. 

8.1.1 Dense urban deployment – US 

Description of scenario 

The requirement was to estimate the number of outdoor small cells needed to satisfy projected traffic usage 
through 2019 in a major US metropolitan area 

Simulation methodology 
Subscribers (~3M) are initially distributed non-uniformly among existing macrocell sites (865). From 2011-
2019, subscriber usage is changed. UMTS spectrum is re-farmed to LTE as technology penetration changes 
over time. Additional carriers may be added to macrocells, but no additional macrocells may be added for 
capacity into the network. All traffic must be carried via existing macrocells and additional small cells. 

Assumptions 
• ~3M subscribers in metropolitan area 
• Initial UMTS bandwidth (2x30 MHz) available 
• Initial LTE bandwidth (2X20 MHz) available 
• Frequency re-farming from UMTS to LTE due to technology migration 
• No additional macrocells (cell splitting) or spectrum 
• Non-uniform distribution of traffic among cells; voice on UMTS only 
• 8% voice BH, 10% data BH 
• Macrocell sites: dual mode (UMTS/LTE) and three cells (sectors) 
• Small cells: dual mode omni with one UMTS and one LTE carrier 
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Figure 8-1 Site distribution by subscriber density 
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Figure 8-2 UMTS site distribution by small cell counts 
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Figure 8-3 Small cells per site by 2019 (a) UMTS and (b) LTE 
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Figure 8-4 Small cell per macro and traffic migration 

2011 2012 2013 2014 2015 2016 2017 2018 2019
UMTS bandwidth (MHz) 30 30 30 30 30 30 30 25 20
UMTS sites overloaded 0 2 22 85 92 88 74 108 161

% of total sites 0.0% 0.2% 2.5% 9.8% 10.6% 10.2% 8.6% 12.5% 18.6%
UMTS sites > 8 small cells/carrier 0 0 0 1 2 1 1 5 13

Total UMTS small cells 0 18 627 3,429 3,726 3,615 2,931 3,537 3,963
LTE bandwidth (MHz) 20 20 20 20 20 20 20 25 30
LTE sites overloaded 0 0 0 3 38 144 298 300 307

% of total sites 0.0% 0.0% 0.0% 0.3% 4.4% 16.6% 34.5% 34.7% 35.5%
LTE Sites > 8 small cells/carrier 0 0 0 0 0 0 13 14 16

Total LTE small cells 0 0 0 12 393 1,767 3,834 4,725 5,763

2011 2012 2013 2014 2015 2016 2017 2018 2019
Total UMTS/LTE sites 865 865 865 865 865 865 865 865 865

UMTS/LTE sites overloaded 0 2 22 85 92 144 298 300 307
Total UMTS small cells 0 18 627 3,429 3,726 3,615 2,931 3,537 3,963

Total LTE small cells 0 0 0 12 393 1,767 3,834 4,725 5,763
Total UMTS/LTE small cells 0 18 627 3,429 3,726 3,615 3,834 4,725 5,763

Avg. UMTS/LTE small cells per site 0 0.02 0.72 3.96 4.31 4.18 4.43 5.46 6.66  

Table 8-1 Simulation results 

Notes 
This analysis is based on capacity relief in lieu of other options. TCO of small cells vs other options is not 
considered. Overloaded sites are macrocells that require small cells for capacity. Sites > 8 small 
cells/carrier/sector exceed small cell simulation results 

In order to dimension backhaul throughput properly, this analysis gives a view of the quantity of traffic 
served by macrocell and small cells. Results from these simulations are meant to provide a high-level sense 
of the relationship between subscriber traffic demand and network capacity supply. 
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8.2 Simulations of constrained backhaul [57] 

Assumptions for HetNet system-level simulation are given below [58] 

• Fixed macrocells: evenly-spaced and uniform placement of macrocells  
• Random small cells: small cells placed outside defined exclusion zone distance of 50m for 500m 

inter-site distance (ISD) and 150m for 1,732m ISD, with a minimum defined separation distance 
between small cells of 80m (same density for all macrocells). 

• UE locations are a mix of uniformly distributed and hotspot users clustered around small cell 
locations (20-40m) with correlated shadowing. 

• Best effort data; ‘low’ load is defined as 50% of LTE resources scheduled, and ‘high’ load is 
defined as 95% of LTE resources scheduled with finite buffer. 

• Unconstrained small cell backhaul ranging from 20-40 Mbps (buffered data requests if backhaul 
is exceeded). 

• Simulations conducted for one small cell per macro cell with a 20/10 drop scenario (20 UEs 
‘dropped’ associated to a macro sector prior to small cell deployment. After small cell 
deployment, 10 UEs remain associated to the macro sector and 10 UEs dropped associated to 
the small cell). 

• Hotspot scenario simulations conducted for four small cells per macro cell with a 20/16 drop 
scenario (20 UEs ‘dropped’ associated to a macro sector prior to small cell deployment. After 
small cell deployment, four UEs remain associated to the macro sector and 16 UEs dropped 
associated to the four small cells). 

• The model does not take into account any burst that the constrained backhaul may be able to 
support in excess of the constrained capacity (conservative assumption). 

• The effects of TCP are not taken into account in the user speed QoE. 

Note: small cell and metro cell are used interchangeably. 

 

Table 8-2 LTE with HetNet simulation assumptions 

Figure 8-5 illustrates the effects of various small cell constrained backhaul vs. unconstrained vs. macrocell 
(no HetNet) backhauls. In interference-limited examples (Figure 8-5 a, b), say, ISD ≤ 500m (dense urban 
type), the deployment of small cells with constrained downlink backhaul of 30-40 Mbps will have negligible 
impact (0-5% degradation vs unconstrained) on the user perceived throughput, assuming a 10 MHz LTE 
channel bandwidth. The QoE (perceived user throughput) of a user on a small cell will substantially exceed 
the QoE of a user on a macrocell.  
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As the system gets more subscribers (high load), the throughput requirements become less than the system 
with low load. This is due to the co-frequency and scheduling mechanisms of HetNet (frequency limited 
scenario).  

In noise limited examples (Figure 8-5 c, d) , that is, 500m<ISD≤1,732m (rural type), the user perceived 
throughput is highly dependent on the small cell distance from the macrocell. Sufficient backhaul capacity is 
required in this case (such as fibre, line-of-sight MW, DOCSIS, etc.).  

The results of this section offers a guide to an appropriate selection of wired or wireless backhaul technology 
for each use case. 

 

Figure 8-5 User Throughputs Performance under Constrained Backhauls in HetNet (a) 500m 
ISD- Low Load, (b) 500m ISD- High Load, (c) 1,732m ISD- Low Load, (d) 1,732m 
ISD- High Load  
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