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Ofcom Disclaimer
This paper has been prepared by Real Wireless on behalf of Ofcom's Technology Team to provide a
forward looking, high level view of the evolution of mobile networks over the next 10 years. Its
purpose is to generate a free and frank debate, to complement the critical testing of our policies. It
represents the views of Real Wireless. It does not purport to set out an Ofcom policy position.
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1 Executive Summary
This document is the final report for Ofcom project MC/048 to assess the realistic scope for capacity
improvements in 4G technologies relative to earlier technologies, especially 3G.

1.1 Previous studies analysing spectrum shortages have made
assumptions on the capacity of 4G
Mobile networks worldwide are carrying increasing quantities of data traffic, reflecting customer
demand for new services including broadband internet access via devices such as 3G modems or
‘dongles’, via smartphones and via other 3G-enabled devices. This creates challenges for operators
in determining the extent and form of continued network roll-out to meet this demand
economically, and for regulators such as Ofcom in ensuring sufficient resources – notably spectrum are available to maximise the benefit available to citizen-consumers.
One potential avenue for expanding the capacity of mobile broadband networks is the evolution
from 3G technologies to “4G”1. 4G systems have increased spectrum efficiency relative to 3G as a
key design goal, which may help to meet the demand challenges. These improvements are crucial to
the future dimensioning of spectrum for cellular services.
Both Ofcom and the FCC have undertaken studies to dimension the future spectrum requirements in
the UK and US. However, these studies rely heavily on the accuracy of forecast improvements in the
capacity, and in particular spectrum efficiency, of 4G relative to 3G.

1.2 Trial results for 4G networks are now emerging and a gap may
exist between “promised” and “realistic” capacity gains
Correctly determining the capacity improvements of 4G technologies relative to their 3G
predecessors is not straightforward due to issues such as:
- Newness and continued evolution of 4G standards
- Early performance metrics are normally derived from simulations in idealised conditions
- Overall capacity of a mobile network is not a function of the radio technology alone, but also
depends on the topology of the network (i.e. the number and types of cells), the locations of
the users, the particular spectrum bands employed and the type and quality of service
offered (traffic type, bit rate, coverage, reliability etc.).
As early deployments and trial networks for 4G systems such as LTE start to emerge, more data is
becoming available to assess whether the technology features and forecast capacity improvements
that previous studies have relied upon are likely to be realised in practice.

1.3 Ofcom want to understand the realistic capacity improvements of
4G relative to 3G
This project aims to identify the best available information on the relative increase in capacity for 4G
systems relative to 3G, while carefully identifying the technical and demand factors which create
variability in the results. While this study primarily examines improvements in spectrum efficiency,
it also looks beyond this to where demand peaks are likely to occur in 4G networks, how 4G
technologies can boost capacity in these areas and what the limiting capacity scenarios for
dimensioning spectrum in 4G networks are likely to be.
1

Neither 3G nor 4G have formal definitions beyond industry consensus. For this project, however, we are
primarily interested in the performance of LTE/LTE-Advanced and WiMAX / WiMAX 2 relative to earlier
systems such as UMTS/HSPA/HSPA+, and in this report we use “4G” for LTE/LTE-Advanced & WiMAX / WiMAX
2 and “3G” for UMTS/ HSPA/HSPA+.
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In discussion with Ofcom, the following project objectives were identified:
 Examine the potential nature of 4G traffic demand (volume, devices, location, distribution,
speed)
 Determine the capacity gains potentially available from 4G technologies above and beyond
those of 3G over a 10 year timeline of 2010 to 2020, focusing on the UK
 Verify the reality of such capacity gains from simulations, laboratory trials and field trials
 Determine the dependence of these gains on spectrum (quantity, contiguity, band,
arrangement)
In particular Ofcom requested that this study should not repeat previous studies by looking at total
network capacity or spectrum requirements, but instead should focus on the likely improvements in
spectrum efficiency based on available information relating to 4G capacity gains and the potential
for capacity bottlenecks in high demand areas.
Examining capacity gains over a 10 year timeline was thought appropriate to ensure enough time for
spectrum to be made available and 4G device penetration to ramp up and significantly impact
overall capacity in cellular networks.
It is important to note that 4G technologies do bring about very significant increases in peak data
rates which can be important for consumers, as shown in Figure 1-1. Although these increases are
not fully reflected in the overall capacity increases which are the main target of this study, they can
be a very important motivation for the deployment of 4G technologies for both users and operators.
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Figure 1-2 Three pronged approach to deriving capacity

As this study contributes to the debate on dimensioning spectrum for 4G networks, we have focused
in this study on the impact of topology and technology on spectrum requirements. Our study is
structured in two main parts:
 Examining spectrum efficiency gains via 4G technology features
 Examining further capacity gains in 4G via topology in peak demand areas

1.5 Our spectrum efficiency results show that a 1.2 times improvement
is realistic between high end 3G networks and typical initial
deployments of 4G, but a considerably larger improvement can be
obtained compared with earlier 3G systems
The improvement in spectrum efficiency between 3G and 4G will obviously depend on what is
defined as 3G and what is defined as 4G. In our discussions with stakeholders it is clear that vendors
and operators tend to consider this to be a comparison between equipment currently available for
deployment and so will compare a high end HSPA+ network to a typical initial deployment of 2x2
LTE. However, for regulators it is much more important to understand how much more capacity 4G
networks will deliver than currently deployed networks so that likely future spectrum demands can
be assessed bearing in mind today’s requirements. Our spectrum efficiency results are therefore
presented in two ways:
- Spectrum efficiency gains between different 3G and 4G releases and features sets
- Spectrum efficiency gains between 4G and 3G network deployments taking account of
changing basestation and terminal device capabilities and a changing mix of capabilities in
the infrastructure and terminal device population over time
Spectrum efficiency improvements between 3G and 4G releases and feature sets
This study has examined simulation and trials results from a variety of sources to determine realistic
spectrum efficiency values for various 3G and 4G releases and different feature sets within these
releases. Figure 1-3 summarises our findings in terms of the expected gain in spectrum efficiency
between different combinations of 3G and 4G releases and feature sets based on our findings from
this review of previous results and our judgement of the most realistic spectrum efficiency values
amongst these. We expect a typical initial LTE network deployment to use 2x2 (base x mobile)
antennas for MIMO and other 3GPP release 8 features. Comparing this against a high end 3G
configuration of2x2 HSPA+ 64QAM release 8, we anticipate a 1.2 times improvement.
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Figure 1-3: Expected cell spectrum efficiency gains of 4G relative to 3G for different releases and feature set
assumptions based on Real Wireless findings

As shown in Table 1-1, our findings are supported by the views we received from stakeholders
during this study.

Stakeholder

Comparison scenario

Stakeholder
trials/expectations

MNO 1

LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, SISO 1x1, 5 codes, 16QAM,
Rake + signalling over HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, Rx Div 1x2, 15 codes, Advc
Rcvr + signalling over dual cell HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, MIMO 2x2, 16QAM

2.5 to 3.75 times

LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, 64QAM, 15 codes

1.3 to 1.8 times

Vendor 1

MNO 2

MNO 3

Values from Real
Wireless analysis (Table
5-7}
3.3 times

1.8 to 2 times

1.7 to 2 times
1.7 times if HSPA 64QAM
2 times if HSPA 16QAM

1.3 to 1.5 times

1.3 to 1.6 times
1.3 times if HSPA+ 15
codes
1.6 times if HSPA+ 10
codes
1.4 to 1.7 times
1.4 times if HSPA+ Rx Div
1x2
1.7 times if HSPA+ SISO
1x1

Table 1-1: Comparison of Real Wireless expected gains in cell spectrum efficiency between 3G and 4G
against industry views
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Our findings in terms of what we consider to be realistic spectrum efficiency values across releases
are summarised in Figure 1-4. As each release supports a range of feature sets we have shown the
spectrum efficiency results for the configurations that we consider to be the high end, typical and
low end for each release (with an explanation of these given in Table 1-2). These values are based
on our review of previous simulations and trials results. To ensure a like-for-like comparison, we
have focused our assessment on results from the ITU-R base coverage urban macro test
environment. This baseline scenario has been chosen as:
- The majority of performance simulation results for all 4G technologies are given in this or a
very similar scenario.
- Previous spectrum dimensioning studies appear also to use this environment for spectrum
efficiency assumptions and so our results can be compared.
- Dense urban macrocell deployments are commonly used for dimensioning spectrum in
cellular networks and so it makes sense to focus on an urban deployment.
6
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Figure 1-4: Real Wireless findings for spectrum efficiency for 3G and 4G networks in ITU Urban macrocell
test case
WCDMA
Rel-99
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Typical
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rollout

Low-end

Base line

Base line

Base line

HSPA
Rel-5

HSPA
Rel-6

Rx
diversity
1x2, 15
codes,
64QAM
Rx
diversity
1x2, 15
codes,
16QAM

Rx
diversity
1x2, 15
codes,
64QAM
Rx
diversity
1x2, 15
codes,
16QAM

SISO 1x1,
5 codes,
16QAM

SISO 1x1,
5 codes,
16QAM

HSPA+
Rel-7/8

LTE
Rel-8

LTE-A
Rel10

WiMAX
Rel-1

WiMAX
Rel-1.5

WiMAX
Rel-2

MIMO
2x2, 15
codes,
64QAM

SUMIMO
4x4,
20MHz

JPCoMP
8x4

MIMO
2x2,
64QAM,
20MHz

SU-MIMO
4x4,
20MHz

JP-CoMP
8x4

Rx
diversity
1x2, 15
codes,
16QAM

SUMIMO
2x2,
20MHz

MUMIMO
4x2

SU-MIMO
2x2,
10MHz

MUMIMO
4x2

SISO 1x1,
5 codes,
16QAM

MIMO
1x2 (Rx
div),
10MHz

SUMIMO
2x2

MIMO
1x2 (Rx
div),
10MHz

SUMIMO
2x2

Rx
diversity
1x2,
16QAM,
10MHz
SISO 1x1,
5 codes,
16QAM,
10MHz

Table 1-2: Summary of our assumptions of high end, typical and low end technical configurations per
release

These spectrum efficiency results are based on the SINR distribution experienced in a macrocell (as
this is our baseline scenario) and will be different for smaller cells such as microcells and femtocells.
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We recognise that these spectrum efficiency values represent an idealised case used for
performance comparison and in practice should be discounted for reductions in spectrum efficiency
experienced in real network deployments. These include:
- Loading – simulations assume 100% loading but in practice networks must be operated at
lower loading levels to ensure they meet the required quality of service (QoS) across all
users in the cell area. In addition operators will plan ahead to allow for capacity growth and
not fully load networks.
- Traffic mix – simulations assume full buffer traffic where users continuously stream data at
the best data rate they can achievable within the fairness criteria applied. In practice some
applications require a minimum throughput rate, such as video streaming, or will be made
up of small packets with high overheads, such as voice.
When assessing spectrum efficiency in peak demand scenarios, such as those used for dimensioning
spectrum, we recommend a discounting factor of 15% for a more realistic loading level and 35% for
a more realistic traffic mix.
Spectrum efficiency improvements between deployed 3G and 4G networks over a 10 year timeline

2.5
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Left y-axis
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Cell spectrum efficiency (b/s/Hz/cell)

When considering spectrum requirements for future cellular networks it is useful to examine the
capacity increase of next generation networks against today’s deployments to assess how much
more or less spectrum than today’s allocations will be needed to keep pace with demand. In this
study we have developed a roadmap of basestation and terminal device features over a 10 year
timeline and combined these with likely mixes of terminal device types and the relative traffic
generated by each terminal device type to generate a roadmap of traffic carried per technology and
feature set. . We have combined this roadmap with our spectrum efficiency results for each
technology release and feature set in our baseline scenario of the ITU-R base coverage urban macro
test environment to generate a “blended” spectrum efficiency for likely deployments of 4G and 3G
networks. This is shown in Figure 1-5.
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Figure 1-5: Real Wireless assessment of changes in “blended” spectrum efficiency and spectrum efficiency
gain of 3G and 4G networks over a 10 year timeline allowing for changing network and terminal device
features over time

It should be noted that 4G spectrum efficiency gains in the red region of the graph are not very
meaningful as this represents the low volume of WiMAX networks and devices currently available in
the UK. Most of the combined spectrum efficiency gain in this period arises from 3G due to HSPA+
enhancements being progressively introduced. In the green region, the gain of 4G over 3G is initially
much higher than the 1.2 times improvement expected between LTE and high end HSPA+ as HSPA+
terminal devices will take time to penetrate the 3G market and become significant in the device mix.
We estimate that this will not occur until 2016. At the end of our timeline the spectrum efficiency of
4G networks grows significantly as LTE advanced network enhancements and terminal devices start
to be deployed in significant volumes.

1.6 Topology improvements in 4G should mitigate against demand
peaks - dense urban macrocell deployments are still anticipated to
be the bottleneck for dimensioning spectrum
Our analysis has revealed that capacity gains delivered by the “technology” element of cellular
networks, in the form of spectrum efficiency improvements from 4G and enhancements to 3G, will
be unable to meet the forecast increase in demand in the majority of traffic forecasts. Figure 1-6
summarises our findings for the anticipated improvement in spectrum efficiency for cellular
networks deployed in the UK over a 10 year timeline as 4G networks are introduced and different 3G
and 4G features become more mature and are deployed. In our three pronged approach to capacity
this result is effectively fixing the “spectrum” and “topology” elements of capacity at current levels
and shows the capacity gains anticipated via the “technology” element alone. This growth in
spectrum efficiency is compared against a range of analyst traffic forecasts from our review of
demand studies, whose growth rates vary between 24% and 102% annually for 2009-2014. This
shows that the growth in spectrum efficiency likely to be realised by technology improvements alone
is only enough to match the growth in traffic demand for the lowest traffic forecast (18.5% CAGR for
spectrum efficiency and 17% for the lowest demand forecast for 2010-2020), while the highest
traffic forecast in 2020 is around 15 times higher than this. Therefore the outstanding capacity
improvements to meet traffic increases will need to come from a combination of additional
spectrum (in appropriate frequency bands with industry support) and topology (mainly from more
numerous, smaller cells).
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Figure 1-6: Demand increase relative to spectrum efficiency increase in UK cellular networks via technology
improvements

It should be noted, of course, that there is a feedback loop between traffic demand and capacity on
cellular networks and that the traffic forecasts shown will not be realised unless they can be
provided for on cellular networks in a commercially viable way.
While the topology of cellular networks has traditionally been relatively fixed around macrocells
with some microcells in high demand areas, support for smaller cells and heterogeneous networks
has been built into 4G networks from an early stage. We anticipate that topology will be a much
more important factor in capacity for future networks than it traditionally has been in 3G networks.
This is based on:
 Small cells being built into the 4G standards from an early stage, building on experiences
from 3G femtocells
 Consistent view from stakeholders that small cells and the associated heterogeneous
networks will be an important part of delivering sufficient capacity in 4G networks
 OFDM, as used by 4G technologies, lending itself better to interference mitigation via
dynamic resource scheduling across frequency and time resources than WCDMA in 3G
To understand how topology can assist with capacity in peak demand areas we have examined three
example scenarios representing a very high density of demand:




A major London train station – an example of a high working population density
A high rise office building in a major city centre (the Broadgate estate in the City of London)
– an example of a high working population density and predominantly indoor traffic
A block of flats or student halls of residence – an example of a high concentration of high
demand users and indoor traffic

Deployment
scenario

Topology
assumption

Increase in traffic
relative to urban
macro baseline

Major London train
station

50% microcells,
50% femtocells

x 27.6

Increase in
spectrum efficiency
density relative to
dense urban all
macro baseline
x 28.7

Likelihood this
scenario becoming
spectrum
bottleneck for the
network?
Medium

Broadgate estate
100% femtocellls x 6.2
x60.2
Low
Block of flats /
100% femtocells
x 5.1
x60.2
Low
student halls of
residence
Table 1-3: Traffic increase compared with capacity increase from topology in example high demand
scenarios

In all cases a move to smaller cells is enough to mitigate the demand peak. However, these
scenarios assume a very dense deployment of small cells and in the train station scenario the traffic
demand increase is close to the increase in spectrum efficiency density and so there is a risk that
demand in this area could not be served by the suggested topology improvement alone.
Based on these results it is likely that dimensioning of spectrum for capacity in 4G networks will still
be determined by dense urban scenarios and that smaller cells rather than extra spectrum will be
applied to serve additional traffic in these peak demand areas. However, it should be noted that our
topology assumptions in these scenarios assume that the costs of deploying smaller cells are
favourable to operators and that interference issues can be overcome. While there are positive
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signs from the industry in both of these areas these are not insignificant issues and will be crucial in
determining the role of topology in boosting capacity and saving spectrum in 4G networks.

1.7 Our results challenge spectrum efficiency assumptions made in
previous spectrum dimensioning studies
Previous studies published on behalf of Ofcom1 and the FCC 2 have already examined future
spectrum requirements and via assumptions on the capacity of 4G networks and the growth of
future demand. Our study results can be compared against the assumptions made in these in the
following two areas:
- Spectrum efficiency – our study estimates absolute spectrum efficiency values for 4G in our
baseline case of an ITU base coverage urban macro test environment to provide a like for
like comparison against previous studies
- Dense urban deployments dimension spectrum – our study examines further capacity gains
via topology in peak demand scenarios to understand whether dense urban deployments
are still anticipated to be the limiting case for comparing capacity against demand in 4G
networks
The cell spectrum efficiency figures for 4G networks used in these studies are in line with our results
for cell spectrum efficiency in our baseline case of ITU base coverage urban macro. However, they
are overly optimistic when compared to our forecast of 4G cell spectrum efficiency in the UK over
the next 10 years (shown in Figure 1-7) which allows for factors applicable to real networks such as:
- Loading below the maximum possible to meet Quality of Service (QoS) requirements
- Loss in spectrum efficiency due to a realistic traffic mix
- An evolution of feature sets within 4G devices at a plausible rate
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Figure 1-7: Real Wireless forecast for UK cell spectrum efficiency in real dense urban deployments for 4G
over 10 year timeline

These previous studies1 assume that dense urban deployments will be the capacity bottleneck in
cellular networks and hence are used for dimensioning spectrum. It is assumed that “special
techniques” will be used in hyper dense areas to serve demand peaks and prevent these from
becoming the network’s capacity bottleneck.
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Our analysis of the impact of small cells in our three example scenarios can be viewed as using
“special techniques” in peak demand areas. In all cases a move to smaller cells was enough to
mitigate the demand peak so our study agrees with these previous studies to the extent that dense
urban is the capacity bottleneck that should be used for dimensioning spectrum based on these
initial results. However, this relies on small cells being both effective to the degree assumed and
economic to deploy. We have not looked at these issues in detail in this study and this is an area that
requires further work.

1.8 Further investigation of the impact of changing topologies and
traffic types in 4G capacity is recommended
This study has highlighted a lack of data or a coherent industry view in the following areas which are
important to capacity improvements of 4G networks and would benefit from further investigation:
- The cost of introducing small cell topologies to both peak demand and dense urban
scenarios to help serve capacity peaks and reduce pressure for increased spectrum
allocations. It is not clear where the trade-off between topology costs, service and revenue
improvement and increased spectrum costs lie for operators and would benefit from further
investigation.
- The changing mix in traffic type and QoS requirements of 4G networks has a significant
impact on cell spectrum efficiency which is not well understood. Further investigation to
understand the impact of the following factors on realistic cell spectrum efficiency is
recommended:
o Realistic network loading levels both on average across networks and in peak
demand areas
o The impact of realistic deployment scenarios, where cells are non-uniformly
arranged and subject to practical constraints on the equipment features which can
be installed.
o Differences in the cell spectrum efficiency achieved for realistic traffic types. We
understand from stakeholders this is an area of significant activity with results
emerging shortly after this study completes.
o The impact of efficiency gains for wider bandwidths such as 20MHz compared to
10MHz or 5MHz when realistic traffic profiles are considered, where some of the
evidence gathered indicated that under certain circumstances gains could be larger
than linear with bandwidth.
o The actual spectrum efficiencies achieved by small cell topologies in the densest
areas under realistic deployment scenarios and considering the relevant
performance of interference mitigation techniques.

-

As a result of all of the above, determine the impact of the size and arrangement of
spectrum on the services, coverage and capacity which can economically be offered in a 4G
network in the UK context. Thereby to determine the range of spectrum portfolios which will
allow competitive operators for varying service offerings, and thereby to determine the
overall needs for mobile spectrum over the long-term in the UK

1.9 Next steps include revisiting future spectrum requirements with
the revised capacity assumptions highlighted in this study
This study has examined the expected improvements in capacity that 4G networks will bring with a
particular emphasis on cell spectrum efficiency. However, this study has also highlighted that
technology improvements alone will not meet forecast demand increases and that a mixture of
changes in topology and spectrum will be required to meet this increase in demand.
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It is recommended that previous studies into the dimensioning of future spectrum requirements for
4G networks are revisited with the revised cell spectrum efficiency results recommended by this
study in mind. In addition further investigation of the role of changing topologies should be factored
into future spectrum requirements.
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2 Introduction
This document is the final report for Ofcom project MC/048 to assess the realistic scope for capacity
improvements in 4G technologies relative to 3G. This introductory chapter provides the study
background, our objectives as agreed with Ofcom, our methodology and assumptions.

2.1 Previous studies analysing spectrum shortages have made
assumptions on the capacity of 4G
Mobile networks worldwide are carrying increasing quantities of data traffic, reflecting customer
demand for new services including broadband internet access via devices such as 3G modems or
‘dongles’, via smartphones and via other 3G-enabled devices.
The growth in data traffic over the last two to three years has been particularly rapid, and this
growth is expected to continue over the next five years at rates of around 40-100% annually (see
appendix D for our review of demand in 4G networks), increasing the prevalence of congestion in 3G
networks. This creates challenges for operators in determining the extent and form of continued
network roll-out to meet this demand economically, and for regulators such as Ofcom in ensuring
sufficient resources – notably spectrum - are available to maximise the benefit available to citizenconsumers.
One potential avenue for expanding the capacity of mobile broadband networks is the evolution
from 3G technologies to “4G”2. 4G systems have increased spectrum efficiency relative to 3G as a
key design goal, which may help to meet the demand challenges. Knowledge of the extent of this
potential advantage and the rate at which it will realistically impact the UK mobile market will help
Ofcom to ensure that the right spectrum is available in the right quantities and band arrangements
at the right time.
Regulators around the world are also dealing with the same issues. A prime example is the FCC in
the US, which has recently published2 its assessment of spectrum needs leading to a plan to make
available some 500 MHz of additional spectrum for wireless broadband applications over ten years3.
In 2009 Ofcom published a similar study1 examining future spectrum demand in the UK and in
October 2010 the UK Chancellor of the Exchequer announced plans to release at least 500 MHz of
public sector spectrum for mobile communication uses 4. Such studies rely heavily on the accuracy
of forecast improvements in the capacity, and in particular spectrum efficiency, of 4G relative to 3G.

2.2 Trial results for 4G networks are now emerging and a gap may
exist between “promised” and “realistic” capacity gains
Correctly determining the capacity improvements of 4G technologies relative to their 3G
predecessors is not straightforward. First, the systems are very new, with industry standards and
commercial developments still evolving – and expected to continue evolving for years to come.
Next, the performance required by the relevant standards is specified under particular, often
idealised conditions which may not be representative of real-world deployments. Finally, the overall
capacity of a mobile network is not a function of the radio technology alone, but also depends on
the topology of the network, the locations of the users, the particular spectrum employed and the
type and quality of service offered (traffic type, bit rate, coverage, reliability etc.).
2

Neither 3G nor 4G have formal definitions beyond industry consensus. For this project, however, we are
primarily interested in the performance of LTE/LTE-Advanced and WiMAX / WiMAX 2 relative to earlier
systems such as UMTS/HSPA/HSPA+, and in this report we use “4G” for LTE/LTE-Advanced & WiMAX / WiMAX
2 and “3G” for
UMTS/HSPA/HSPA+.
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As early deployments and trial networks for 4G systems such as LTE start to emerge it is becoming
possible to assess whether the forecast capacity improvements that previous studies have relied
upon are likely to be realised in practice.
Previous studies also make the assumption that network capacity will be limited by demand in dense
urban areas. As a better picture of the areas where demand peaks are likely to occur in 4G networks
and the technologies and topologies that can be used to tackle these emerges, it is important to reexamine whether the dense urban deployment scenario is likely to be the capacity bottleneck and
key driver for spectrum in 4G networks.

2.3 Ofcom want to understand the realistic capacity improvements of
4G relative to 3G
This project aims to identify the best available information on the relative increase in capacity for 4G
systems relative to 3G, while carefully identifying the technological and demand related factors
which create variability in the results. While this study does examine improvements in spectrum
efficiency, it also looks beyond this to where demand peaks are likely to occur in 4G networks, how
4G technologies can boost capacity in these areas and what the capacity limited scenarios for
dimensioning spectrum in 4G networks are likely to be.
In discussion with Ofcom, the following project objectives were identified:
 Examine the potential nature of 4G traffic demand (volume, devices, location, distribution,
speed)
 Determine the capacity gains potentially available from 4G technologies above and beyond
those of 3G over a 10 year timeline of 2010 to 2020
 Verify the reality of such capacity gains from simulations, laboratory trials and field trials
 Determine the dependence of these gains on spectrum (quantity, contiguity, band,
arrangement)
In particular Ofcom have requested that this study does not repeat previous studies by looking at
total network capacity or spectrum requirements but instead should focus on the likely
improvements in spectrum efficiency based on available information relating to 4G capacity gains
and the potential for capacity bottlenecks in high demand areas. Examining capacity gains over a 10
year timeline was thought appropriate to ensure enough time for spectrum to be made available
and for 4G device penetration to ramp up and significantly impact overall capacity in cellular
networks.

2.4 Our approach
This report describes the first phase in a two-phase study as illustrated in Figure 2-1:


Phase 1: Information gathering and synthesis of existing sources of information relating to
the capacity gains of 4G technologies
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Phase 2: Conduct explicit modelling and determination of spectrum portfolios
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Publications
review
Publications review on
capacity gains
Desk research
White papers 3GPP
and WiMAX Forum
Product specifications

Stakeholder
engagement
Telephone and face to
face interviews with
operators, equipment
vendors and academics

Synthesis and
reporting
Modelling

Trials review
Investigate and research
industry trials in capacity
enhancements using 4G
technology

Phase 1
Phase 2

Spectrum packaging
Reporting
Figure 2-1: Study logic

To gain a first-hand industry view of the likely improvements of 4G networks, phase 1 has included
gathering insights from a series of stakeholders via our study questionnaire and a series of
interviews. Stakeholders in the following areas were contacted and their consolidated views are
distributed throughout the report to reinforce our findings from examining publications and trials
results:
 Cellular operators
 Cellular vendors
 Industry groups
Appendix G also summarises our stakeholder responses.
This report is structured as follows:
 Chapter 3 summarises the main findings from this study and reflects on how these compare
against the previous Ofcom and FCC future spectrum requirements studies.
 Chapter 4 examines the factors affecting capacity and our baseline assumptions used in this
study.
 Chapter 5 presents spectrum efficiency results for 4G and 3G technologies from a variety of
sources and draws conclusions on the performance most likely to be achieved in practice
 Chapter 6 discusses the likely evolution of 4G systems in the market over the 10 year
timeline of this study and presents the likely improvement in spectrum efficiency over this
timeline taking account of the changing mix of terminal device and basestation features.
 Chapter 7 examines factors beyond spectrum efficiency that impact capacity and illustrates
how 4G may provide additional capacity improvements in particularly challenging traffic
demand scenarios.
 Chapter 8 summarises our conclusions and recommendations.
A series of appendices provides further detail in a number of areas as follows:
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Appendices providing supporting evidence and detail in the following areas:
o Appendix A provides further spectrum efficiency results to support chapter 5.
o Appendix B examines the sensitivity of spectrum efficiency to different device mixes
in our peak demand scenarios to support chapter 7
o Appendix C describes current standards work behind 4G technologies
o Appendix D presents our findings from reviewing anticipated demand in 4G
networks
o Appendix E provides additional details on the factors affecting capacity to support
chapter 4
o Appendix F describes the technologies that are introduced in 4G networks
o Appendix G summarises our stakeholder feedback
o Appendix H provides details on cell types in typical dense urban deployments to
support chapter 7.

2.5 Our assumptions
This report draws conclusions on the capacity of 4G networks based on existing simulation and trials
results. While our study interprets and applies judgement to fill gaps in existing capacity results, it
does not generate new simulation results for spectrum efficiency in cellular networks from first
principles. Such modelling is planned for phase 2 of this study.
As previous spectrum requirements studies have relied heavily upon spectrum efficiency when
calculating capacity, the first half of our results focus on assessing the realistic improvements in
spectrum efficiency. As this varies with deployment scenario and environment we have chosen an
urban macrocellular environment as a baseline scenario for comparison purposes. This baseline
scenario has been chosen as:
 The majority of performance simulation results for all 4G technologies are given in this
or a very similar scenario.
 Previous spectrum dimensioning studies appear also to use this environment for
spectrum efficiency assumptions and so our results can be compared.
 Dense urban macrocell deployments are commonly used for dimensioning spectrum in
cellular networks and so it makes sense to focus on an urban deployment.
The second half of our study examines potential capacity improvements in deployment scenarios
beyond our baseline case. We have focused on the performance of the relevant technologies in
deployments with the highest traffic density to understand if these scenarios represent the
spectrum bottlenecks of 4G networks.

2.5.1 Technologies included in 3G and 4G
There is no absolute definition of the difference between “4G” and “3G” and this confusion is
exacerbated by the terms 3.5G or 3.9G which are often used to describe evolutions of 3G technology
such as HSPA+, LTE (3GPP Release 8 and beyond) or WiMAX Release 1.5. The closest the industry
has to a formal definition of 4G is the ITU’s requirements for an IMT-Advanced technology5. ‘3G’
was similarly defined by their IMT-2000 requirements.
The process, timelines and candidate technologies for IMT-2000 and IMT-Advanced are described
further in Appendix C. According to the ITU-R requirements IMT-Advanced systems must satisfy data
rates up to 1 Gbps in the downlink and up to 500 Mbps in the uplink. Both LTE-Advanced and
WiMAX Release 2 have recently been accepted by ITU-R as meeting these requirements.
For the purpose of this study we consider LTE release 8 and 9, LTE Advanced release 10 and beyond,
WiMAX 1, WiMAX 1.5 and WiMAX 2 all to be 4G systems. While we recognise that LTE release 8 and
WiMAX 1 do not meet all of the IMT-Advanced requirements, within this study they are considered
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as “early 4G” technologies as they represent the next major rollout in technology in cellular
networks in the UK. We consider UMTS and its evolutions up to and including HPSA+ to be 3G
systems.

2.5.2 Our study looks at the situation over the next 10 years
This study looks at the likely capacity improvements of 4G relative to 3G over a 10 year timeline.
While evolved 3G technologies and early-stage deployments of 4G are already being deployed, the
full impact of 4G technologies in their fullest form is likely to be realised during a period 5-10 years
from now, and possibly even longer. This project is focused on these longer term issues, while
endeavouring to shed some light on the factors affecting nearer-term capacity growth.

2.6 Acknowledgements
The project team is grateful to the many stakeholders who have taken time out from their busy
schedules to respond to our requests for data and to Ofcom for posing such an interesting challenge.
We are grateful to the following organisations for responding to our stakeholder questionnaire
and/or taking the time to participate in stakeholder interviews:
 Operators
o Four major cellular operators
 Vendors
o Alcatel Lucent
o Agilent
o Anritsu
o Nokia Siemens Networks
o NEC
o Motorola
 Industry associations
o GSMA
o GSA
We have endeavoured to fully acknowledge all sources and copyrights as appropriate but apologise
in advance if we have missed some. Please draw our attention to any inappropriate usage via
4g.stakeholder@realwireless.biz
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3 Our results show that 4G gains in cell spectrum efficiency
will not be enough to keep pace with demand growth and
that topology will gain increasing importance in 4G
network capacity
Network capacity depends on three key factors as illustrated in Figure 3-1:
 Technology – the cell spectrum efficiency that can be realised by a given feature set
 Spectrum – the bandwidth allocated to a network
 Topology – the mixture of cell sizes and local environments in the network

Figure 3-1: Three pronged approach to deriving capacity

As this study contributes to the debate on dimensioning of spectrum for 4G networks, we have
focused in this study on the impact of topology and technology on spectrum requirements. Our
study is structured in two main parts:
 Examining spectrum efficiency gains via 4G technology features
 Examining further capacity gains in 4G via topology in peak demand areas
Our findings in these two areas are discussed further in sections 3.1, 3.2 and 3.3.
Our analysis has revealed that capacity gains delivered by the “technology” element of cellular
networks, in the form of spectrum efficiency improvements from 4G and enhancements to 3G, will
be unable to meet the forecast increase in demand in the majority of traffic forecasts.
Figure 3-2 summarises our findings for the anticipated improvement in spectrum efficiency for
cellular networks deployed in the UK over a 10 year timeline as 4G networks are introduced and
different 3G and 4G features become more mature and are deployed. In our three pronged
approach to capacity this result is effectively fixing the “spectrum” and “topology” elements of
capacity at current levels and shows the capacity gains anticipated via the “technology” element
alone. This growth in spectrum efficiency is compared against a range of analyst traffic forecasts
from our review of demand studies (see appendix D), whose growth rates vary between 24% and
102% annually for 2009-2014. This shows that the growth in spectrum efficiency likely to be realised
by technology improvements alone is only enough to match the growth in traffic demand for the
lowest traffic forecast (18.5% CAGR for spectrum efficiency and 17% for the lowest demand forecast
for 2010-2020), while the highest traffic forecast in 2020 is around 15 times higher than this.
Therefore the outstanding capacity improvements to meet traffic increases will need to come from a
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combination of additional spectrum (in appropriate frequency bands with industry support) and
topology (mainly from more numerous, smaller cells).
It should be noted, of course, that there is a feedback loop between traffic demand and capacity on
cellular networks and that the traffic forecasts shown will not be realised unless they can be
provided for on cellular networks in a commercially viable way.

Figure 3-2: Demand increase relative to capacity increase via technology in UK cellular networks via
technology improvements (See appendix D for demand forecasts)

It should be noted that our analysis of capacity improvements in 4G networks is different to
assessing the performance differences between 3G and 4G networks. Differences in peak data rates
are frequently quoted as the main area of differentiation between 3G and 4G networks. Table 3-1
and Table 3-2 summarises the evolution of peak data rates in 3GPP releases. However, this level of
improvement will not necessarily be reflected in capacity gains between these releases.
HSPA Rel. 5 Cat 10 HSPA Rel. 7 Cat 16 HPSA Rel. 8
(2x2 MIMO)
Cat 20
(64QAM and
MIMO)
14.4 Mbps

28 Mbps

HPSA Rel. 9
Cat 28
(Dual carrier,
64QAM and
MIMO)
84 Mbps

42 Mbps
3

HPSA Rel. 10
Cat 32
(Quad carrier,
64QAM and
MIMO)
170 Mbps

6

Table 3-1: Evolution of HSPA peak data rates (Sources: 3GPP )

LTE Rel. 8 Cat 4
(2x2 MIMO, 20MHz)
150 Mbps

LTE Rel. 8 Cat 5
(4x4 MIMO, 20MHz)
300 Mbps
4

7

LTE Rel. 10 Cat 8
1200 Mbps (proposed)
8

Table 3-2: Evolution of LTE peak data rates (Sources: 3GPP and 3GPP )

The graphs shown in Figure 3-3 present the peak data rates over time and the peak spectral
efficiency over time. The curves show the rapid increase in peak data rates from 2016 to 2020 due to
the introduction of LTE-Advanced devices which could potentially meet category 8 requirements
(See Table 3-2). The peak spectrum efficiency increases over time but follows a different pattern
owing to the increase in spectrum efficiency from enhanced 3G devices. The steep rise in peak
spectrum efficiency commences in around 2013 when LTE devices begin to emerge on the market.
3
4

Note no new UE categories were introduced for HSPA rel 6.
Note no new UE categories were introduced for LTE rel 9.
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Figure 3-3 Trend of peak data rates and peak spectral efficiency over time

We recognise that improvements in data rates provide an improved user experience and will be
crucial in an operator’s decision to upgrade a network and to be able to offer services that
differentiate them from the competition. However, as is discussed and shown in section 4.4,
increases in peak data rates will only be experienced by users in areas of the cell with the best
conditions and, depending on the cell size, local environment and distribution of users, do not
necessarily provide the same improvement in overall cell throughput considering all users and hence
the capacity of that cell. Our analysis of spectrum efficiency therefore focuses on cell spectrum
efficiency rather than the spectrum efficiency experienced by peak users.

3.1 Our spectrum efficiency results show that a 1.2 times improvement
is realistic between high end 3G networks and typical initial
deployments of 4G, but a considerably larger improvement can be
obtained compared with earlier 3G systems
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The improvement in spectrum efficiency between 3G and 4G will obviously depend on what is
defined as 3G and what is defined as 4G. In our discussions with stakeholders it is clear that vendors
and operators tend to consider this to be a comparison between equipment currently available for
deployment and so will compare a high end HSPA+ network to a typical initial deployment of 2x2
LTE. However, for regulators it is much more important to understand how much more capacity 4G
networks will deliver than currently deployed networks so that likely future spectrum demands can
be assessed bearing in mind today’s requirements. Our spectrum efficiency results are therefore
presented in two ways:
- Spectrum efficiency gains between different 3G and 4G releases and features sets
- Spectrum efficiency gains between 4G and 3G network deployments taking account of
changing basestation and terminal device capabilities over time
Spectrum efficiency improvements between 3G and 4G releases and feature sets
This study has examined simulation and trials results from a variety of sources to determine realistic
spectrum efficiency values for various 3G and 4G releases and different feature sets within these
releases. Figure 3-4 summarises our findings in terms of the expected gain in spectrum efficiency
between different combinations of 3G releases and feature sets based on our findings from this
review of previous results and our judgement of the most realistic spectrum efficiency values
amongst these. Our judgement of the realistic spectrum efficiency values for each release and
feature set used to generate these gains are summarised in Figure 3-13. The detailed assessment
behind each of our spectrum efficiency values is described in chapter 5.
10.00
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Figure 3-4: Real Wireless expected cell spectrum efficiency gains of 4G relative to 3G for different releases
and feature set assumptions (Values according to Table 5-7)

We expect a typical initial LTE network deployment to use 2x2 (base x mobile) antennas for MIMO
and other 3GPP release 8 features. Comparing this against a high end 3G configuration of2x2 HSPA+
64QAM release 8, we anticipate a 1.2 times improvement. However, looking at devices available on
the market today a HSUPA release 6 1x1 handset is a more typically available high end 3G device.
The gain of LTE release 8 2x2 relative to this baseline changes to 3.3 times.
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As shown in Table 3-3, our findings are in line with by the views we received from stakeholders
during this study.
Stakeholder

Comparison scenario

Stakeholder
trials/expectations

MNO 1

LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, SISO 1x1, 5 codes, 16QAM,
Rake + signalling over HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, Rx Div 1x2, 15 codes, Advc
Rcvr + signalling over dual cell HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, MIMO 2x2, 16QAM

2.5 to 3.75 times

LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, 64QAM, 15 codes

1.3 to 1.8 times

Vendor 1

MNO 2

MNO 3

Values from Real
Wireless analysis (Table
5-7}
3.3 times

1.8 to 2 times

1.7 to 2 times
1.7 times if HSPA 64QAM
2 times if HSPA 16QAM

1.3 to 1.5 times

1.3 to 1.6 times
1.3 times if HSPA+ 15
codes
1.6 times if HSPA+ 10
codes
1.4 to 1.7 times
1.4 times if HSPA+ Rx Div
1x2
1.7 times if HSPA+ SISO
1x1

Table 3-3: Comparison of Real Wireless expected gains in cell spectrum efficiency between 3G and 4G
against industry views

Spectrum efficiency improvements between deployed 3G and 4G networks over a 10 year timeline
When considering spectrum requirements for future cellular networks it is useful to examine the
capacity increase of next generation networks against today’s deployments to assess how much
more or less spectrum than today’s allocations will be needed to keep pace with demand. In this
study we have developed a roadmap of basestation and terminal device features over a 10 year
timeline and combined these with likely mixes of terminal device types and the relative traffic
generated by each terminal device type to generate a roadmap of traffic carried per technology and
feature set (described in detail in chapter 6). We have combined this roadmap with our spectrum
efficiency results for each technology release and feature set in our baseline scenario of the ITU-R
base coverage urban macro test environment to generate a “blended” spectrum efficiency for likely
deployments of 4G and 3G networks. This is shown in Figure 3-5.
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Figure 3-5: Real Wireless assessment of changes in “blended” spectrum efficiency and spectrum efficiency
gain of 3G and 4G networks over a 10 year timeline allowing for changing network and terminal device
features over time

It should be noted that spectrum efficiency gains in the red region of the graph are not very
meaningful as this represents the low volume of WiMAX networks and devices currently available in
the UK. Most of the combined spectrum efficiency gain in this period arises from 3G due to HSPA+
enhancements being progressively introduced. In the green region, the gain of 4G over 3G is initially
much higher than the 1.2 times improvement expected between LTE and high end HSPA+ as HSPA+
terminal devices will take time to penetrate the 3G market and become significant in the device mix.
We estimate that this will not occur until 2016. At the end of our timeline the spectrum efficiency of
4G networks grows significantly as LTE advanced network enhancements and terminal devices start
to be deployed in significant volumes.

3.2 Spectrum efficiency values must be discounted to allow for loading
and traffic mix in real networks and allow for a changing device
mix
Our findings in terms of what we consider to be realistic spectrum efficiency values across releases
are summarised in Figure 3-6. As each release supports a range of feature sets we have shown the
spectrum efficiency results for the configurations that we consider to be the high end, typical and
low end for each release (with an explanation of these given in Table 3-4). These values are based
on our review of previous simulations and trials results. To ensure a like-for-like comparison, we
have focused our assessment on results from the ITU-R base coverage urban macro test
environment. This baseline scenario has been chosen as:
- The majority of performance simulation results for all 4G technologies are given in this or a
very similar scenario.
- Previous spectrum dimensioning studies appear also to use this environment for spectrum
efficiency assumptions and so our results can be compared.
- Dense urban macrocell deployments are commonly used for dimensioning spectrum in
cellular networks and so it makes sense to focus on an urban deployment.
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Figure 3-6: Real Wireless findings for spectrum efficiency for 3G and 4G networks in ITU Urban macrocell
test case
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Table 3-4: Summary of our assumptions of high end, typical and low end technical configurations per release

These spectrum efficiency results are based on the SINR distribution experienced in a macrocell (as
this is our baseline scenario) and will be different for smaller cells such as microcells and femtocells.
We recognise that these spectrum efficiency values represent an idealised case used for
performance comparison and in practice should be discounted for reductions in spectrum efficiency
experienced in real network deployments. These are discussed further in chapter 4 and include:
- Loading – simulations assume 100% loading but in practice networks must be operated at
lower loading levels to ensure they meet the required quality of service (QoS) across all
users in the cell area. In addition operators will plan ahead to allow for capacity growth and
not fully load networks.
- Traffic mix – simulations assume full buffer traffic where users continuously stream data at
the best data rate they can achievable within the fairness criteria applied. In practice some
applications require a minimum throughput rate, such as video streaming, or will be made
up of small packets with high overheads, such as voice.
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When assessing spectrum efficiency in peak demand scenarios, such as those used for dimensioning
spectrum, we recommend a discounting factor of 15% for a more realistic loading level and 35% for
a more realistic traffic mix.
As mentioned earlier, the average spectrum efficiency of a deployed network will vary over time
depending on the practicality of feature sets within each release and the device mix at particular
points in time. Applying our 4G feature roadmap and basestation and device mix assumptions over a
ten year timeline (discussed in detail in chapter 6) and allowing for the discounting factors
experience in real networks to generate a “blended” spectrum efficiency based on the spectrum
efficiency values found earlier for each release and feature set, we estimate that cell spectrum
efficiency of 4G networks will approximately follow the values shown in Figure 3-7. It should be
noted that the slight reduction in spectrum efficiency at 2014 is due to changes in the device mix of
4G networks at this time where we assume that smaller form factor devices such as handsets with
fewer antennas will begin to emerge, whereas up to this point only larger form factor data devices
supporting higher numbers of antennas have been available.
Cell spectrum efficiency (b/s/Hz/cell)
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Figure 3-7: Real Wireless forecast for UK cell spectrum efficiency in real dense urban deployments for 4G
over 10 year timeline

3.3 Topology improvements in 4G should mitigate against demand
peaks so that dense urban deployments are still the bottleneck for
dimensioning spectrum
Cellular networks are made up of groups of cells with different sets of operating characteristics.
Capacity across a network is not evenly distributed across these cells with each deployment region
type having a different number of users, traffic mix, cell size, channel characteristics and device mix.
When considering the future need for spectrum the demand for and supply of capacity needs to be
examined across each of these to identify the capacity bottleneck in the network.
While the topology of cellular networks has traditionally been relatively fixed around macrocells
with some microcells in high demand areas, support for smaller cells and heterogeneous networks
has been built into 4G networks from an early stage. We anticipate that topology will be a much
more important factor in capacity for future networks than it traditionally has been in 3G networks.
This is based on:
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Small cells being built into the 4G standards from an early stage, building on experiences
from 3G femtocells
 Consistent view from stakeholders that small cells and the associated heterogeneous
networks will be an important part of delivering sufficient capacity in 4G networks
OFDM, as used by 4G technologies, lending itself better to interference mitigation via dynamic
resource scheduling across frequency and time resources than WCDMA as used in 3G
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Figure 3-8: Different deployment types contributing to network capacity

To understand how topology can assist with capacity in peak demand areas we have examined three
example scenarios representing a very high density of demand:
 A major London train station – an example of a high working population density
 A high rise office building in a major city centre (the Broadgate estate in the City of London)
– an example of a high working population density and predominantly indoor traffic
 A block of flats or student halls of residence – an example of a high concentration of high
demand users and indoor traffic
As shown by the results for each of these scenarios summarised in section 3.5.4, in all cases a move
to smaller cells is enough to mitigate the demand peak (with the train station being the most
challenging scenario). It is therefore likely that dimensioning of spectrum for capacity in 4G
networks will still be determined by dense urban scenarios and that smaller cells rather than
spectrum will be applied in these peak demand areas. However, it should be noted that our
topology assumptions in these scenarios assume that the costs of deploying smaller cells are
favourable to operators and that interference issues can be overcome. While there are positive
signs from the industry in both of these areas these are not insignificant issues and will be crucial in
determining the role of topology in boosting capacity and saving spectrum in 4G networks.
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3.4 Our results challenge spectrum efficiency assumptions made in
previous spectrum dimensioning studies
Previous studies published on behalf of Ofcom1 and the FCC 2 have already examined future
spectrum requirements and via assumptions on the capacity of 4G networks and the growth of
future demand. Our study results can be compared against the assumptions made in these in the
following two areas:
- Spectrum efficiency – our study estimates absolute spectrum efficiency values for 4G in our
baseline case of ITU base coverage urban macro to provide a like for like comparison against
previous studies
- Dense urban deployments dimension spectrum – our study examines further capacity gains
via topology in peak demand scenarios to understand whether dense urban deployments
are still anticipated to be the limiting case for comparing capacity against demand in 4G
networks

Spectrum efficiency bps/Hz/cell

Figure 3-9 and Figure 3-10 show the spectrum efficiency values assumed in previous spectrum
dimensioning studies. As shown in Figure 3-11, these assumptions match relatively well with our
results for spectrum efficiency in our baseline scenario of an urban macrocellular deployment.
However, when compared with our 4G spectrum efficiency results over time for a realistic network
deployment, which includes discounting for loading and mixed traffic types, previous studies appear
to have made optimistic assumptions for 2010 (see Figure 3-12). It is also worth noting that while
the 4G spectrum efficiency results align by 2020, previous studies do not appear to take account of
changes in 4G spectrum efficiency between 2010 and 2020. We therefore conclude that previous
studies have relied upon 4G performance estimates from idealised simulations and have not allowed
fully for real deployment discounting factors and a changing device and network feature set mix over
time. We recommend that these studies are more fully reviewed to determine if this produces an
overall underestimate of spectrum needs in their results.
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Spectrum efficiencies used in Ofcom spectrum shortages study
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Figure 3-12: Comparison of FCC, PA Consulting Group and Real Wireless values for “realistic” 4G spectrum
efficiency over a 10 year timeline

Previous studies1 assume that dense urban deployments will be the capacity bottleneck in cellular
networks and hence are used for dimensioning spectrum. It is assumed that “special techniques”
will be used in hyper dense areas to serve demand peaks and prevent these from becoming the
network’s spectrum bottleneck. For example in the PA Consulting Group report for Ofcom they
indicate:
“We have not predicted spectrum requirements based on covering ultradense urban areas in the
same way as is assumed for lower population density regions; rather we have made the assumption
that, as today, spectrum will be dimensioned to take account of the majority of users and locations,
and that special techniques will be applied elsewhere”
Our analysis of the impact of small cells in our three example scenarios can be viewed as using
“special techniques” in peak demand areas. In all cases a move to smaller cells was enough to
mitigate the demand peak so our study agrees with these previous studies to the extent that dense
urban is the capacity bottleneck that should be used for dimensioning spectrum based on these
initial results. However, this relies on small cells being both effective to the degree assumed and
economic to deploy. We have not looked at these issues in detail in this study and this area requires
further work.

3.5 Summary of study findings and report structure
The following subsections introduce each of the chapters within this report and highlight the interim
findings within them that together have built up the key findings discussed in the earlier parts of this
chapter.

3.5.1 Our comparison of spectrum efficiency focuses initially on cell
throughput in an urban macro cellular deployment
Capacity of a network is a measure of the given quantity of services that can be supplied at the
necessary quality for the service. Capacity is not evenly distributed across a network and, as
discussed in chapter 4, depends on the QoS expected by users, the local environment, cell size and
terminal and network feature sets within different deployment areas within the network. When
comparing capacity results it is important to make a like for like comparison across all these factors.
Both ITU and 3GPP have a set of standard test environments which are used for performance testing
and comparing different candidate technologies. To understand the impact of different 4G
technology features on spectrum efficiency, and in turn capacity, we have chosen a baseline
scenario in this study and attempted to relate all spectrum efficiency results from simulations and
trials back to this baseline.
The baseline scenario used is:
- ITU base coverage urban macro test environment
- Full buffer traffic
- Proportional fair scheduler
- 100% network loading
- Network capacity is DL limited
This baseline scenario has been chosen as:
- The majority of performance simulation results for all 4G technologies are given in this or a
very similar scenario.
- Previous spectrum dimensioning studies appear also to use this environment for spectrum
efficiency assumptions and so our results can be compared.
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-

Dense urban macrocell deployments are commonly used for dimensioning spectrum in
cellular networks and so it makes sense to focus on an urban deployment.

It is recognised that this baseline scenario is an idealised case. Our final results for spectrum
efficiency over a 10 year timeline convert this to a more realistic deployment by applying the
following factors:
- A realistic mixture of terminal and basestation feature sets (as discussed in chapter 6)
- A discounting factor to allow for lower cell loading to achieve the required QoS across the
cell. Based on discussions with stakeholders this is assumed to be 15% in the high demand
cells
- A discounting factor for inefficiencies in more realistic traffic types compared to full buffer
traffic. This is assumed to be 35% based on results from stakeholders.
It has also been highlighted by stakeholders that there may be some improvement in spectrum
efficiency to be gained via trunking gains for wider bandwidth systems in cases where high user
throughputs must be guaranteed across all users. This is recommended as an area for further
investigation as there were no results available as yet to quantify these potential gains. However,
this could impact the value of bandwidth allocations in spectrum auctions if wider bandwidths give
operators more than a linear advantage.
The definition of capacity and the factors that impact it are examined in detail in Chapter 4.

3.5.2 Higher order MIMO is the main technology factor that improves
spectrum efficiency in 4G networks
In chapter 5 we analyse spectrum efficiency results from different sources for simulations and trials
for both LTE and WiMAX and determine a realistic spectrum efficiency for each feature set within
each 4G technology release. Our findings for cell spectrum efficiency per release and feature set are
summarised in Figure 3-13. These values all assume our baseline scenario conditions.
This chapter focuses on the impact of technology enhancements to spectrum efficiency and has
found the following:
 The main technology feature in 4G networks that enhances spectrum efficiency is having
higher order MIMO
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More specifically incorporating more antennas and advanced MIMO techniques can offer cell
spectrum efficiency of 2.34 bps/Hz for LTE Rel 8 (4x4) and 4.69 bps/Hz for LTE Release 10 (4x4). That
is x3.44 to x6.9 the spectrum efficiency of a typical HSPA+ Release 7 configuration.
Increasing the bandwidth from 5 MHz to 20 MHz does not yield a significant increase in the
spectrum efficiency, at least for full-buffer traffic. Even for aggregated carrier bandwidths (e.g. 5 x 20
MHz) we will only see an increase in data rate and not the spectral efficiency due to the replication
of control channel overhead for each 20 MHz block. However stakeholders have indicated that there
is some evidence which points to larger efficiencies when full buffer traffic is not used and high
throughputs relative to the available bandwidths are required across all users.
Features that are not standard but vendor specific can increase spectral efficiency. For example
changing the scheduling scheme can provide up to x1.4 improvement in spectrum efficiency. Our
results are based on a wide number of sources and 3GPP performance results that already aggregate
results from a number of vendors and so should not be biased by any vendor specific
implementation.
Using a typical device example the increase in spectral efficiency of 4G over 3G (Rel7) equates to
x1.7 – x1.9 for WiMAX Release 1 and LTE and x3.5 – x3.8 for WiMAX Release 2 and LTE-A
Trials results are challenging to compare to simulation results as it is difficult to replicate idealised
test environments used in simulations in real networks. Cost also limits the number of users and
range of conditions that can be achieved in trials. We have relied mostly upon results from LSTI as
their assumptions and conditions are most closely aligned to 3GPP simulations.
Trial results from groups such as LSTI have shown 4G technology features working in practice and
peak data rates being achieved.
Cell spectrum efficiency figures from LTE trials results range from 1.3 bps/Hz through to peak levels
of 2.62 bps/Hz for LTE 2x2 MIMO tests. Generally these trial results support the cell spectrum
efficiencies forecast by simulations. Stakeholders also agree that trials are generally in agreement
with simulation results.
In general stakeholders expect between 30% and 80% improvement of spectrum efficiency over the
latest 3G release which correlates well with our analysis.
Information for trials on LTE Release 10 (LTE-Advanced) and WiMAX 2 are limited based on early
stages of technology development

3.5.3 Our spectrum efficiency results include network upgrade and a changing
mix of device capabilities over time
In Chapter 6 we have investigate the likely feature set, device and traffic mix deployments for base stations
and user terminals expected over the 10 year timeframe which includes the expectation of migration from
3G technology to 4G technology around 2014. In particular this chapter examines:







The trend for technology introduction following standards completion which leads to a two-year gap
between standards freeze date and the first launch of new 4G mobile technologies. Mass adoption is
expected two-three years later for LTE with a more limited adoption of WiMAX in comparison. This
assumption has been supported by stakeholders.
A 2-antenna configuration for base stations (leading to 2x2 MIMO as terminal devices must have 2
antennas as a minimum) will be the early deployment strategy for LTE. However, we assume there
will be a small proportion of deployments with 4 antennas installed and a steady introduction of 4
antennas over time.
In early 4G deployments the majority of traffic will come from larger form factor data devices with 2
or 4 antennas. This impacts the spectral efficiency positively and helps increase the capacity of the
network.
Although there is an explosive growth of M2M devices in 4G deployments around 2020 the amount
of traffic they consume will be relatively small, therefore the network capacity will not significantly
affected by the large market penetration given the current view of the associated applications.






Since laptops and dongles produce more than 40 times more data in the network compared to
smartphones, the amount of capacity needed from the network to satisfy smartphones is a small
proportion of the capacity needed for traffic from laptops and dongles. This occurs even though
smartphones grow in absolute numbers.
The expected spectral efficiency for a blend of feature sets for base stations and user terminals will
increase from 1.5 bps/Hz in 2014 and reach 2.4 bps/Hz by 2020 for 4G technologies, based on our
assumed migration path and evolution from LTE to LTE-A and WiMAX to WiMAX 2
The real world dense urban spectral efficiencies for both LTE and WiMAX will be further reduced
compared to our baseline scenario to allow for realistic loading (15% reduction) and traffic types
(35% reduction).

3.5.4 Further capacity gains via topology are likely in the most challenging
capacity scenarios anticipated for 4G
Demand across a network is very uneven and so when dimensioning spectrum it is important to consider the
demand peaks and solutions application in these particular locations rather than purely looking at the
average improvement in spectrum efficiency across a network. Areas of high demand are likely to be:
 High population densities, allowing for movement of the working population
 High concentrations of high demand users keeping in mind that 10% of users generate 85% of the
traffic in data networks.
 High concentrations of indoor and in particular home users as these generate a high proportion of
traffic in data networks
In chapter 7 we have examined three high demand density example scenarios as follows:




A major London train station – an example of a high working population density
A high rise office building in a major city centre (the Broadgate estate in the City of London) – an
example of a high working population density and predominantly indoor traffic
A block of flats or student halls of residence – an example of a high concentration of high demand
users and indoor traffic

The increase in traffic in each of these scenarios has been examined relative to a typical dense urban
baseline. The capacity improvement due to using small cells to mitigate the increase in traffic in each
scenario has also been assessed to understand if these scenarios are likely to create more of a capacity
bottleneck in 4G networks, and hence be used for dimensioning spectrum, than a typical dense urban
environment.
Deployment scenario

Topology
assumption

Increase in traffic
relative to urban
macro baseline

Major London train
station

50% microcells,
50% femtocells

x 27.6

Increase in spectrum
efficiency density
relative to dense
urban all macro
baseline
x 28.7

Likelihood this
scenario becoming
spectrum bottleneck
for the network?
Medium

Broadgate estate
100% femtocellls
x 6.2
x60.2
Low
Block of flats / student 100% femtocells
x 5.1
x60.2
Low
halls of residence
Table 3-5: Traffic increase compared with capacity increase from topology in example high demand scenarios

As shown in Table 3-5, in all cases a move to smaller cells is enough to mitigate the demand peak. However,
in the train station scenario the traffic demand increase is close to the increase in spectrum efficiency
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density and so there is a risk that demand in this area could not be served by the suggested topology
improvement alone.
Based on these results it is likely that dimensioning of spectrum for capacity in 4G networks will still be
determined by dense urban scenarios and that smaller cells rather than spectrum will be applied in these
peak demand areas. However, it should be noted that our topology assumptions in these scenarios assume
that the costs of deploying smaller cells are favourable to operators and that interference issues can be
overcome. While there are positive signs from the industry in both of these areas these are not insignificant
issues and will be crucial in determining the role of topology in boosting capacity and saving spectrum in 4G
networks.

3.6 Summary
This chapter has presented the key findings of this study and given an introduction to each of the chapters
building up to this conclusion. The remainder of the report presents our detailed analysis and findings and
finishes by recapping on conclusions and recommended areas of further work.
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4 Our comparison of spectrum efficiency focuses on average cell
throughput in an urban macro cellular deployment
Previous studies into future spectrum requirements depend heavily on spectrum efficiency assumptions. In
this chapter we examine how spectrum efficiency combined with the allocation of spectrum contribute to
capacity in a mobile network, the factors that cause variations in spectrum efficiency and our baseline
assumptions when making comparisons of capacity gains due to spectrum efficiency in this study.

4.1 Factors affecting mobile capacity
As illustrated in Figure 4-1, capacity in a mobile network is a measure of a network’s ability to supply a given
traffic demand at a specified level of quality. In voice networks capacity can be measured by the number of
simultaneous calls supported. In data networks traffic is a mix of VoIP, video, web browsing, downloads etc.
Each traffic type has different quality of service (QoS) requirements. For example, VoIP requires a very low
but consistent data rate, with low delay. Web browsing is delay tolerant, but requires high data rates for
short durations. Video conferencing requires both low delay and high rates, and so on. In evaluating the
capacity of a data network, we need to measure the quantity of services that can be supplied at the
necessary quality for the service.
Users Demand Traffic

Supply

Capacity
Demand
Coverage area
of service

Network supplies traffic
Figure 4-1: A Simple Definition for Capacity

Capacity is the maximum
traffic that can be supplied at the
specified quality level

In a cellular network, traffic is supplied to mobile users over radio links from a number of cell sites. The
capacity of the whole network is a function of three key elements (Figure 4-2):
 The spectrum used to deliver the service
 The technology which delivers bits over the air
 The topology of the cells which comprise the network

Figure 4-2: Capacity depends on a combination of spectrum, technology and topology of the network
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In broad terms, mobile data network capacity can be expressed as:
Capacity
[bits per second]

= Quantity of spectrum
[hertz]
Spectrum

x Cell Spectrum Efficiency
[bits per second per hertz
per cell]
Technology

x Number of cells
[no units]
Topology
Equation 1

Capacity, measured in this way, is the ability of the network to deliver a given bit rate to users across the
whole network, and should ideally balance out the simultaneous traffic demand from users in the whole
network at the busiest time. However, in practice traffic demand is not evenly spread across a network with
users in different areas of the network requiring different types and volumes of traffic. The capacity of the
network is also not uniformly distributed. The network will consist of a number of different deployment
scenarios with the factors in equation 1 varying in each of these depending on the local environment,
topology mix, devices used in that cell etc. Demand and capacity therefore need to be evaluated within each
of the deployment scenarios shown in Figure 4-3 to understand which areas of a network may potentially
suffer a shortage in capacity.

Network capacity

Demand vs
capacity for
rural sites

Demand vs
capacity for
suburban sites

Demand vs
capacity for
urban sites

Demand vs
capacity for dense
urban sites
Focus of
previous
studies

Rural

Suburban

Urban

Dense urban

Demand vs
capacity for hyper
dense urban sites
High demand
scenarios and
potential spectrum
bottleneck

Hyper dense

Macro
Micro
Pico/
femto/
Wi-Fi
Figure 4-3: Components of capacity in a cellular network with examples of how topology mix may change across the
deployment scenarios in a network (illustration of traffic split across cell types in each deployment scenario shown
via pie charts on lower table)

From equation 1 an important factor in determining the amount of spectrum required to provide a given
capacity to meet demand in a cell is spectrum efficiency. Spectrum efficiency is an indicator of the network
technology’s ability to use the allocated spectrum to deliver services which meet the required quality
criteria.
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As shown in Figure 4-3, the topology or mixture of cell sizes used will vary to fit the deployment scenario.
Macrocells are most likely to be enough to provide coverage and capacity in deployments with lower
population densities (with femtocells used in Not Spots areas for coverage rather than capacity). In the
higher demand scenarios where capacity restricts cell size more than coverage there is more likely to be a
mixture of cell sizes deployed to boost capacity largely by increasing the cell5 density.
When comparing the capacity improvements across different cell sizes it is helpful to normalise the area that
capacity is being calculated over to avoid confusion. This approach is shown in Equation 2.
Capacity density
[bits per second per
km2]

= Quantity of spectrum
[hertz]
Spectrum

x Cell Spectrum Efficiency
[bits per second per hertz
per cell]
Technology

x Cell density
[cells per km2]
Topology
Equation 2

In practice, there is a dependency between the cell spectrum efficiency and cell density. The spectrum
efficiency density is therefore frequently used to show the combined effect of technology and topology
between different cell sizes or deployment options.
Capacity density
[bits per second per
km2]

= Quantity of spectrum
[hertz]
Spectrum

x Spectuml Efficiency
Density
[bits per second per hertz
per km2]
Technology & Topology
Equation 3

The actual spectrum efficiency of a given area will depend on a range of factors such as the propagation
properties of the local environment, the technology deployed and the target quality of service. Figure 4-4
illustrates a process to evaluate the capacity and quality of a mobile data network, talking these factors into
account.
The process to evaluate cell spectrum efficiency (capacity) and quality metrics based on user throughput, as
illustrated in Figure 4-4, is as follows:
a) Evaluate the Signal Quality Distribution: The range of signal quality that the user population will
experience in different places and times of day
b) Characterise the Link Level Performance: The throughput performance of the technology at a given
signal quality. This takes into account the impact of different radio channel fading conditions, and
the technology’s ability to measure and adapt transmissions and receptions to make best use of
them.
c) Compute the Spectrum Efficiency Distribution: Combining a) and b) gives the range of spectral
efficiencies (in bits/second/hertz) experienced by the user population with the given technology.
d) Define the Resource Allocation methodology: The way in which the network resources, essentially
comprising spectrum, time and power, that can be allocated to each user, depending on the total
quantity of resources available and the number of users sharing it in a given cell or cells.
e) User Throughput Distribution. Combining c) and d) gives the distribution of throughputs
experienced by the user population. This characterises the quality of the mobile broadband service.

5

Note that throughout this report we assume that a cell is the same as a sector in keeping with the use of cell spectrum
efficiency by 3GPP.
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Nature of Mobile Network Capacity
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Figure 4-4: Process to evaluate the capacity and quality of service of a mobile data network

f)
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Compute Key Metrics of network performance. The particular metrics used will depend on the
purpose, but will typically comprise:
a. Measures of Capacity
i. Cell Tput / Cell Spectral Efficiency
ii. Tput per km2 / Spectral Efficiency per km2
b. Measures of Quality of Service
i. 5% User Tput: “Cell Edge” throughput performance
ii. Mean user Tput : ‘typical ‘ user data rate
iii. 95% user Tput: “Peak” throughput performance
iv. Latency and jitter: service delay and consistency
c. Measures of coverage

i. Extent of coverage: Geographical area and/or population served at a specified
quality
ii. Depth of coverage: Depth of coverage into buildings and/or consistency of service
quality within the overall network coverage area
As illustrated in Figure 4-4, when using cell spectrum efficiency to describe capacity (i.e. ability to deliver a
quantity of services that can be supplied at the necessary quality for the service), cell spectrum efficiency
needs to be calculated to allow for achieving the target throughput and quality of service across the right
distribution of users in the cell.
In the remaining sections of this chapter we examine the factors highlighted in Figure 4-4 that influence
spectrum efficiency within a cell and how spectrum efficiency results should be interpreted for satisfying
different traffic types. Summarising across these factors we then state our assumptions when making
spectrum efficiency comparisons in the remainder of this study.

4.2 Signal quality distribution
Cellular systems provide radio coverage over an area from a number of cell sites. Users will experience
varying radio quality depending on the relative levels of received Signal, Noise and Interference,
characterised by SINR, the Signal to Interference plus Noise Ratio.




(S) Signal strength typically reduces with distance from the cell site and with obstructions to the
signal path.
(I) Interference comprises unwanted signals from other similar or different radio systems. This is
predominantly co-channel interference from other cells (or users) in the same network, but may
also include interference from neighbouring systems (geographically or in adjacent bands)
(N) Noise is mainly generated within the receiver and is therefore constant across the coverage area

Generally, SINR is high for ‘near-in’ users close to the cell site, and low for ‘cell edge’ users halfway between
two cell sites, although there are considerable variations around this due to local propagation conditions6.
The distribution of SINR across a cell depends on the following factors:







Geotype (urban/suburban/rural etc.)
User distribution (indoor/outdoor)
Carrier frequency
Topology (macrocell/femtocell/picocell etc.)
Interference management or frequency reuse
Power control and resource allocation

Appendix E gives further details on these factors individually.
When evaluating the performance of a new technology both the ITU and 3GPP provide a standard set of test
environments which define these factors so that like-for-like comparisons can be made across candidate
technologies. It is worth noting that the ITU and 3GPP test environments are different and so results from
the two sets cannot be compared directly.
Figure 4-5 shows two example SINR distributions. The large cell distribution was used as a 3GPP test
environment for comparing LTE with HSPA. The small cell distribution was used in a different 3GPP modelling
6

For example, ‘cell edge’ performance can actually be for users who are close to the base station but situated deep
within a building
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exercise to evaluate femtocell performance. This model assumes a 3 floor building, with 25 apartments per
floor and a 0.33 probability of a femtocell being in each apartment. The small cell distribution shown does
not account for potential interference from macrocells external to the building. SINR is generally higher in
small cell networks for the majority of users, although the worst case users will have lower SINR than would
be experienced in a large cell network. These distributions have assumed that users are uniformly
distributed across the cell, which is a fair assumption for the large cell environment. In small cells, however,
users may tend to cluster around the hotspot which would bias the distribution towards higher SINRs. As
already discussed, Figure 4-5 illustrates that:
- SINR is not uniform across a cell with a large difference between the peak and cell edge conditions
- Cell size impacts the SINR distribution experienced by users across the cell

Probability that SINR < ordinate
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-20
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Figure 4-5 : SINR distributions for small and large cell topologies (Source: Ericsson[ ], Qualcomm[ ])

4.3 Link level performance
Link level performance describes how well a technology (and implementation) can make use of the available
signal quality in order to transfer information over the radio link. Most mobile technologies deployed today
use adaptive modulation and coding (AMC) to maximise the amount of information that can be
communicated for a given SINR. Figure 4-6 illustrates a typical family of modulation and coding schemes
(MCSs) and the throughput that can be achieved for different SINR levels. The Shannon bound, showing the
theoretical maximum for a SISO system, is shown in grey for comparison and indicates that LTE performance
is already rather close to this limit over most of the range, limiting the scope of further spectrum efficiency
from link level performance in the future. The link level performance of an AMC scheme can be represented
by the ‘envelope’ of the MSC families supported. It will have an upper limit corresponding to the maximum
rate that can be sent for a given basestation and terminal capability. By combining link level performance
with the SINR distribution across a cell, the user throughput distribution and corresponding spectrum
efficiency per user distribution can be obtained.
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Figure 4-6: A family of modulation and coding Schemes (MCSs) to cover an SINR Range (Source: 3GPP[ ])

Multiple Input Multiple Output (MIMO) techniques are widely used in 4G technologies (see Appendix F).
However, as with AMC the link level performance that MIMO can deliver depends heavily on SINR. The trials
results shown in Figure 4-7 illustrate how at low SINR SIMO (receive diversity) can in one case give better
throughput than MIMO. For example, at 5dB SNR receive diversity (blue SIMO line) gives a higher downlink
throughout than 2x2 MIMO for a 20MHz LTE system. This is because the channel estimate required for
MIMO can become inaccurate at low SINR. In practice 4G equipment adapts to use the best transmission
mode for the current channel conditions.
MIMO also relies on multipath scattering (spatial dispersion) to generate sufficiently diverse paths between
the transmit and receive antenna sets. The number of diverse paths in the channel is indicated by the
channel rank. High rank channels tend to be more prominent in indoor environments. The terminal device
speed also has an impact on the performance of MIMO with performance being better at lower speeds.
Therefore due to a combination of higher SINR, higher channel rank and lower terminal device speeds we
would expect MIMO to work better in indoor hotspots than in urban macrocells.
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Figure 4-7: Benefit of MIMO on Link Level Performance with 20MHz bandwidth (Source: LSTI[ ])

The factors affecting link level performance, introduced in this section, are described in more detailed in
Appendix E.

4.4 Combining signal quality distribution and link level performance
Cell spectrum efficiency can be evaluated by combining the link level performance with the probability of a
given SINR occurring. Figure 4-8 shows the link level performance for two example technology variants. The
peak rate of the 2x2 technology is 50% higher than the 1x2, but a higher SINR is needed to achieve it. The
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figure also shows two illustrative SINR distributions. The SINR in the large cell is generally lower than in the
small cell, although a wider range of SINR can be experienced in small cells.

Link Level Performance,
bps/Hz/user

Combining the link level performance of each technology with the SINR distribution of each of the cell types
results in a distribution of user throughput for each case. Table 4-1 shows the cell spectrum efficiency
achieved in each scenario. Cell spectrum efficiency is a measure of capacity and should not be confused with
user spectrum efficiency, which can be used as a metric for quality of service. The user spectrum efficiency
is based on peak and cell edge user data rates. The cell spectrum efficiency is a measure of the total
throughput experienced across the cell and gives a better indication of the overall improvement in
throughput across the entire cell and of the overall cell capacity.
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Figure 4-8: Analysing the benefit of higher peak rates: Comparison of SINR required for higher rates with the
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probability of achieving that SINR in a given deployment scenario. Sources: Rysavvy research[ ], Ericsson[ ],
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Qualcomm[ ]
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Table 4-1: Cell spectrum efficiency for normal and higher peak rate technologies, in large and small cell environments
(Source: Real Wireless analysis)

47

The following trends can be observed from Table 4-1:
1. The 50% higher peak rate of the 2x2 MIMO technology only results in a 6% increase in cell spectrum
efficiency in the large cell topology. Cross comparison of the graphs in Figure 4-8 shows that the 2x2
scheme only provides higher throughput at around SINR > 13dB, which rarely occurs with large cell
topologies.
2. The higher peak rate MIMO technology brings more benefit in the small cell environment, where the
probability of achieving the necessary SINRs is greater.
3. The generally higher SINR distribution in small cells results in over 60% higher cell spectral efficiency
than in large cells. With 2x2 MIMO the benefit of using small cells is slightly larger.
In summary when interpreting spectrum efficiency results and the relative improvements that different
technology features bring we need to ensure we are performing a like-for-like comparison in terms of the
SINR distribution and channel conditions assumed for the link level performance and are considering the
capacity gain across the cell rather than just in the peak user case. The test environments set out by 3GPP
and the ITU include the factors contributing to the SINR distribution and the channel conditions impacting
link level performance so that like-for-like comparisons can be made.
Figure 4-9 shows cell spectrum efficiency for three different test environments used in the ITU-R IMTadvanced evaluation. This shows that smaller cell topologies have higher cell spectrum efficiencies
resulting from the better SINR distribution, lower terminal device speeds and channel rank. The difference
in spectrum efficiency density is even greater. It should be noted that the three options shown below are
not comparable in cost. More sites and equipment would be needed for the small cell topologies, so the
higher capacity of the microcell network comes at a higher cost. In practice networks require a mixture of
cell sizes depending on whether coverage or capacity is the priority for a given area.
It should be noted that the ITU indoor hotspot test environment is based on isolated cells at an office or
hotspot. This may be a simplified environment compared to a large scale deployment of femtocells in an
office block coexisting on the same
as outdoor
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Figure 4-9 - Impact of network topology and environment on spectrum efficiency for a 4x2 MU-MIMO 20MHz LTE-A
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system (Source: 3GPP[ ])

To ensure a like for like comparison where possible we have used a baseline scenario of an ITU base
coverage urban macro environment when making comparisons of spectrum efficiency results from
simulations and trials in this study. This has been selected for the following reasons:
 There is a good volume of simulation results for this environment for all 4G technologies being
assessed for IMT-Advanced.
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Previous studies into dimensioning spectrum have based their analysis around urban environments
and appear to have used spectrum efficiency assumptions for this baseline case. Our results can
therefore be used to assess the validity of assumptions in previous studies.
As dense urban deployments are commonly used for dimensioning spectrum in cellular networks it
makes sense to focus on an urban deployment. While real dense urban deployments will have a
mixture of macro and micro cells the ITU do not have a test environment for this combination of cell
sizes and so we have focused on the macrocell case initially.

4.5 Translating spectrum efficiency to QoS - Impact of traffic mix on capacity
As described in section 4.1, capacity in data networks is the quantity of services that can be supplied at the
necessary quality. The spectrum efficiency achievable by a user only partially determines the quality of
service and throughput that a user experiences. The network must allocate resources to the user to convert
spectrum efficiency into a usable throughput and ensure that this throughput is distributed fairly across
users to deliver the expected quality of service. As 4G technologies are based on OFDM waveforms,
resources consist of blocks of time and frequency.
As illustrated by Figure 4-10 the base station may try to distribute resources across users in a variety of ways.
Figure 4-4, shown earlier, illustrated how different resource scheduling approaches yield different user
throughput distributions depending on the target for that cell i.e. providing equal throughput to all users,
maximising average spectral efficiency or maintaining reasonable cell edge performance. The RAN scheduler
is not specified in standards, and is a differentiator for infrastructure vendors. Moreover, they will be tuned
by the operator according to the priorities of the network. Further details can be found in appendix E.

Figure 4-10: Role of the eNodeB scheduler

The priorities of the network will depend on the type of traffic being supported. Most 4G performance
evaluations assume ‘full buffer’ traffic, where users continuously download data at the maximum rate
possible. This is closest to a streaming traffic type, using a rate-adaptive codec, and results in the most
optimistic capacity figures. In real deployments an operator will tune the scheduler and loading within the
network to deliver the quality of service required to deliver the mix of traffic required by the applications
being demanded.
Figure 4-11 shows simulation results from NEC showing the mean FTP throughput that could be achieved for
varying levels of cell loading. The simulation setup includes a distribution of users across 19 three sector
sites and examines the distribution of throughput across these users and the loading or average throughput
per cell. These results are based on a LTE release 8 2x2 MIMO downlink, and illustrate the following two
points on achieving quality of service in a network:
 Difference in peak to cell edge user throughputs whilst still providing a fair QoS compliant system In this simulation a proportional fair scheduler has been configured to meet the 3GPP fairness
criterion17 for data traffic (i.e. at least 90% of the users should have at least 10% of the average user
throughput, 80% of users should have at least 20% of the average user throughput etc.). Although
there is potentially still a large difference between the throughputs achieved by peak and cell edge
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users this is considered acceptable for FTP traffic. However, this might not be acceptable for other
traffic types such as high quality video services.
Impact of loading on QoS - The results show that if the operator wanted to ensure that on average a
25Mbps FTP service was provided within the simulation area then the serving cells cannot be loaded
at full capacity. While NEC has advised that spectrum efficiency cannot be derived directly from
these results, this graph does illustrate that capacity and QoS are linked: the higher the minimum
acceptable user throughput, the lower the served cell throughput. Much higher cell throughput (and
hence cell spectral efficiency) can be achieved if the minimum user throughput requirements are
relaxed.

Impact of cell loading on user throughput
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Figure 4-11: Simulation results for a fixed filesize FTP service in an 2x2 10MHz LTE network in 3GPP case 1 test
18
environment (Source: NEC[ ])

Figure 4-12 compares cell spectrum efficiency for three different types of traffic. ‘Full buffer’ assumes all
users download continuously as fast as they can – i.e. that there is an unlimited quantity of data already
delivered for each user to the base station. In this scenario the users with the best SINR and higher rates
download more data than those at the ‘cell edge’ with a poor SINR. With the ‘Fixed filesize FTP’ traffic type,
all users download the same volume of data regardless of their data rate.
. High rate users download files quickly, and then leave resources for the lower rate users. This type of
traffic results in a lower cell spectral efficiency than ‘full buffer’ because the network ends up allocating
more resources to the lower rate users (with lower link spectral efficiencies), or is prevented from scheduling
transmissions to users in excellent or good SINR conditions due to a lack of user-applicable data at the base
station. This type of traffic effectively forces the scheduler to behave more like an Equal Throughput
scheduler if considered over a long time period as more resources will be allocated to low rate users to
ensure that they eventually consume the same amount of data as the high rate users. As illustrated on
Figure 4-4, an equal throughput scheduler results in lower cell capacity and hence lower spectrum efficiency.
Whilst full buffer gives an optimistic view of capacity, fixed filesize could be considered pessimistic. To some
extent, users in locations with better data rates will have a better experience and probably will tend to
consume more data than users with poor rates, consistent with observations that there is a strong
correlation between throughput experienced and data volume consumed (see Appendix D for findings in this
area from our 4G demand review).
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Figure 4-12: Impact of traffic type on cell spectrum (Source: 3GPP R1-072570 [ ], 3GPP R1-070674 [ ], stakeholder
responses) Assumes Release 8 LTE downlink 2x2 MIMO in large cell test environment

Voice traffic results in low cell spectral efficiency, which is primarily due to the small packet size of VoIP. Per
packet overheads are constant, so small packet payloads have a proportionally higher overhead compared to
the larger IP packets seen with FTP, for example. Although header compression techniques can mitigate
this, the useful payload is still smaller than with large packets, resulting in lower spectral efficiency. A
secondary mechanism is that VoIP also has near equal consumption per user. Near in users cannot take
advantage of their higher rates by consuming more data, and so cell throughput is lower than with ‘full
buffer’ traffic. One mitigaing factor is that VoIP implementations generally support AMR (Adaptive MultiRate) Codecs, which can enable better voice quality for the higher rate users.
The ‘Full buffer’ traffic model is nevertheless useful and valid in simulations as it makes for easy comparison
between technologies. Performance with other traffic types is sensitive to characteristics of that traffic, such
as file size with FTP transfers, or the codec(s) used when modelling VoIP. It is even harder to agree on a
‘typical’ profile for bursty HTTP traffic. Furthermore, realworld traffic comprises a mix of types which varies
with the time of day and with location. Whilst ‘full buffer’ traffic is a valid and useful in evaluating capacity
and comparing technologies, it should be noted that it provides an optimistic upper bound, rather than a
typical real world figure. Based on the results in Figure 4-12, real world traffic mixes might have capacity
limits of 45%-65% compared to full buffer capacity. This is not an insignificant impact, and would affect 3G
as well as 4G capacity estimates.
It is usual in ITU and 3GPP simulations to quote spectrum efficiency for 100% loaded networks, which is
inherent in the ‘full buffer’ traffic type. However, as highlighted in Figure 4-11 operators may need to
reduce loading to guarantee a particular average user throughput or other quality of service parameter.
The appropriate assumption for loading depends on what the capacity figures will be used for: to compare
the relative value of 3G vs 4G spectrum, it would be appropriate to evaluate capacity over a wide area and
consider a typical average cell load. Stakeholders have suggested average operating cell loads as low as 50%
may be representative of real world networks. This represents the average load accross many cells, about
which there would be variations. One operator stakeholder stated that around 5% of cells operate at full
load during busy times.
For the evaluation of capacity bottlenecks which will drive the need for more spectrum, it is appropriate to
consider the capacity that can be delivered in the busiest cells, which will be close to 100% loaded. The
maximum loading level mentioned by stakeholders in this study was 85% indicating that the spectrum
efficiency in the most heavily loaded areas of real networks could be 15% less than indicated by simulations
assuming 100% loading.

51

It should be noted that the impact of real traffic types on spectrum effiiciency is an area that many vendors
are currently actively examining in 4G but few results have been published to date. This is therefore an area
recommended for further investigation. However, based on the results to date we estimate that discounting
factors of at least 15% to allow for realistic loading conditions in peak areas and 35% to allow for mixed
traffic types (based on the difference between full buffer and FTP results in Figure 4-12) should be applied to
typical spectrum efficiency results from simulations assuming full buffer traffic and 100% loading.
In our discussions with stakeholders on the impact of QoS and traffic type on spectrum efficiency, some
indicated that higher spectrum efficiencies may be able to be achieved with wider bandwidth configurations
(an example case of 20MHz compared to 10MHz in LTE was given). It was highlighted that trunking gains in
wider bandwidth systems may give an improvement in spectrum efficiency when high user throughputs
were being targetted. However, results were not available to quantify this gain. As this could potentially
give operators with wider bandwidth spectrum allocations an advatnage when offering high data services
and impact on optimum spectrum packaging this is recommended as an area for further investigation.
It is also worth noting that for the traffic types expected on 4G networks we anticipate that the network will
be limited by its downlink rather than uplink capacity. Throughout this study we therefore focus on DL
capacity. Stakeholders have highlighted that while today most networks are limited by DL capacity it should
be noted that the uplink may become more heavily loaded in data networks in the 10 year timeline of this
study requiring a potential change in the balance between uplink and downlink spectrum requirements for
4G. It would therefore be prudent for Ofcom to monitor industry feedback over this period for signs of
uplink capacity bottlenecks.

4.6 Our baseline assumptions for spectrum efficiency comparisons in this
study
When reviewing spectrum efficiency results from simulation and trials in this study we have where possible
used the following baseline scenario to ensure a like-for-like comparison:
- ITU base coverage urban macrocell test environment
- Full buffer traffic
- Proportional fair scheduler
- 100% network loading
- Network capacity is DL limited
As discussed in section 4.4, this baseline case has been selected based on availability of results, comparison
against previous spectrum dimensioning studies and selecting an environment close to a dense urban
deployment which is traditionally used for dimensioning spectrum in cellular networks. The assumption of
full buffer traffic and 100% network loading is applied due to the lack of results outside this condition.
Where results from other test environments have been used we have related them back to this baseline to
ensure a like-for-like comparison when quoting spectrum efficiency results.

52

Capacity density
[bits per second per km2 ]

= Quantity of spectrum
[hertz]

x Spectral Efficiency
[bits per second per hertz per
km2 ]

SINR distribution

Operating
environment

Cell size

Traffic mix

Link level
performance

Quality of
service
requirements

Frequency
band

Resource
scheduler

Channel rank

Technology

Basestation
and terminal
feature set
mix

Loading

Factors varying by cell type – fixed to
urban macrocell for baseline scenario

Explored in chapter 5 for baseline
scenario
Explored in chapter 6 via
roadmap for baseline scenario

Figure 4-13: Factors affecting spectrum efficiency fixed in our baseline scenario

Figure 4-13 summarises the factors that impact spectrum efficiency which were examined in this chapter. It
highlights the areas that are fixed by our baseline scenario. Chapter 5 will next examine how 4G technology
features impact spectrum efficiency in this baseline scenario. Chapter 6 builds on this by forecasting the 4G
feature sets likely to be deployed, how this translates to spectrum efficiency in 4G networks and their
improvement relative to 3G over a 10 year timeline.
We recognise that our baseline scenario represents an idealised test case and at the end of chapter 6 apply
the discounting factors for loading and traffic mix discussed in section 4.5 to obtain 4G spectrum efficiency
over a 10 year timeline in a more realistic dense urban deployment.
While the spectrum efficiency results presented in this report focus largely on our baseline scenario, in
chapter 7 we will explore the impact of topology on capacity and its use to boost capacity via smaller cells in
hyper dense areas.
As discussed throughout this chapter the following variations can be expected when deviating from the
baseline scenario:
Factor impacting spectrum
efficiency
Test environment

Cell spectrum efficiency relative
to baseline urban macro scenario
Expect x2.4 improvement for ITU
indoor hotspot
Expect x1.25 improvement for ITU
micro cellular environment

Areas to notes

Traffic model

Expect a 35% decrease between
full buffer and FTP results.

Results available are based on
3GPP case 1 environment rather
than ITU baseline (very similar test
cases with main difference being a

Expect a 55% decrease between
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Approximate scaling factor only.
The exact improvement across
environments will vary with
different technology sets. This
result is derived from LTE 2x2
MIMO.

Factor impacting spectrum
efficiency

Loading

Cell spectrum efficiency relative
to baseline urban macro scenario
full buffer and VoIP.

Expect a 15% reduction due to
loading restrictions to guarantee
QoS in peak demand cells
amongst a large number of more
lightly loaded cells.

Areas to notes
slower device speed in the 3GPP
case). Lack of results in this area
mean that it would benefit from
further investigation.
Depends on the target QoS set for
the traffic mix by operators.
Recommendations based on
stakeholder comments on what is
used in real networks today.

Expect a 50% reduction on
average across a large number of
cells due to loading restrictions to
guarantee QoS.

Table 4-2: Sensitivity of spectrum efficiency

4.7 Summary
Capacity of a network is a measure of the given quantity of services that can be supplied at the necessary
quality for the service. Capacity is not evenly distributed across a network and depends on the QoS
expected by users, the local environment, cell size and terminal and network feature sets within different
deployment areas within the network. When comparing capacity results it is important to make a like for
like comparison across all these factors.
Both ITU and 3GPP have a set of standard test environments which are used for performance testing and
comparing different candidate technologies. To understand the impact of different 4G technology features
on spectrum efficiency, and in turn capacity, we have chosen a baseline scenario in this study and aim to
relate all spectrum efficiency results from simulations and trials back to this baseline.
The baseline scenario used is:
- ITU base coverage urban macrocell test environment
- Full buffer traffic
- Proportional fair scheduler
- 100% network loading
- Network capacity is downlink limited
This baseline scenario has been chosen as:
- The majority of performance simulation results for all 4G technologies are given in this or a very
similar scenario.
- Previous studies appear also to use this environment for spectrum efficiency assumptions and so our
results can be compared.
- As dense urban deployments are commonly used for dimensioning spectrum in cellular networks it
makes sense to focus on an urban deployment.
It is recognised that this baseline scenario is an idealised case. Our final results for spectrum efficiency over
a 10 year timeline convert this to a more realistic deployment by applying the following factors:
- A realistic mixture of terminal and basestation feature sets (as discussed in chapter 6)
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-

A discounting factor for backing off cell loading to achieve the required QoS across the cell. Based
on discussions with stakeholders this is assumed to be 15% in the high demand cells
A discounting factor for inefficiencies in more realistic traffic compared to full buffer traffic. This is
assumed to be 35% based on results from stakeholders.

It has also been highlighted by stakeholders that there may be some improvement in spectrum efficiency to
be gained via trunking gains for wider bandwidth systems in cases where high user throughputs must be
guaranteed across all users. This is recommended as an area for further investigation as there were no
results available as yet to quantify these potential gains. However, this could impact the value of bandwidth
allocations in spectrum auctions if wider bandwidths give operators more than a linear advantage.

55

5 Spectrum efficiency derived from simulations and real-world
LTE & WiMAX trials demonstrates agreement between results
The following chapter investigates the various 4G simulation and trial results from operators and vendors,
examines the different configurations and conditions used in these results to derive spectral efficiency and
draws conclusions on the most realistic spectrum efficiency values that can be expected. The simulation and
trial results examined cover the following 4G technologies: LTE Release 8 and Release 10, and WiMAX
Release 1, 1.5 and Release 2. LTE Release 9 is not included in our analysis as the predominant features in this
release do not impact on macrocell spectrum efficiency.
The following sections present the spectrum efficiency of 3G and each of the 4G releases, and examine the
different technology flavours that affect the 4G spectral efficiency. We outlined our baseline assumptions
for making like for like comparisons in Chapter 4 which highlights the factors that should be fixed and on this
basis we selected the downlink ITU-R Urban Macro deployment scenario. Finally, we remark on the range of
sources selected for the spectral efficiency numbers, to highlight any potential differences in the results.
It should be noted that all spectrum efficiency results in this section are based on the SINR distribution
experienced in a macrocell (as this is our baseline scenario) and will be different for smaller cells such as
microcells and femtocells (as explored in chapter 7).

5.1 Overview of expected spectrum efficiency by release
This section presents a summary of the findings from the spectral efficiency results that have been obtained
and gives a graphical overview of the spectral efficiency from the following three different network
deployment options across different releases under assessment. The three network deployment options
under consideration are:
User terminals (see Table 5-6 for configurations):
 Low End Devices – 1 antenna increasing to two antennas in future releases (E.g Entry level or feature
phone type handsets)
 Typical devices – 2 antennas, may increase to 4 at the end of the 10 year timeframe (E.g. Smart
phones, dongles and M2M devices
 High end devices – 2 antennas increasing to 4 antennas in future releases and may increase to 8
antennas at the end of the timeframe (E.g. laptops, iPads/MIDs)
Base station configuration:
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Low End configuration – 1 antenna increasing to 2 antennas in future releases. Only Single User
MIMO supported
Typical devices – 1 or 2 antennas in current releases, 4 antennas in future releases. Multi user MIMO
is supported
High end devices – 1 to 4 antennas in current releases, 8 antennas in future releases. CoMP MIMO is
supported

Release
Freeze date
Name

R5
Mar-02 to Jun-02
HSPA

MIMO order
MIMO type
Max bandwidth

1x2 (since R99)
Receiver Diversity (since R99)
1x5MHz carrier (since R99)

2x2
MIMO
…no entry…

16QAM (since R99)

64QAM Packet
EQ. + Continuous
Connectivity (CPC) (efficient
“always-on” service, 50%
reduction in call setup, 50%
reduction in transitions time
between inactive and connected
states, Push-to-Talk Over Cellular
(PoC)) + Enhanced GSM data
functionality with Evolved EDGE +
Better resistance to interference

Downlink

Modulation order

Other features

Uplink

MIMO order
MIMO type
Max bandwidth
Modulation order

Other features

HSDPA + First phase of Internet
Protocol Multimedia Subsystem
(IMS) + Full ability to use IP-based
transport instead of just
Asynchronous Transfer Mode
(ATM) in the core network
1x1 (since R99)
SISO (since R99)
1x5MHz carrier (since R99)
QPSK (since R99)

R6
Dec-04 to Mar-05
HSPA

Rake + Signaling over HSPA
1x2
SIMO

R7
Dec-07
HSPA +

R8
Dec-08
HSPA +

R9
Dec-09
HSPA +

Simultaneous use of MIMO and 64 Dual-carrier HSPA (DC-HSDPA) in
2x5MHz carriers (DC-HSDPA)
combination with MIMO
Simultaneous use of MIMO and 64
QAM

EPC

EPC enhancements + Femtocell
support + Regulatory features
such as emergency userequipment positioning
and Commercial Mobile Alert
System (CMAS), and evolution of
IMS architecture

2x5MHz carriers (DC-HSUPA)
16QAM Packet
HSUPA + Rake + Enhanced
IC + Continuous
multimedia support through
Connectivity (CPC) (User can stay
Multimedia Broadcast/Multicast
longer in connected state
Services (MBMS) + Performance without compromising battery
specifications for advanced
life, enhanced VoIP capacity,
receivers + Wireless Local Area reductions in call set-up delay for
Network (WLAN) integration
Push-to-Talk Over Cellular (PoC))

Table 5-1 3G technology enhancements by release [Real Wireless]

R10
Mar-11 (protocol Jun-11)
HSPA +

Home Node-B (femtocell)

4x5MHz carriers

Downlink

Release
Freeze date
Name

R8
Dec-08
LTE

MIMO order
MIMO type
Max bandwidth

4x4
SU-MIMO, BF
1x20MHz carrier
Adaptive modulation
(QPSK/16QAM/64QAM)

Modulation order

R9
Dec-09
LTE

8x8
CoMP, JP-CoMP, CS/CB-CoMP
5x20MHz carriers

Relaying + Latency improvement
+ Self Optimising Networks (SON)
enhancements
4x4
SIMO, MU-MIMO, CoMP
[Multiple component carriers]

Uplink

Other features
MIMO order
MIMO type
Max bandwidth
Modulation order

Hybrid ARQ
2x2
MU-MIMO
1x20MHz carrier
Adaptive modulation
(QPSK/16QAM/64QAM)

Other features

Home eNode-B
Hybrid ARQ
(femtocell)
Table 5-2 4G LTE technology enhancements by release [Real Wireless]
Release
Freeze date

Uplink

Downlink

Name
MIMO order
MIMO type
Max bandwidth
Modulation order
Other features
MIMO order
MIMO type
Max bandwidth
Modulation order
Other features

Relaying + Latency improvement
+ Self Optimising Networks (SON)
enhancements

R1

R1.5

R2

Jun-05

Dec-09

Mar-11

WiMAX
2x2
SU-MIMO
1x20MHz carrier
Adaptive modulation
Hybrid ARQ
2x2
SU-MIMO
1x20MHz carrier
Adaptive modulation
Hybrid ARQ

WiMAX1.5
4x4
MU-MIMO
2x20 MHz FDD

WiMAX 2
8x8
CoMP, JP-CoMP, CS/CB-CoMP
5x20MHz carriers

2x20 MHz FDD

Relaying + Latency improvement + Self
4x4
SIMO, MU-MIMO, CoMP
[Multiple component carriers]

Home eNode-B

Relaying + Latency improvement + Self

2x2

Table 5-3 4G WiMAX technology enhancements by release [Real Wireless]
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R10
Mar-11 (protocol Jun-11)
LTE Advanced

The types of features such as MIMO order or modulation and coding scheme for each 3G release is
enhanced for each subsequent release as can be seen in Table 5-1. However, the enhancements of each new
release may or may not increase the spectral efficiency. Therefore, this study focuses on those releases that
include particular features that enhance macrocell spectral efficiency. A summary of the enhancements in
technology from the early releases of 3G WCDMA to HSPA+ Release 10 and for LTE Release 8 to Release 10
and WiMAX Release 1 to WiMAX Release 2 can be seen in the tables below.
Figure 5-1 gives the spectral efficiency in various releases under different assumptions about the network’s
deployment. Each bar represents the cell spectrum efficiency for each high, typical and low end scenarios for
both 3G and 4G releases. There are two patterns that emerge from this graph:
1. Increase in spectral efficiency per evolved release
2. Increase in spectral efficiency as an evolution of device mix from low end through to high end
devices
The selection of the technology features for each release and network quality is summarised in Table 5-6 of
Section 5.6. Note that WiMAX has no direct predecessor cellular technology equivalent to LTE and therefore
the evolutionary path assumed for this study is 3G.
6

Spectrum Efficiency (bps/Hz/cell)

Low-end
5

Typical expected rollout
High-end

4
3
2
1

0

WCDMA (Rel99)

HSPA (R5)

HSPA (R6)

HSPA+ (R7)

LTE (R8)

LTE-A (R10)

WiMAX (Rel-1)

WiMAX (Rel1.5)

WiMAX (Rel-2)

Low-end

0.19

0.28

0.41

0.41

1.12

2.09

0.83

1.17

2.03

Typical expected rollout

0.19

0.45

0.68

0.68

1.32

2.60

1.18

1.41

2.41

High-end

0.19

0.50

0.76

1.13

2.08

5.44

1.60

2.60

4.31

Figure 5-1 Simulated spectral efficiency from a deployment, depending on the feature set of the deployment’s base
stations and subscribers’ mobile devices. The plotted bars correspond to or have been adjusted (see Appendix B for
adjustment calculations) so as to reflect the following configuration: downlink, FDD, ITU-R guideline Urban macrocell (UMa) (2x10 MHz at 2 GHz, ISD=500m, 30km/h) [M. 2135], mixed traffic assumption (L=2), antenna configuration
C, proportional fair scheduling. The values of the bars are summarised in Table 5-7. Sources: can be found in Table
5-7]

Figure 5-1 shows the spectral efficiency in various releases under different assumptions about the technical
features included in the deployment. The spectral efficiency in a 3G WCDMA network is presented as a single
reference point, regardless of technical quality, due to the limited amount of features that vary in Release
99. Selected capacity enhancement methods in WCDMA simulations are: installation of mast head
amplifiers, active antennas and beam-forming, and receiver diversity.
The spectral efficiency increases with each release as more advanced features are supported. The HSPA+
(Rel-7) increase in spectral efficiency is due to support for MIMO or high order modulation, however this
combination of technologies is supported only in the high-end of mobile devices, such as high-specification
dongles. Therefore, the spectral efficiency benefits are only realised in the high end mobile devices and the

typical or low end devices are not expected to benefit from this evolution step. This is discussed further in
Chapter 6 which presents the timeline of expected device feature sets over a 10 year timeframe.
WiMAX Rel-1 spectral efficiency is shown to exceed HSPA+ (Rel-7) values, regardless of the deployment
feature sets. This increased performance in spectral efficiency is diminished in the next release comparison,
LTE Rel-8 against WiMAX Rel-1.5, as the downlink multiple access scheme is practically identical in both
releases. WiMAX Rel-1.5 high-end spectral efficiency appears to exceed the LTE Rel-8 high-end value,
however it is anticipated that the difference should be smaller since the underlying employed technology
and included features are the same. The difference may be due to a number of reasons: uncertainties from
the introduction of conversion factors (which are discussed later in the chapter), different sources provide
varying values under the same simulation parameters (see Section 5.2.2), incompatibility of simulation
methodologies as 3GPP provides more publicly open information as opposed to the WiMAX Forum, etc.
For releases prior to Rel-7 the typical expected rollout spectral efficiency is closer to the high-end technical
quality. This is because the technical advancements in earlier versions are easier to deploy due to both
technical and economic factors, whereas technical features in later releases are more challenging for
widespread deployment die to several practical limitations. As an example, base stations that are equipped
with 8 antennas are technically achievable, however their use will be limited due to increased site rental cost
at the base station end, available space on masts and rooftop sites and size dimensions of the subscribers’
devices. Cooperative MIMO techniques are achievable, but network MIMO is a debatable feature as it places
severe constraints on the backhaul, requiring high bandwidth and very low latency/reactivity, which may be
translated in many cases to a requirement from operators to re-design their backhaul.

5.2 3GPP – LTE (Release 8) and LTE-Advanced (Release 10)
5.2.1 Features and their effect on spectral efficiency
The technology features that are included in each 3GPP release are described in detail in Appendix F and
summarised here in terms of their effect on spectral efficiency.
LTE Release 8:
The new features that are introduced in LTE Release 8 are considered as ‘early’ 4G technologies as they do
not quite meet all the IMT-Advanced requirements. LTE Release 8 supports the following features,
performance and options:
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Introduces the use of OFDM (downlink) and SC-FDMA (uplink). The spectral efficiency is increased
by the introduction of the OFDMA multiple access scheme and associated adaptive modulation and
coding schemes.
Both TDD and FDD supported. This report does not include a source that compares FDD with TDD
under LTE Release 8. However, the spectral efficiency is expected to be practically unaffected by the
duplex mode in LTE Release 8, similar to the results presented for LTE Release 10, see Section 0. TDD
yields greater flexibility to adapt to asymmetric uplink and downlink traffic and permits the use of
available unpaired spectrum.
Scalable bandwidths, including 1.4, 3, 5, 10, 15 and 20MHz. Spectral efficiency increases slightly
with bandwidth, but beyond 3MHz, gains for full buffer traffic are small due to the limited
opportunity for additional frequency diversity, see Section 5.2.2.
Native MIMO support:
o Downlink: Single User MIMO: 1x2 (Rx diversity), 2x2, 4x2, 2x4, 4x4. Note that by LTE
standards the mobile devices are required to feature at least 2 antennas, whereas the








number of antennas at the base station is not standardised. The spectral efficiency
increases in advanced MIMO schemes, see Section 5.2.2.
o Uplink: Multi User MIMO
Hybrid ARQ. This report does not include a figure that explicitly demonstrates the Hybrid ARQ
increase in efficiency with respect to the regular ARQ. This is because within the release Hybrid ARQ
will be the standard mode of operation and is not a variable feature, so the associated gains are
inherent in all our quoted sources of spectrum efficiency.
Adaptive modulation up to 64QAM. The impact of different modulation schemes is shown in Figure
4-6. Adaptive modulation and coding is the standard mode of operation in LTE.
Frequency selective scheduling. The spectral efficiency is expected to be higher when the
scheduling algorithm is frequency selective. The gain of employing a frequency selective scheduler is
dependent on the channel bandwidth. The benefit of frequency selective scheduling is
demonstrated in see Section 5.2.2.
Proportional fair scheduling. The spectral efficiency is lower when the scheduler adopts a fairer
scheduling scheme. The results of using different scheduling techniques can be found in Section
5.2.2

LTE Release 9:
The new features that are introduced in LTE Release 9 are considered as ‘early’ 4G technologies as they do
not quite meet all the ITU-R IMT-Advanced requirements. LTE release 9 supports the following features,
performance and options:




MBMS (Multimedia Broadcast and Multicast Service)
Network-based positioning
Home eNodeB (i.e. LTE femtocells)

Although the updated features in LTE Release 9 do not inherently contribute to increased spectral efficiency,
the impact of femtocells introduces another dimension in terms of topology and smaller cells which can
improve capacity density. This is discussed in more detail in Chapter 7. Results from LTE Release 9 are not
considered further in this Chapter.
LTE Release 10:
The new features that are introduced in LTE Release 10 are considered to be 4G technologies based on
meeting the ITU-R IMT-Advanced requirements. LTE release 10 supports the following features, performance
and options:
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Carrier aggregation up to 5 component carriers of 20 MHz each. Carrier aggregation introduces
wider bandwidths into the channel that enables more traffic to be carried and greater peak user
throughputs to be supported. The report does not include results for carrier aggregation, however
further details are discussed in Appendix F. Section 5.2.2 shows how the impact of wider bandwidths
does not materially link level increase spectral efficiency for full buffer traffic
Higher order MIMO support: all MIMO order from Release 8 modes up to 8x8. The spectral
efficiency increases with the addition of more antennas as shown in Section 5.2.2. Section 0
demonstrates how different Release 10 MIMO configurations impact on different spectral efficiency.
Support for SU-MIMO and additionally for enhanced MIMO techniques: JP-CoMP, CS/CB-CoMP,
MU-MIMO, Beamforming. The report includes results for various MIMO techniques that show
spectral efficiency increases when deployed using enhanced MIMO techniques. (At time of writing
CoMP was put on hold by 3GPP in Release 10 [21]



Support for relays, improvement in latency, Self Optimising Networks (SON) enhancements. The
effects of these enhancements on spectral efficiency are discussed in more detail in Appendix F.

5.2.2 Simulation results for Release 8
Impact of bandwidth on spectrum efficiency
It should be noted that results here look at spectrum efficiency improvements related to bandwidth in our
baseline case which assumes full buffer traffic. It should be noted that, as already highlighted in section 4.5,
for services requiring a high guaranteed user throughput across all users in the cell stakeholders have
indicated that there may be some trunking gains at 20MHz compared to 10MHz deployments.
Channels wider than 3 MHz have similar spectral efficiency, given all other conditions are equal and
assuming full buffer traffic. Figure 5-2 shows the spectral efficiency in error-free channels for different
bandwidths and antenna configurations. The spectral efficiency is significantly reduced for 1.4 MHz channels,
due to the relatively high occupancy of the resources by pilot, control and referencing channels. The spectral
efficiency in channels narrower than 5 MHz is further deteriorated by fewer opportunities for efficient
scheduling in the frequency domain. According to results shown in Figure 5-2 channels wider than 3 MHz are
characterised by practically constant spectral efficiency. This arises for two reasons: i) Overheads due to
signalling and other shared channels become small as a proportion of total resources, ii) there is little
opportunity for additional frequency diversity given realistic channel delay spreads.

120%
97%

SE increase wrt 10 MHz

100%

100%

103%

87%

80%
65%
60%
BW = 10
40%
20%
0%
1.4 MHz

3 MHz

5 MHz

10 MHz

20 MHz

Channel bandwidth
Figure 5-2 Spectral efficiency comparison for different bandwidths. The plotted values are relative to
10MHz. LTE for UMTS [ 22]
Other results obtained for varying bandwidth show the spectral efficiency is practically constant for 5 MHz
and 20 MHz bandwidths. These results can be found in Appendix A and conducted from simulations in two
channels. It is suggested that the results from this source [23] correlates well with the results shown in Figure
5-2.
As mentioned earlier these findings are valid for our baseline scenario of full buffer traffic only. As discussed
in section 4.5, stakeholders have suggested there may be benefits at higher bandwidths for services
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requiring a guaranteed high user throughput. However, there are few if any results to quantify these gains
and is an area worth further investigation.”

Impact of different MIMO schemes on spectrum efficiency
The results shown in the graph below compares the spectral efficiency of different MIMO configurations.
The results show that generally spectral efficiency increases with the number of antennas which is
dependent on the type of channel condition and the fixed factors assumed (as highlighted in Section 4.4).
For example, the results below are for a slow moving mobile which can enhance the outcome compared to a
higher speed mobile. This example can be seen in section 0 for results gathered in LTE-A Release 10
The true impact of advanced MIMO schemes becomes limited when the MIMO order exceeds the channel
rank. Our baseline case considers 2x2 MIMO which is compared, in this case, to 1x2 receive diversity and 4x4
MIMO. 2x2 MIMO offers a greater spectral efficiency compared to 1x2 receive diversity due to the addition
of the transmit antenna in the downlink. This is further compounded by the result of 4x4 MIMO which offers
LTE, 10MHz@2GHz, ISD=500m, BPL=20dB,
a 33% increase in spectral efficiency over the 2x2 MIMO scheme.

Cell spectrum
efficiency
spectralefficiency
Average
(b/s/Hz/cell)
(b/s/Hz/cell)

3km/h, PF, SU-MIMO, Nokia-Siemens
2.34

2.5
2
1.5

1.76
1.44

1
0.5
0
1x2 (Rx diversity)

2x2

4x4

Figure 5-3 Spectral efficiency – Comparison against different MIMO schemes: 10MHz@2GHz, ISD=500m, BPL=20dB,
24
3km/h, PF, SU-MIMO. Source Nokia-Siemens 3GPP [ ]

The results were generated as a 3GPP input by Nokia-Siemens Networks [24] to determine the effect of
various measurement/estimation errors (e.g. CQI errors and realistic channel estimation) and realistic
overheads from DL L1/L2 control signaling, overhead from RS, Ack/Nack’s, CQI, etc. Using these results
shows how spectral efficiency can vary with the implementation of multiple antennas for LTE and is used to
for the “blended “ spectrum efficiency based on the mixture of MIMO schemes supported for the feature
set roadmap in Chapter 6.
Impact of scheduler choice on spectral efficiency
The choice of scheduler is vendor specific and is not part of the 3GPP standards. Figure 5-4 plots the spectral
efficiency achieved in simulations conducted by two independent sources for a number of schedulers. The
spectral efficiency is increased when the scheduler is not in Round Robin mode, because the users with good
quality channels are favoured. However, the spectral efficiency increase is inconsistent between the two
sources, for example, in the Motorola study the increase from Round Robin to Proportional Fair is marginal.
This is compared to the Nokia-Siemens results which are more aligned with our expectations, in that
Proportional Fair offers an increase in spectral efficiency.
In Section 4.5 we discuss the impact of the resource scheduler on spectrum efficiency and the results
gathered above consider full buffer traffic which aims to achieve the optimum data rates. The proportional
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Cell spectrum efficiency
(b/s/Hz/cell)

LTE, 10MHz@2GHz,
BPL=20dB,
fair option in this instance distributes
the resources toISD=500m,
lower rate users
at the cell edge giving better spectral
3km/h, 1x2
MIMO
efficiency compared to Round Robin which distributes
equal
resources to all users.
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

1.55

Nokia-Siemens
Motorola
1.31
1.23

1.38

1.07

Round Robin

Alternative

Proportional Fair

Figure 5-4 Spectral efficiency comparison amongst scheduler configurations. 10 MHz at 2 GHz, ISD=500m, Indoor
14
penetration loss 20dB, 3km/h, 1x2 MIMO (Rx diversity). [Source: 3GPP r1-071956 Ericsson [ ] and 3GPP R1-071991 –
25
Motorola [ ]

Spectrum efficiency in simulations of the same deployment from different sources
Figure 5-5 illustrates the variation in spectrum efficiency results amongst different sources under similar
conditions. There is more variability amongst sources for 4x4 MIMO than for 2x2. Note that the bars
displaying asterisks are based on extrapolated data7 for the particular configurations.
This set of results suggests that there is a difference in the type of implementation of the simulations and
there is likely to be some uncertainty (in this case up to 25% with respect to the average value across the
three sources) between results from different sources. This outcome informs the level of uncertainty in
presenting the final spectrum efficiency results in Figure 5-1.

DL, 10MHz@2GHz, ISD=500m,
BPL=20dB, 3km/h
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Figure 5-5 Multiple spectral efficiency
values for the same configuration from different sources 10 MHz @ 2GHz, ISD=
3
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500m, BPL = 20 dB, 3km/h. [Source:
Qualcomm
[ ],[ ], Real Wireless evaluation of 3GPP TR36.942 v9.0.1 [ ],]
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LTE3 2x2 is 1.7/1.4 times LTE3 1x2. We keep this same ratio for conversions between 1x2 and 2x2. LTE1 4x2 is 1.9/1.7
times LTE1 2x2. We keep this same ratio for conversion between 2x2 and4x2.
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5.2.3 Simulation results for Release10
Impact of different MIMO schemes and techniques on spectrum efficiency
In LTE Release 8 equipping the base station and the mobile terminals with more antennas increases the
spectral efficiency of the network. The impact of advanced MIMO schemes on spectrum efficiency for LTE
Release 10 is expected to be greater still due to the introduction of new features such as Coordinated
MultiPoint (CoMP) and Joint Processing CoMP (JP- CoMP) (which is described in more detail in Appendix F)
as can be seen in Figure 5-6 from a 3GPP source [29]. This is because opportunities are created for parallel
streams so as to multiply the transferrable data. Figure 5-6 shows the spectral efficiency results from
simulations for an increasing number of antennas at the base station and mobile terminal.

Cell spectrum efficiency

Efficiency b/s/Hz/cell
Cell Spectrum
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5
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3.41

Rel 8 SU MIMO
MU MIMO
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CS/CB CoMP

2

JP CoMP
1
0

0

2x2

4x2

4x4
29

Figure 5-6 Spectral efficiency for a variable number of antennas. 36.814, 3GPP case 1. [ ]]

The increase of spectral efficiency with the various MIMO techniques that are supported in LTE Release 10 is
presented in Figure 5-7. The MIMO techniques analysed include Multi User, Coordinated Scheduling (CS) and
Coordinated Beamforming (CB) and Joint Processing (JP) CoMP and are discussed in more detail in section
Appendix F. There are some benefits in spectral efficiency terms when adopting different MIMO techniques,
JP-CoMP for example offers an improvement of 30% against MU and CS/CB CoMP. The 4x2 spectral
efficiency values can be compared to the 8x2 MIMO configuration (a feature of LTE Release 10) and shows
LTE-Aefficiency
Rel-10, than
FDD,doubling
DL, 3GPP
that JP-CoMP offers higher spectral
the Urban
numberMicro
of transmit antennas. These
(2x10MHz
2.5GHz,
ISD=200m, 3km/h,
features are expected to be available
in highatend
user devices.

Cell spectrum efficiency
(b/s/Hz/cell)

L=2), Antenna configuration C
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JP-CoMP 4x2
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Figure 5-7 Spectral efficiency in different MIMO techniques. FDD, 3GPP urban micro (2x10 MHz at 2.5 GHz,
16
ISD=200m, 3km/h), L=2, antenna configuration C. Source: 3GPP TR36.912[ ]
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The results in Figure 5-8 show the spectral efficiency of the same MIMO techniques in Figure 5-7 but at a
faster mobile speed and in with a slightly larger inter site distance. Comparing these graphs shows that by
adjusting the simulation parameters moderately the difference in spectral efficiency can be clearly observed.
LTE-A Rel-10, DL, 3GPP Urban Macro
For example, CS/CB CoMP 4x2 at 30 km/h with 500m ISD is2.6 bps/Hz compared to CS/CB CoMP 4x2 at 3
km/h with 200m is 3.3 bps/Hz. (2x10MHz at 2GHz, ISD=500m, 30km/h,
Cell spectrum efficiency
(b/s/Hz/cell)

L=2), Antenna configuration C

4
3.5
3
2.5
2
1.5
1
0.5
0

FDD
2.6

2.6

MU-MIMO 4x2

3.5

TDD
2.6

3.3

2.6

CS/CB-CoMP 4x2

CS/CB-CoMP 8x2

Figure 5-8 Spectral efficiency comparison of different MIMO schemes 3GPP urban macro (2x10 MHz at 2.5 GHz,
16
ISD=500m, 30km/h), L=2, antenna configuration C. Source: 3GPP TR36.912[ ]

The results have been extracted from a 3GPP source [insert ref] which was used as input to the feasibility
study for the further advancement of E-UTRA (LTE-Advanced). Results produced from this source were used
as the 3GPP contribution towards the IMT-Advanced submission radio interface technology. Their source
document is supported by all members of 3GPP and considered an authoritative reference for the results in
Figure 5-7 as it consolidates results from a number of vendors and so should not be biased by any one
particular implementation.

5.2.4 Simulation versus trial
This section compares the spectral efficiency that is calculated from simulations against that found in realworld trials. The difference between simulation and trials is that the trial spectral efficiency accounts for real
implementations of equipment and real-world channels. Trials, therefore introduce a further layer of
complexity and constraints which must be taken into account when making comparisons against the
simulations.
The aim of conducting trials in general is to evaluate the performance of as many aspects of 4G technology
as possible can including the assessment of:





Cell handover
Improved latency
Throughput including peak/end user data rates
Multi-user scheduling

The measure of spectral efficiency is often a result that is post processed from the primary set of results and
can be a difficult metric to achieve. This is due to the particular conditions in which the spectral efficiency is
determined. For example, to determine a reliable metric of spectral efficiency the results should be taken
when the network is at the busy hour with multiple users (in order of 10 is typical16) or more simultaneously
active users which can often be time consuming, costly and difficult to set up.
In contrast, simulations are well controlled and conducted in idealised conditions so give good relative gains
(3G/4G) but the absolute numbers may be optimistic given the simplicity of the assumptions compared to
the ‘real world’. Trials might then help temper these numbers with a dose of reality.
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A set of trials that were conducted to generate spectral efficiency values in a deployment that are
compatible with the simulations from contributions made to 3GPP are those from the latest LTE/SAE Trials
Initiative (LSTI) [30] . The spectral efficiency from this trial and the respective value from 3GPP simulations are
plotted in Figure 5-9. The main observation from this figure is that the spectral efficiency for 3GPP
simulations in this particular pair of results is reduced by 20% when compared against results measured
under trial conditions. This reduction has been produced from a compatible set of simulation and trial results
and should not be generalised for other trials and simulations. It is posited that the SINR distribution (See
Section 4.2) is better in this field compared the simulations.

(2.1 b/s/Hz/cell)
(1.7b/s/Hz/cell)

3GPP simulations

LTE/SAE Trial Initiative
26

30

Figure 5-9 Simulation vs Trial LTE Release 8 2x2 MIMO 10 MHz urban macro. Source : Qualcomm [ ] LSTI [ ]

However, Figure 5-10 shows results for different trials against 3GPP simulations which demonstrate the
inconsistency between the two sets. Note that the first two bars are repeated from Figure 5-9. Also note that
some trials report the average throughput (light blue bars) and others the peak user data (dark blue bars)
throughput. The following observations can be made from field trials data:
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The mean spectral efficiency values reside within the range 1.4 bps/Hz to 2.62 bps/Hz
The peak LSTI values illustrate the user throughput and should not be compared to the mean cell
spectral efficiency. The peak rates are shown to demonstrate the types of spectral efficiency peak
users can get under more ideal radio conditions
The mean 3GPP simulation value resides in the middle of trial value range
More than half the mean spectral efficiency figures are above 1.7 bps/Hz
The SU result from Arqiva trial is high compared against other trials with multiple users as there was
only one user without interference
Global infrastructure equipment vendors are leading in the area of field trials. In addition, global
mobile operators are also participating in field trials to derive the practical performance of LTE
Single User field trials produce higher ‘peak’ spectral efficiency results and should be treated with
caution compared to mean results with more than one user

8.07
5.24
1.69

2.1

1.57

2.00

2.62

1.46

Lab

Macro

Hotspot

Increasing cell spectrum
efficiency
b/s/Hz/cell

Macro

Dense urban

Peak

Mean

8.39

3.15

2.10
0.47

TRIAL SOURCES
Figure 5-10 - Spectral efficiency in simulation and trials for LTE. Sources: 3GPP (2x2) [16], LSTI (2x2) [12],
MNO1 (2x2) [31], Alcatel Lucent (2x2) [32], Teliasonera (Unknown MIMO) [36], MNO MIX (Unknown MIMO)
[33], Arqiva (Unknown MIMO)[34], LSTI (2x2)[12] Swisscom (Unknown MIMO)[35], Teliasonera (Unknown
MIMO) [36], Teliasonera (Unknown MIMO) [36], LSTI (2x2) [12]
The set of trial results given above have all been conducted by different vendors or operators and those
adopted different set up methods. This includes different number of users on the network and placing users
in areas with good radio conditions.
LSTI results:
The LSTI foster a common approach to trial set up methodologies and has developed a set of Key
Performance Indicators for a common evaluation process. The set of methodologies adhere to the NGMN
field trials methodology [37]
Individual vendor results:
Information gathered from vendor and operator trials has shown they are specific to a certain type of
performance verification under examination. This is typically throughput performance which can be used to
calculate the spectral efficiency by taking the throughput measured and the bandwidth of the channel used
for the measurements. For example, one of the MNO trials showed throughputs of 20 -30 Mbps(assuming
measurements taken whilst stationary) in a 20 MHz bandwidth resulting in a 1-1.5 bps/Hz spectral efficiency.
However, no further clarity from the results was given and under what conditions the measurements were
taken or the number of users.
In Appendix A more detailed analysis of the trials versus simulation results is presented to discuss the
specific circumstances the trials were performed.
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38

Figure 5-11 EASY-C CoMP field trial results Source: EASY-C [ ]

This study has investigated the developments of trials of LTE-Advanced technology. The majority of the work
is undertaken by EASY-C8 which is a research project based in Germany jointly led by Deutsche Telekom and
Vodafone, investigating the key developments of next generation of cellular technology. There are numerous
outputs from the project with a number of them relating to throughput performance of field trials.
The graph in Figure 5-11 shows the throughput results from a trial which introduces CoMP as a technology
feature into an error free environment and environment with emulated interference. Details of the trial set
up and conditions can be found in EASY-C project [38] shows results for applying CoMP.
We assess the results from the SINR of 10 dB as this is the closest to the lowest possible throughput
efficiency number and suggests it is on the cell edge. (Note a 20 MHz channel bandwidth and 2 antennas
were used for the trial).
The following performance observations can be made when introducing CoMP:
 At terminal 1 a throughput spread of 15 Mbps – 40 Mbps is achieved for increasing SIR which gives a
spectral efficiency spread of 1.5- 4 bps/Hz
 At terminal 2 a throughput spread of 50 Mbps – 70 Mbps is achieved for increasing SIR which gives a
spectral efficiency spread of 5 - 7 bps/Hz
The maximum spectral efficiency from these numbers seem to be quite high with a wide spread and are
greater than our average from Release 8 trials which is mainly due to introduction of CoMP. The results
correlate well with the high end device of Release 10 from simulations which also includes CoMP. However,
these results have been generated in favourable conditions and therefore would likely be much lower when
using a more generic performance evaluation methodology.
This study has reviewed the spectral efficiency values taken from the results of 3GPP trials and simulations
and other sources and to make a judgement on the results we focus on the results whose:
1. Methodologies which can be closely compared
2. Known conditions of trials have attempted to be controlled or at best commonly supported from
members of industry
3. Attempt to reduce uncertainty of measurements by publishing parameters to fullest extent possible

8

http://www.easy-c.de/index_en.html
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In conclusion our view of the spectral efficiency figures for LTE Rel 8 are taken from a mix of LSTI and 3GPP
contributions to the technology performance verification. The following figures have been extracted from
the results and help to form an estimate for our high, typical and low end devices based on the feature set
configurations and supporting comments from stakeholders:




High end device spectral efficiency - 2-2.1 bps/Hz
Typical device spectral efficiency - 1.2 – 1.3 bps/Hz
Low end device spectral efficiency 1.0-1.1 bps/Hz

The values derived for our high end, typical and low end devices can be found in Table 5-6.
Figures for LTE Rel 10 are taken from a mix of 3GPP contributions to the technology performance verification
and include:




High end device spectral efficiency - 5-5.5 bps/Hz
Typical device spectral efficiency - 2.6 bps/Hz
Low end device spectral efficiency - 2 – 2.1 bps/Hz

The assertion that can be made is that although the set up configuration is repeatable it does not necessarily
mean the results will be aligned. This is due to minor variations in the implementation methods and other
key assumptions such as interference and network loading.

5.3 WiMAX 1, 1.5 and 2
5.3.1 Features and their effect on spectral efficiency
The technology features that are included in each WiMAX release examined in detail in Appendix C.
The features are summarised here with respect to their effect on spectral efficiency.
WiMAX 1:
The new features that are introduced in WiMAX Release 1 are considered as ‘early’ 4G technologies in
relation to IMT-2000 requirements. WiMAX Release 1 supports the following features and options:
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Introduces the use of OFDM and OFDMA. The spectral efficiency is increased by the introduction of
the OFDMA multiple access scheme and associated adaptive modulation and coding schemes.
Supports TDD mode. This report does not explicitly include results for spectral efficiency of TDD
under WiMAX Release 1. However, the spectral efficiency is expected to be practically unaffected by
the duplex mode in WiMAX Release 1.
Adaptive modulation schemes up to 64QAM (downlink only). This report does include a figure that
demonstrates the spectral efficiency across different modulation schemes. It shows how spectral
efficiency increases for higher modulation schemes as seen in Section 5.3.2
Scalable bandwidths, including 3.5, 5, 7 and 10MHz. The spectral efficiency in channels wider than
1.25 MHz is practically unaffected by the channel bandwidth, see Section 5.2.2
Smart antenna technologies including beamforming, spatial multiplexing and space time coding
(STC). MIMO orders in downlink: 1x2 (Rx diversity), 2x2, Note that by WiMAX standards the mobile
devices are required to feature at least 2 antennas. The spectral efficiency increases in advanced
MIMO schemes, see Section 5.2.2.
Successive interference cancellation (SIC), Hybrid ARQ, adaptive modulation up to 64QAM. The
report does not include explicit results for SIC and HARQ. More details are given in Appendix B.



Dynamic resource scheduling The report does not include explicit results for dynamic resource
scheduling for WiMAX Release 1. The results of using different scheduling techniques can be found
in Section 5.2.2

WiMAX 1.5:
The new features that are introduced in WiMAX Release 1.5 are considered as ‘early’ 4G technologies in
relation to IMT-2000 requirements. WiMAX Release 1.5 supports the following features and options:





Supports FDD and TDD mode This report includes a source that compares FDD with TDD under
WiMAX Release 1.5. The spectral efficiency is practically unaffected by the duplex mode in WiMAX
Release 1.5, see Section 0.
Higher MIMO orders in downlink compared to Release 1: 2x2 and 4x2 including UL MIMO
Introduction of femtocells The introduction of smaller cells does impact upon spectral efficiency
and is discussed in more detail in Appendix FLocation based services and support for higher
mobility. Spectral efficiency is not affected by this feature and is not discussed further in this report
Persistent scheduling for reduced MAC overhead. The spectral efficiency is higher when the
scheduler adopts a fairer scheduling scheme. The capacity gain is realised as all users within the cell
get a fair share of the resources. The results of using different scheduling techniques can be found in
Section 5.2.2

The main technology enhancement from WiMAX Release 1.5 that offers capacity gains is the advanced
MIMO schemes. All the other technology features do not offer enhancements to the spectral efficiency over
WiMAX Release 1.
WiMAX 2:
The new features that are introduced in WiMAX Release 2 are considered as 4G technologies in relation to
IMT-Advanced requirements. Given below is an example of the features and options supported by WiMAX
Release 2:






Multicarrier aggregation up to 100 MHz. Carrier aggregation introduces wider bandwidths into the
channel that enables more traffic to be carried. The report does not include results for carrier
aggregation, however further details are discussed in Appendix F. Section 5.2.2 shows results of how
the impact of wider bandwidths does not materially increase spectral efficiency.
Support for Self Organising Networks (SON) and relays. The report does not explicitly include
results for relays and SON enhancements, the effects of these enhancements on spectral efficiency
are discussed in more detail in Appendix F.
Improved scheduling and QoS schemes. The report does not include results for different scheduling
techniques for WiMAX Release 2
Support for Coordinated Multi Point. The report includes results for various MIMO configurations
that show spectral efficiency increases when deployed using a MIMO techniques.

The many new features of WiMAX Release 2 are introduced in compliance with meeting the ITU-R IMTAdvanced requirements. Features such as SON and multi carrier aggregation provide the capability to
increase data rates and capacity.

5.3.2 Simulation results for WiMAX Release 1
Results for WiMAX simulations were mainly reported through IEEE articles and white papers to evaluate
performance of particular features of the WiMAX system profile. The methodology and conditions used were
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comparable with the methodologies used for 3GPP simulations (e.g. 3 sector sites, ITU channel models etc)
however there was no single repository of results equivalent to 3GPP of available published information and
therefore found only limited sources compared to 3GPP.
Impact of higher order modulation on spectrum efficiency
The results shown in the graph below compares the spectral efficiency of different modulation and coding
schemes. The results show that for a given SINR the higher order MCS offers higher throughput and thus
greater spectral efficiency. Since WiMAX adopts adaptive coding and modulation in practice deployments
can benefit from higher spectral efficiency offered.
The results were generated as a research paper on the performance Mobile WiMAX by University of Bristol
[39] to determine the performance of all link-speeds, packet error rate and throughput. An experiment was
also conducted using a single base station to determine the cell range for different MCS’.

Cell spectrum efficiency
efficiency (bps/Hz)
Spectral
(b/s/Hz/cell)
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0.7
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0.34
0.24

0.2
0
QPSK 1/2 QPSK 3/4 16QAM 16QAM 64QAM 64QAM 64QAM
1/2
3/4
1/2
2/3
3/4
Modultation and coding schemes

Figure 5-12 Spectral efficiency – Comparison against different orders of MCS 5 MHz 2.5 GHz, CR =500m, Source:
39
University of Bristol [ ]

These results present some interesting findings with a defined increase in spectral efficiency for higher order
modulation and coding schemes. However, it is assumed that in 4G adaptive modulation over the various
channel conditions will be deployed in networks and 64QAM will be the maximum modulation scheme
reached.

5.4 Simulation results for WiMAX 1.5
Impact of higher order MIMO on spectral efficiency
WiMAX 1.5 is the latest release following WiMAX 1 part of the IEEE 802.16e family of standards. The
enhancements that do offer some contribution to improved spectral efficiency is the increased MIMO order.
The results shown in Figure 5-13compare the spectral efficiency of the two MIMO configurations 2x2 and
4x2. The results show that as the MIMO order increases (number of multiple antennas) the spectral
efficiency increases. 2x2 MIMO compared to 4x2 MIMO offers a 23% increase in spectral efficiency for FDD.
The results were generated as an evaluation of WiMAX technology performance by the WiMAX Forum[40] as
a comparison of WiMAX against HSPA+ and LTE. The study addresses the particular feature enhancements

72

that are specific to the release 1.5 air interface and how the spectral efficiency performance compares to
WiMAX
1.5, DL, Urban Macro (ISD = 0.5
3GPP migration technologies HSPA+
and LTE.

km, SCM 3km/h), 64QAM
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(b/s/Hz/cell)

2.50

FDD

TDD

1.60

2.00

1.90

2.00

1.60

1.50
1.00
0.50

0.00
2x2

4x2

Figure 5-13 Spectral efficiency Comparison against different MIMO combinations 10 MHz FDD/TDD, 2.5 GHz, ISD =
40
500m, 10 users, 3 km/h. Source: WIMAX Forum [ ]

5.5 Simulation results for WiMAX 2
Impact of number of antennas on spectral efficiency
Increasing the number of antennas at the transmitting or receiving end of the communication link improves
the spectral efficiency. However there are practical limitations on the number of antennas that can be fitted
in a base station and a subscriber’s mobile device.
Figure 5-14 plots the spectral efficiency of three MIMO configurations 2x2, 4x2 and 8x2. It should be noted
the spectral efficiency values presented are for different releases, so that in this plot the impact of additional
antennas is blended with other technical advancements across the different releases. Within Release 2, 8x2
MU-MIMO offers a 33% increase in spectral efficiency against 4x2 MU-MIMO, which arises from the
increased number of antennas at the base station side.
The results were generated as a summary of the increased performance of WiMAX Release 2 over previous
WiMAX releases. The evaluation was conducted by an independent consultant as an informative paper for
WiMAX operators to remain competitive and provide an enhanced technology platform for the delivery of
DL, (FDD), Urban Macro (ISD = 0.5 km,
wireless broadband data services.

SCM 3km/h)
MU-MIMO

2.41

2.50

1.50
1.00
0.50
0.00

2x2

4x2

WiMAX 2

1.60

WiMAX 1.5

1.90

2.00

WiMAX 2

3.00

3.20
SU-MIMO

WiMAX 1

Cell spectrum efficiency
(b/s/Hz/cell)

3.50

8x2

Figure 5-14 Comparison of higher order MIMO. Note that the spectral efficiency values refer to variable releases.
41
Source: BP Tiwari (www.beyond4g.org) [ ],

73

5.5.1 Simulation versus trial
Clearwire Portland WiMAX trials
The simulations featured in the section above address the specific technology components that offer
quantifiable capacity gains. The following section introduces the comparison of results generated by
simulations to those generated from trials of real deployed WiMAX networks. There are several constraints
that are inherent in trials (as explained earlier in Section 5.2.4) and the comparison is made to demonstrate
how the constraints within trials impact upon the more ideal simulation conditions.
A US consulting firm took the opportunity to test the Clearwire WiMAX network by conducting a variety of
network performance tests [42]. The outcome from these published results has provided the usable
throughput at various locations and speeds within the city of Portland. The result used for our estimation
was the outdoor rooftop measurement which was conducted on the live network. The throughput recorded
whilst stationary on the car park rooftop was 3.3 Mbps. This study has assumed a 10 MHz bandwidth TDD
channel. This results in a cell spectral efficiency of 3.3 bps/Hz. A comparison of the spectrum efficiency
results from the Portland trial against the WiMAX Forum spectrum efficiency simulations results for WiMAX
Release 1[39] are shown in Figure 5-15.

10 MHz BW

Cell spectral efficiency (bps/Hz)

3.5

3.25

3
2.5
1.76

2
1.5

10 MHz BW

1
0.5
0
Clearwire

WiMAX Forum

Figure 5-15 Simulation vs Trials comparison of spectral efficiency, 10 MHz channel bandwidth . Source:
Real Wireless example from Senza Fili Consulting [43]
The results for this example spectral efficiency calculation using the consultants test results is almost two
times that of the WiMAX Forum simulations for WiMAX Release 1. The Clearwire network has deployed
Mobile WiMAX IEEE 802.16e equipment deployed and is therefore compared against early WiMAX Release 1
simulations. This particular example compounds our earlier findings about how certain trials results must not
be taken out of context and that variables such as time of day, equipment type, interference, precise
number of users etc can alter the outcome of the results. Potentially the throughput in this trial was
recorded to measure peak rate and reflects the best conditions in the cell also.
Other WiMAX trials
Research of WiMAX field trials has shown that major vendors are championing the development of the
technology. For example, Intel has produced a White Paper[44] of simulations combined with experiments
examining performance of WiMAX. However, many of the results cannot be interpreted into spectral
efficiency values due to the focus on other features of the technology such as link speed.
WiMAX release 1.5 has recently been approved by the IEEE under the 802.16e standard[45] and the WIMAX
Forum has started certifying devices for placement on to the market. At this early stage in development the
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equipment certification trials data have been published by the WiMAX Forum however independent trials
are either still underway or the results kept confidential.

Furthermore, IEEE 802.16m equipment is still under development with limited commercial devices available
for trials. However, the WIMAX Forum has been encouraging initiatives such as the WiMAX 2 Collaboration
Initiative (WCI) to help accelerate the implementation and interoperability of vendor equipment.
This collaboration, for example has led to the equipment vendor Samsung [46] conducting a trial in early 2010
using their WiMAX 2 equipment which achieved 330 Mbps peak rate, however, no further results were
released and therefore assuming a 20 MHz bandwidth results in a single user peak spectral efficiency of 16.5
bps/Hz being achieved.
This study has based spectral efficiency values for WiMAX on the results of WiMAX Forum simulations as the
trials examined appear to have focused on peak rates and are considered overly optimistic for cell spectrum
efficiency. The spectral efficiency figures for WiMAX Release 1 are taken from early WiMAX Forum
performance figures as contributions to the technology performance evaluation and include:




1.6 bps/Hz can be considered as the high end spectral efficiency range based on the results
obtained from trials, simulations and feedback from stakeholders.
The typical figure is 1.4 bps/Hz
The low end figure is likely to be between 1.17 bps/Hz based on the results from simulations

Figures for WiMAX Release 2 are taken from IMT-Advanced contributions to the technology performance
evaluation and include:




4.31 bps/Hz can be considered as the high end spectral efficiency range based on the results
obtained simulations.
The typical figure is 2.41 bps/Hz obtained from simulations
The low end figure is likely to be between 2.03 bps/Hz based on the results from simulations

5.6 Expected feature set configurations for spectrum efficiency by release
This section introduces the various technology feature sets by release and the associated spectrum efficiency
values. Initially we present the collective spectral efficiency values from various different simulation sources
for different feature sets to give the spread over each release. This gives a sense of what spectrum efficiency
values would typically be found for each configuration in the various test environments. We then take this
assortment of spectral efficiency results from simulations and adjust them according to our dense urban
macro environment and arrange into high end, typical and low end according to the different feature
configurations. The adjustment factors and assumptions can be found in Appendix A.

5.6.1 Simulation results spread
The tables below show a mix of 3G and 4G spectrum efficiency values from various 3GPP and WiMAX Forum
sources produced from simulations for different releases, feature sets and test environments. The table is
used to give a representation of a selection of feature set configurations that are likely to be deployed in a
network and Figure 5-16 gives a graphical representation of the spread of spectrum efficiency results from
the different simulation sources for each release.
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Simulation
Feature
configuration

HSPA Rel
5 1x1

HSPA Rel5 16 QAM
1x1 5
codes

HSPA Rel-5
16QAM 1x1
15 codes

HSPA
Rel-6
1x2

HSPA+
Rel-7
1x1

HSPA+
Rel-7 16
QAM 2x2

HSPA+
Rel-8
64QAM
2x2

LTE Rel8 2x2

Cell spectral
efficiency

0.4847

0.5316

0.8716

0.7216

1.1816

1.2916

1.4516

1.69 16

Table 5-4 Cell spectral efficiency simulation results for various HSPA releases and configurations against LTE Rel-8 2x2

Simulation Feature
configuration
Cell spectral efficiency

LTE R8
2x2
1.69 16

LTE R8
4x2
1.87 16

LTE-A
4x2
3.2 16

LTE-A
8x2
3.8 16

WiMAXR1
2x2
1.640

WiMAX R1.5
4x2
1.940

WiMAX R2
8x2
3.240

Table 5-5 Cell spectral efficiency simulation results for various 4G releases and configurations

The graph in Figure 5-16 shows the different spectrum efficiency results for the main technology releases.
The graph shows for example the increase in spectrum efficiency of LTE Release 8 2x2 MIMO compared to
LTE Release 8 4x2 MIMO arising from the increase in antennas.
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Figure 5-16 Cell spectral efficiency simulation results combined (Source: Real Wireless )

5.6.2 Spectrum efficiency values adjusted according to ITU dense urban macro
scenario
To perform a like for like comparison of 3G and 4G spectrum efficiency values we now apply an adjustment
factor to the values shown in Figure 5-17 to bring all spectrum efficiency values to our baseline ITU dense
urban macro scenario. The following figures shows a selection of values plotted from the adjusted spectrum
efficiency values. The assumptions and conversion factors are given in Appendix A.
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Figure 5-17 Cell spectral efficiency adjusted values for ITU dense urban macro scenario (Source: Real Wireless)
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Using our judgement of the particular spectrum efficiency values we have apportioned the feature sets
according to high, typical and low end devices in line with our ITU dense urban macro scenario. Table 5-6
sets out each of the feature set configurations across release which is then used to derive the associated
spectral efficiency estimates, for low-, typical- and high-end technical scenarios. It should be noted that the
technical scenarios refer to both base stations and subscribers’ mobile devices.
In each scenario a judgement has been made on the configuration of the device types expected to deliver
increasing performance from low end through to high end. For example, it is expected that devices using 4x4
MIMO which is considered a high end device will perform better than 2x2 MIMO for a typical device. A bar
chart is presented in section 5.1 which gives the adjusted spectrum efficiencies for the high, typical and low
end device spectrum efficiencies based on the values given in Table 5-7. It should be noted for 4G
technologies such as LTE-A has much better processing with respect to LTE, especially with higher order
MIMO and hence improved spectrum efficiency for the same feature set combination. (See Table 5-7)
A set of assumptions and conversion factors were necessary to create the values shown in Table 5-7 for
feature sets where none were available. The assumptions and conversion factors are given in Appendix A.
Table 5-7 summarises the resulting spectral efficiency values that are suggested for each release against the
high end, typical and low end device scenarios.

WCDMA
Rel-99

HSPA
Rel-5

Base
line

MIMO1x2
(Rx div),
15 codes,
64QAM

Typical
expected
rollout

Base
line

MIMO 1x2
(Rx div),
15 codes,
16QAM

MIMO1x2
(Rx div),
15 codes,
16QAM

Low-end

Base
line

SISO 1x1,
5 codes,
16QAM

SISO 1x1,
5 codes,
16QAM

High-end

HSPA
Rel-6
MIMO
1x2 (Rx
div), 15
codes,
64QAM

HSPA+
Rel-7/8

LTE
Rel-8

LTE-A
Rel-10

WiMAX
Rel-1

WiMAX
Rel-1.5

WiMAX
Rel-2

MIMO
2x2, 15
codes,
64QAM

SUMIMO
4x4

JPCoMP
8x4

MIMO
2x2,
64QAM

SUMIMO
4x4

JPCoMP
8x4

SUMIMO
2x2

MUMIMO
4x2

Rx
diversity
1x2,
16QAM

SUMIMO
2x2

MUMIMO
4x2

MIMO
1x2
(Rx
div)

SUMIMO
2x2

SISO
1x1, 5
codes,
16QAM

MIMO
1x2 (Rx
div)

SUMIMO
2x2

MIMO
1x2 (Rx
div), 15
codes,
16QAM
SISO
1x1, 5
codes,
16QAM

Table 5-6 Summary table of high end, typical, low end technical configurations per release

Highend
Typical
expecte
d rollout
Low-end

WCDM
A
Rel-99

HSPA
Rel-5

HSPA
Rel-6

HSPA+
Rel-7/8

LTE
Rel-8

LTE-A
Rel-10

WiMAX
Rel-1

WiMAX
Rel-1.5

WiMAX
Rel-2

0.1948

0.5049

0.7649

1.13 16

2.0816

5.4416

1.616,40

2.6016,40

4.3116,50

0.1948

0.4549

0.6849

0.6849

1.3216

2.616

1.1816,40

1.4116,40

2.4116, 50

0.1948

0.283

0.412,16

0.412,16

1.1216

2.0916

0.8316,40

1.1716,40

2.0316,50

Table 5-7 Spectral efficiency values that correspond to the entries of Table 5-6
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The spread of values shown in Figure 5-18 represent the low, typical and high end feature set combinations
in accordance with Table 5-6. The graph shows the impact of the particular 4G configurations against the 3G
configurations for our adjusted values. Using LTE Release 8 2x2 as an example, a range of x1.2 to x4.7 gain
relative to the range of 3G configurations is observed indicating the spectrum efficiency enhancement for
each subsequent 3G release. As shown in Table 5-8 our findings are supported by the views we received
from stakeholders during this study.
10.00
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4G cell spectrum efficiency relative to 3G
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WiMAX
R1.5
2x2

Rel-5 1x2 15 codes 64 QAM

Rel-7/8 1x1 5 codes 16 QAM

Rel-7/8 2x2 15 codes 64 QAM

WiMAX R2
4x2

Figure 5-18 Spectrum efficiency increase of 4G relative 3G adjusted values according to ITU urban macro Source
(Value according to Table 5-7)

Stakeholder Comparison scenario
MNO 1

Vendor 1

MNO 2

MNO 3

LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, SISO 1x1, 5 codes, 16QAM,
Rake + signalling over HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA Rel-6, Rx Div 1x2, 15 codes, Advc
Rcvr + signalling over duall cell HSPA
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, MIMO 2x2, 16QAM
LTE Rel-8, SU-MIMO 2x2
vs.
HSPA+ Rel-7, 64QAM, 15 codes

Stakeholder
trials/expectations
2.5 to 3.75 times

Values from Real Wireless
analysis (Table 5-7}
3.3 times

1.8 to 2 times

1.7 to 2 times
1.7 times if HSPA 64QAM
2 times if HSPA 16QAM

1.3 to 1.5 times

1.3 to 1.6 times

1.3 to 1.8 times

1.3 times if HSPA+ 15 codes
1.6 times if HSPA+ 10 codes
1.4 to 1.7 times
1.4 times if HSPA+ Rx Div 1x2
1.7 times if HSPA+ SISO 1x1

Table 5-8 Comparison of Real Wireless expected gains in cell spectrum efficiency between 3G and 4G against industry
views
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The variation in device mix can be used to help evaluate the evolution of device deployments over a period
of time and thus determine the spectral efficiency for the different technologies according to releases. This
analysis is addressed further in the next chapter.

5.7 Summary
In chapter 5 we analyse spectrum efficiency results from different sources for simulations and trials for both
LTE and WiMAX and determine a realistic spectrum efficiency for each feature set within each 3G and 4G
technology release. Our findings for cell spectrum efficiency per release and feature set are summarised in
Figure 5-1. These values all assume our baseline urban macrocell scenario conditions.
This chapter focuses on the impact of technology enhancements to spectrum efficiency and has found the
following:
 The main technology feature in 4G networks that enhances spectrum efficiency is having higher
order MIMO
 More specifically incorporating more antennas and advanced MIMO techniques can offer cell
spectrum efficiency of 2.34 bps/Hz for LTE Rel 8 (4x4) and 4.69 bps/Hz for LTE Release 10 (4x4). That
is x3.44 to x6.9 the spectrum efficiency of a typical HSPA+ Release 7 configuration.
 Increasing the bandwidth from 5 MHz to 20 MHz does not yield a significant increase on the
spectrum efficiency at least for full buffer. Even for aggregated carrier bandwidths (E.g. 5x 20 MHz)
we will only see an increase in data rate and not the spectral efficiency due to the replication of
control channel overhead for each 20 MHz block. However, stakeholders have indicated that there is
some evidence which points to larger spectrum efficiencies when full buffer traffic is not used and
high throughputs relative to the available bandwidths are required across all users.
 Features that are not standard but vendor specific can increase spectral efficiency. For example
changing the scheduling scheme can provide up to x1.4 improvement in spectrum efficiency. Our
results are based on a wide number of sources and 3GPP performance results that already aggregate
results from a number of vendors and so should not be biased by any vendor specific
implementation.
 Using a typical device example the increase in spectral efficiency of 4G over 3G (Rel7) equates to
x1.7 – x1.9 for WiMAX Release 1 and LTE and x3.5 – x3.8 for WiMAX Release 2 and LTE-A
 Trials results are challenging to compare to simulation results as it is difficult to replicate idealised
test environments used in simulations in real networks. Cost also limits the number of users and
range of conditions that can be achieved in trials. We have relied mostly upon results from LSTI as
their assumptions and conditions are most closely aligned to 3GPP simulations.
 Trial results from groups such as LSTI have shown 4G technology features working in practice and
peak data rates being achieved.
 Cell spectrum efficiency figures from LTE trials results range from 1.3 bps/Hz through to peak levels
of 2.62 bps/Hz for LTE 2x2 MIMO tests. Generally these trial results support the cell spectrum
efficiencies forecast by simulations. Stakeholders also agree that trials are generally in agreement
with simulation results.
 In general stakeholders expect between 30% and 80% improvement of spectrum efficiency over the
latest 3G release which correlates well with our analysis.
 Information for trials on LTE Release 10 (LTE-Advanced) and WiMAX 2 are limited based on early
stages of technology development
Our analysis has shown that there are some differences between spectrum efficiency results generated from
simulations compared to those generated from trials. Our results are based on comparing results from trials
whose conditions most align with those used in simulations. Therefore the LSTI results, whose assumptions
and conditions are most closely aligned to 3GPP simulations are used for further analysis.
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6 Our spectrum efficiency results include network upgrades and
a changing mix of device capabilities over time
The following chapter examines a ten-year timeline for the deployment of 4G technologies. The chapter aims
to illustrate how spectrum efficiency gains of 4G are likely to translate into achievable capacity
enhancements over time, given market availability of technology and practical constraints on the rate at
which these can be deployed in both base stations and mobiles.
The analysis includes a roadmap for the different feature sets of the radio network elements (including
eNodeB, WiMAX base stations and mobile devices) and how the spectral efficiency varies over time. The
result of this analysis will enable more informed judgement to be made of how technology is likely to impact
on the evolution of capacity to meet demand over the next decade.
The first section discusses the technology roadmap which shows the timing of each standard release and an
estimate of the consequent deployment timing. The second section addresses the base station roadmap
which presents the different technology feature sets likely to be deployed and when. The third section
addresses the evolution of technology capabilities in user devices which shows when high end, typical or low
end devices may be deployed including the device mix based on a set of traffic consumption patterns. The
final section blends the different feature mix for both the base stations and user devices to illustrate the
expected spectral efficiency values for the different feature set mix.
Our assumptions:
In this chapter we make some assumptions on the type of feature set deployments and rollout expectations
over the 10 year time line. These assumptions include:
Assumption
Focus of analysis is based on dense urban macro
deployments for the UK only
Blend the features of HSPA Rel-7 and Rel-8

We consider 20 MHz bandwidth as an appropriate
value in analysing spectral efficiency for 4G
technologies

We consider bandwidths between 20 MHz and 100
MHz appropriate value when analysing spectral
efficiency for LTE-A and WiMAX 2
Scheduler assumed to be proportional fair

The main roll out of LTE/LTE-A and WiMAX/WiMAX
2 networks will not commence until after spectrum
award end of 2012
The highest order modulation scheme (64QAM)
will remain constant over the 10 year timeline
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Justification
This is an important area of assessing the limiting
cases of capacity relative to demand. We also look
at other cells types in the next chapter
We expect that dual carrier in Release8 does not
change the spectrum efficiency compared to
Release 7
We don’t expect bandwidths lower than 5MHz to
be deployed and we have also found in Chapter 5
that the spectral efficiency of different bandwidths
between 5 and 20 MHz are very similar for the
reference condition
See above

We found in Chapter 5 that proportional fair
provides an appropriate balance between system
performance and overall capacity
This statement is based on the Ofcom
announcement of when any commencement of
award of new spectrum will take place [51]
This is the highest order modulation scheme
available in the standards

There will be a reduced number of new 4G macro
cell sites built compared to 3G thus reducing the
network roll out times for 50-60% of the
population over a two year period
Majority of data traffic will be routed over the
latest technology available subject to appropriate
device availability
Introduction of smartphones considered earlier
than 2003 cannot access the 3G network.

Spectrum and topology are fixed over a 10 year
timeline

Information from stakeholders has suggested on
top of new sites there will be upgrades that take
place in the form of new hardware and software. It
is expected most of the roll out of LTE will be
based on existing macro sites
We would expect operators to divert traffic to the
most spectrally efficient technology in order to
avoid heavy loading of the network when
necessary
We expect smartphones in use prior to 2003 to
have to have negligible market penetration and
were based on enhanced screens, software and
user interface features
The roadmap is driven by the technology available
and assumes spectrum is available (except in the
case of initial LTE rollout where technology is
available today but does not start until spectrum is
available)

2.5

x5.0

2.0
1.5
1.0
0.5

Left y-axis
4G (LTE/-A, WiMAX)
3G (R99-R8)
2G+3G+4G combined
Right y-axis
4G/3G

Regime of 4G/3G
comparison

4G /3G

4G device availability <5%

0.0

Figure 6-1 Spectral efficiency of blended feature set mix between 3G and 4G [Real Wireless calculation]
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Figure 6-1 presents our overall assessment of 3G vs 4G over a 10 year timeline. It shows the blend of 4G and
3G releases as the blue and red curves along with the relative gain of 3G vs 4G. The following chapter derives
the underlying mix of releases, devices and traffic to derive the plot in Figure 6-1 to show how the trend of
capacity enhancements evolves over time. This plot shows a wide gap in spectral efficiency for early
deployment of 4G against 3G deployments of 2008/2009. However, this is not a valid timescale for
comparison as the main 4G roll out is assumed not to occur until after 2012. This plot shows the increase in
spectral efficiency of 3G (across releases) against the early 4G deployments of LTE which at some point in
around 2017 dips to 1.7x 4G due to continuing enhancement of 3G features. It is not until near the end of
this period later that 4G spectral efficiency begins to increase significantly against 3G as the more advanced
LTE/LTE-A features impact on a significant proportion of the traffic generated.

6.1 Standards technology roadmap
The standards roadmap presents the mix of technology standards releases available for equipment
deployment today and over the next 10 years. The roadmap shows the distinct points in the network
deployment lifecycle when each milestone occurs or extends over a number of years. The mobile technology
lifecycle starts with the development of the standards specification, followed by equipment development,
test and certification and then deployment.
The graph in Figure 6-2 shows how in the case of HSPA commercial launch does not commence until two
years after 3GPP Release 7 was frozen in 2007. The period of two to three years that elapsed before
commercial launch was used for product development and placing devices on the market. In addition mobile
operators had to upgrade their infrastructure to support the new devices on the network.
It is expected this pattern will be repeated for the launch of 4G networks, however, this will not commence
until at least the end of 2012 when the award of new spectrum 2.6 GHz and 800 MHz9 bands, or the
liberalisation of existing spectrum holdings has taken place.
Based on recent trends discussed in Appendix D of mobile broadband technology uptake mass adoption (10
million subscribers) of any particular technology is not expected until two years after launch of new 4G
networks. This level of uptake is also evidenced by the recent growth of HSPA into the mass market. A recent
survey conducted by the GSA[10] has shown a over 281 million subscribers (Q2 2010) were deployed on HSPA
networks around the world, compared to 33 million in 2008[11]
Information gathered from stakeholders suggests that both 4G high end base station (4x4 MIMO 20 MHz)
and UE equipment (smartphone) (see Table 5-6 in Chapter 5) will be available by 2011/2012 which could
support a faster uptake of services based on the wider choice of devices for consumers.
UK spectrum awards
2.6 GHz and 800 MHz

HSPA+ Rel 7

Mass adoption

Commercial

HSPA+ Rel 8

Mass adoption

Commercial

LTE Rel 8

Mass adoption

Commercial

LTE-A Rel 10

Commercial

WiMAX

Commercial

WiMAX 2
2007

Commercial

2008

2010

2012

2014

Wide adoption

2016

2018

2020

Standard Release freeze dates
52

Figure 6-2 Technology standards roadmap based on network roll out assumptions Source: Informa [ ]
9

http://stakeholders.ofcom.org.uk/binaries/consultations/band-2500-2690-london-2012-games/summary/condoc.pdf
GSA Survey http://www.gsacom.com/news/statistics.php4
11
http://www.budde.com.au/Research/2008-Global-Wireless-Broadband-Next-Generation-Mobility.html
10
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The roadmap presented in Figure 6-2 expects LTE Release 8 is not likely to be launched until 2014 based on a
two year time lag between spectrum award and network rollout. This relatively swift rollout is expected
based on the commercial availability of equipment, maturity in the market and limited requirement for
construction of new sites. LTE Release 10, however, is not likely to emerge much before 2017 with another
one to two years to upgrade the existing LTE networks where demand dictates. This deployment time line
for LTE and LTE-A is supported by one particular vendor stakeholder who has acknowledged that LTE-A is
technology that will be ready for 2017/2018.
WiMAX is already established on a limited basis in the UK12 in the 3.5 GHz spectrum band and other
unlicensed bands. The standards roadmap suggests that after award of 2.6 GHz there will continue to be
network deployments of WiMAX but on a smaller scale compared to LTE. This is due to major UK cellular
operators adopting and deploying 3GPP based technologies on a wide scale . The expectation of WiMAX
deployments has increased relative to WiMAX Release 1 based on the support of FDD mode in WiMAX
Release 1.5 and further developments in the IEEE 802.16e standards such as multi-hop relays..
WiMAX 2, however, may be a more attractive proposition in future as a competitive technology to LTEAdvanced and therefore may be more widely adopted than WiMAX Release 1/1.5 around 2011/2012, when
equipment will be launched by a number of vendors.
The following table shows the percentage of devices deployed over per release over the 10 year time frame.
Our projections are based on the Spectrum Shortage study from PA Consulting[1] with estimations for LTEAdvanced from feedback from stakeholders.

Date
2G (GSM)
3G (R99, R5)
3G (R6)
3G (R7, 8)
4G (LTE)
4G (WiMAX)
4G (LTE-A,
WiMAX 2)

Jun02
98%
10%

Mar05
98%
10%

Dec05
98%
10%

Dec07
98%
36%
1%

Dec08
98%
50%
5%

Dec09
98%
64%
14%

0%

0%

Jun11
98%
77%
27%
1%
0%
1%

Dec12
98%
89%
55%
5%
0%
8%

Dec14
98%
91%
76%
14%
23%
17%

Dec16
96%
89%
84%
27%
46%
22%

Dec18
92%
89%
87%
55%
66%
23%

Dec20
88%
88%
88%
76%
76%
23%

0%

3%

23%

Table 6-1 Device support of releases, over time for the UK[Source PA Consulting report]

The following observations of device deployment per release can be made:
1. 3GPP Release 7 support by devices follows the same trend as Release 6, with a delay of 2.5 years between
standard freeze and first device on available on the market
2. LTE Release-8 devices are ready for the deployments (e.g. 23% of the UEs support LTE when the network
goes live) (PA Consulting [1]
3. LTE-A Release-10 support by devices follows the same trend as LTE Release-8, with a delay of 4 years
between standard and first on device available on the market. LTE-A devices are scarce when LTE-A
networks go live (e.g. 3% of the UEs support LTE-A after the first year the network goes live) this is based on
stakeholder feedback and trends of device penetration in the market [52]
4. The maximum proportion of traffic in WiMAX releases is 2% [53 WiMAX Forum market forecast for Europe]

12

UK Broadband and Freedom4 have both rolled out WiMAX networks on a limited basis in several regions in the UK.
Visit www.ukbroadband.com and www.freedom4.com
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5. All other entries are from the PA report, but making sure that the traffic is proportionally distributed
across releases as seen in Figure 6-11. This has assumed the data traffic is preferably carried through the
most advanced available release under optimum quality of service requirements
Our spectral efficiency values are derived from Chapter 5 which have been adjusted for urban macro
environment which means all the figures presented below align with our dense urban baseline environment.

6.2 Expected basestation feature set roadmap
6.2.1 Blended spectral efficiency process model overview
The flow chart given in Figure 6-3 shows how the spectral efficiency values for devices have been derived
and should be used in conjunction with the figures presented in the following sections. In order to generate
the blended mix of spectral efficiency numbers over time, the model overview shows the flow processes for
this to be achieved.

Figure 6-3 Model overview flowchart used to derive spectral efficiency in 3G and 4G taking into consideration the
device mix, traffic mix and release mix across time
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The projected deployment roadmap of the various base station feature sets is illustrated in the graphs
below. The roadmap for base station deployments are based on the minimum number of antennas deployed
for LTE and WiMAX and adoption of particular LTE-A or WiMAX 2 enhancements such as CoMP and joint
processing over a 10 year time frame.
Figure 6-4 shows the expected number of antennas to be deployed and whether these arrangements will be
widely deployed or on a more limited basis over the 10 year timeline. It can be seen from the figure that it is
expected that 2 and 4 antennas will be the initial rollout configuration network operators are likely to adopt.
It is anticipated that 2 antennas will serve the demand under the urban macro environment for 2-3 years
before operators start to deploy four antennas to enhance capacity within specific areas of higher demand.
However, this timeframe is tempered by operator specific configurations for each site that also depends on
space, site rental and the capacity and coverage needs to be served by the site. We do not expect there to
be a wholesale upgrade of sites within two to three years of a 2 antenna deployment, but rather measured
approach driven by demands of the network.
This agrees with feedback from stakeholders who have suggested 2x2 MIMO for early LTE rollout with a
ramp up to 4 antennas MIMO 2-3 years later where there is demand and the physical space to do so. This
type of deployment also supports the likely level of investment in infrastructure for the particular
configuration.
Deployment
of LTE

2 Antennas

Early deployment
of LTE-A

Wide deployment

Limited
deployment

4 Antennas

Wide deployment

8 Antennas

Limited deployment

2010

2012

2014

2016

2018

2020

Figure 6-4 Base station count split across installed number of antennas over time [Input 4] (See Figure 6-3)

The expected shift in percentage of number of antennas is represented in Figure 6-5, which shows the
increase from 2 to 4 antennas introduced in around 2011/2012 but for a very small proportion of
deployment. This has the effect of carrying an additional 20% - 30% (average) of the traffic over the baseline
network configuration which has been demonstrated in chapter 5 from the spectral efficiency results for
increased base station antennas.
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Figure 6-5 BS count split across their number of antennas, over time. Input 4, see Figure 6-3. [Real Wireless
assumption]

Our projections show that two antenna deployments will be the predominant configuration (upto 55% of
base stations) over a 7/8 year period with the introduction of 4 antennas on selected sites where possible
from 2012. The proportion of 2 and 4 antennas changes over a 6 year period as the number of 4 antenna
deployments overtakes the number of 2 antenna deployments in 2020. It is not until 2016/2017 that 8
antenna deployments will start to be deployed however, these will be limited in number to high demand
areas and where mast/rooftop availability allows.
These projections have been supported by stakeholder, for example, one vendor stakeholder has suggested
8 antenna cells will be used to mainly serve the Asian market for Chinese and Japanese operators. The
interest in 8 antenna configurations is seen as necessary to use with TD-LTE in order to have comparable
performance with LTE FDD (which can use more spectrum). However, for the UK one of the mobile operator
stakeholders again confirmed that mast space availability will be a limiting factor since there are practical
limits on deploying 4 antennas on shared infrastructure.

6.3 Expected terminal feature set roadmap
The projected deployment roadmap for the mix of feature sets and user devices is illustrated in the graphs
below. The roadmap considered for user terminal deployments are based on the device type mix over time,
number of antennas per device type and traffic mix across releases over the 10 year time frame.
The graph in Figure 6-4 illustrates the expected spectral efficiency will increase when devices migrate from 2
to 4 antennas between 2012 and 2014. This has the effect of carrying an additional 20% - 30%(average) of
the traffic over the baseline network configuration. It can be seen that the deployment of the number of
antennas is independent of technology and that 4 antennas will be deployed around the time of the
introduction of LTE and LTE-A.
The UK is expected to benefit from early adoption of LTE from markets such as Sweden and the US who
either have already deployed or is currently deploying LTE networks. This means there will be maturity of
devices by the expected roll out of LTE in the UK in 2014. It can be suggested that more capable devices
[iPad, dongles, laptops] will offer better performance on the networks due to the enhancements of higher
order MIMO and carrier aggregation.
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Figure 6-6 High level deployment roadmap for the number of different user terminal antennas, over time

It is projected that a steady evolution of user terminal capabilities will be deployed over a 10 year timeframe
with wide deployment of 2 antennas and a more limited deployment of 4 antenna user devices at an early
stage of LTE, LTE-A and WiMAX 2 deployment. Similar to the base station feature sets, it is expected that 2
and 4 antenna devices will be deployed in parallel for an extended period of 7/8 years However, it is likely
that certain classes of device will continue to use the smallest number of antennas they need i.e. 2 will
endure for some devices where cost matters – mid/low end handsets for example and 4 antennas will used
for high end devices such as laptops and MIDs.
.
It is unlikely there will be 8 antenna terminal devices within our 10 year timeframe which is due mainly to
the production constraints of including 8 antennas in handheld/miniaturised devices, however some MIDs
and laptops have sufficiently large form factors to support 8 antennas but may not be considered
commercially viable for production.
Stakeholders have supported this general viewpoint for example, the GSMA suggested the types of devices
capable of supporting up to 1 Gbps speeds include USB dongles, embedded modems in laptops and tablet
devices, though smaller form factor handsets may not be able to support such speeds. However, it was also
suggested by one of the mobile operator stakeholders that there is unlikely to be a commercial demand for
such highly performing devices (upto 1 Gbps) in the market within our given timeframe. We now present the
process of each device types, antennas and traffic mix to obtain our blended mix of spectrum efficiency over
time.
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Figure 6-7 Number of devices' split across types, over time. Input 1, see Figure 6-3 [Real Wireless
estimations]
Figure 6-7 shows a roadmap of the UE device split across type mix and the expected deployment of each
within the 10 year timeframe. In order to generate this plot the following assumptions have been made:











Early devices include feature phones which shows the declining trend follows the increasing trend of
smartphones[54] as appears in the figure. The minimum penetration of feature phones is 5% across
time as we expect there to always be a market for feature phones regardless of technology
Entry level handsets are assumed to be 5% across time as we expect there to always be a market for
entry level phones regardless of technology
Laptops with embedded cellular chipset appeared on the market in 2008 according to one source
and in December 2010 laptop direct.co.uk found 2% of laptops with embedded 3G.
In 2008 dongles started to appear on the market and this was measured in Ofcom Communications
Market Report[55]. We assumed dongles follow the trend at the same ratio of the number of the
number of combined handsets due to their relative cost equivalent
Smartphones introduced in around 2007 such as the Nokia N95[56] type handset could access the 3G
HSDPA network. Penetration was assumed as proportion of installed handsets in accordance with
our graph in Appendix D.
MIDs with cellular were introduced in the market in around 2009; this includes iPads etc. The trend
was recorded as a ratio of smartphones 6% (MIDs):78% (Smartphones) [57] therefore MIDs represent
one tenth of smartphones penetration
M2M with 3G connectivity became available on the market in around 2008. One source suggests
50Billion [58] devices are expected to be deployed globally in around 2020
Laptops plus dongles is less than or equal to the number of combined handsets (entry level, feature
and smartphone). This means that in 2020 we assume each person carries a 4G enabled laptop or
dongle.
Extrapolation techniques used to fill in the gaps between dates were linear or exponential
depending on the trend of the known values
Due to the penetration numbers being gathered from various sources there were some
contradictory entries. For example 2008 to 2009 we had to lower the number of dongles as they
were high

There is likely to be a steady increase in the deployment of smartphones, laptops/netbooks and MID/iPad’s
in the timeframe starting in 2012 up to maturity in 2020. It is expected that dongles, feature phones and
entry level phones will start to decrease as a proportion of total device mix deployed. This occurs based on
the smartphones, laptops etc dominating the market with all the necessary functionality built into the
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devices making feature phones and entry level less attractive [Source: Deloitte [59]. However, there will
continue to be a small proportion of entry level/feature phones deployed within the 10 year timeframe that
will be 4G enabled once there is device maturity [Source: Assessing LTE performance and readiness form
trials and commercial rollouts, Alcatel Lucent]. The M2M category will see an increase in deployment as
more embedded devices access the wireless broadband network and by 2018 will reach 40% of the device
mix population.
Table 6-2 shows the deployment of the number of antennas across the different device types. Our
assumptions are on this information is given below.

Date
Feature phone
Smart phone /
iPhone
Laptop/Netboo
k
iPad/MID
Dongles
Entry level
phones
Other M2M

Jun02
1

Mar05
1

Dec05
1

Dec07
1

Dec08
1

Dec09
1

Jun11
1

Dec12
1

Dec14
2

Dec16
2

Dec18
2

Dec20
2

1

1

1

1

1

1

1

1

2

2

2

2

1
1
1

1
1
1

1
1
1

2
1
2

2
2
2

2
2
2

2
2
2

2
2
2

4
4
2

4
4
2

4
4
2

4
4
2

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
2

1
2

1
2

1
2

Table 6-2 Number of antennas a typical device type contains, over time. Input 2, see Figure 6-3 [Real Wireless
estimation]

Assumptions for number of UE device antennas:
 In the years ranging 2009 -2013 the traffic is mostly routed through Release 6 and so the devices will
have number of antennas that suit Release 6 which could be 1 or 2 antennas.
 In the years ranging 2015 and 2019 it is expected most of the data traffic will be routed through LTE
and we have selected the number of antennas expected that support LTE technology
 From 2020 it is expected the majority of the data traffic will be routed through LTE-A and we have
selected the number of antennas expected that support LTE-A technology
 This aligns with Figure 6-10 traffic split across releases
The graph in Figure 6-8 shows the traffic split across device types over time which demonstrates how the
likes of laptops. MIDs/iPads and dongles consume the most traffic on the network over the 10 year timeline.
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Figure 6-8 Traffic split across device types, over time. Calculation step 10, see Figure 6-3 [Real Wireless calculation]
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The assumptions for deriving the graph in Figure 6-8 include:


Based on the number of devices split [input 1] weighted with the relative traffic per device type
which can be found in Figure D-2in Appendix D.

Figure 6-9 shows the mobile device traffic split across devices with number of antennas, over the 10 year
timeline. Clearly devices with 1 or 2 antennas will dominate the period with 4 antenna devices not appearing
until 2014 when LTE technology will start to be deployed.
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Figure 6-9 Traffic split across UE devices for different number of installed antennas, over time. Calculation step 11,
see Figure 6-3 [Real Wireless calculation]

The following assumptions have been made for deriving the graph in Figure 6-10:



Devices that introduce more antennas can carry more traffic
Using the number of antennas a typical device type contains and the traffic split across different
device types, the traffic split across devices of different number of installed antennas can be derived
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Figure 6-10 UE device count split across releases, over time. Calculation step 7, see Figure 6-3. [Real Wireless
calculation]
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The following assumptions have been made for deriving the graph in Figure 6-10:





We would expect the data traffic will be routed to the most advanced available technology
release
We would take into account the device readiness for different releases so that only % of devices
that are ready for a release can connect to this release. For example in 2010 the PA Consulting
report1 suggests the percentage of devices that support each of the following releases are:
o 98% of traffic will be GSM, 64% Rel99/R5 and 14% Rel6
Therefore 14% of our devices will be connected to Release 6, 50% (equals to 64%-14%, see bullet
above) will be connected to Release 99/R5 the remaining 36% will be connected to GSM
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Figure 6-11 Traffic split across releases, over time. Calculation step 9, see Figure 6-3. [Real Wireless calculation]

Our assumption for the graph shown in Figure 6-11 is based on the most traffic hungry devices being
covered by the most advanced available release, given that the devices support this release.
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For example, in 2010 from (Figure 6-7) we have the following device count split across device
types:
o Feature phone 53%
o Smartphone 29%
o Laptop 1%
o MID 2%
o Dongle 7%
o Entry level 8%
o M2M 1%
We order the devices based on the amount of traffic they consume based on our analysis found
in Appendix D which is the traffic relative to device type:
o Laptop = dongles > MID > smartphone > feature phone > entry level > M2M
Therefore, for Rel- 6 we calculate 7% laptops and dongles, MID 2%, 4% Smarphones, 0% other
device types. The summation across devices is 14% which coincides with the percentage of
devices for Rel-6 as seen in calculation step 7 (Figure 6-7).
Therefore in Rel99 and Rel-5 we calculate 0% laptops and dongles, 0% MIDs, 24% of
smartphones, 26% feature phones, 0% for other devices. The summation across devices is 50%
which coincides with the percentage of devices for R99 and Rel-5 as seen in calculation step 7
(Figure 6-7).
A similar calculation was performed for GSM

6.4 Expected spectral efficiency from evolution of feature set mix
The results presented in Figure 6-12 show the increase in blended spectral efficiency for each technology
release, device mix and traffic over the 10 year timeline normalised for our dense urban macro environment.
The results take into account all the inputs presented in the previous section and blended over the 10 year
timeline yielding a range of specific spectral efficiency values for both 3G and 4G technologies.
For example, it is expected that for the initial 4G LTE roll out 2x2 MIMO macro base station deployments and
a mix of 1 antenna and 2 antennas for user devices will emerge over an early 2 year period. This is expressed
as the darkest blue line commencing around December 2014.
By late 2016 LTE-A deployments will begin to appear and the feature set mix will have matured from the first
phase of LTE rollouts. It is further expected operators will not wish to invest large capital expenditure on
enhanced hardware and would likely have pre-installed the maximum number of antennas per site and
activate them when the demand arises.
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Figure 6-12 Blended feature set mix roadmap. Calculation step 13, see Figure 6-3 [Real Wireless calculation]

The figure above was derived in the following way:





Based on input 4 the base station count split across installed number of antennas over time and in
calculation step 11 (traffic split across UE devices of different number of installed antennas over
time) we can derive the probability of certain MIMO order being deployed. For example the
probability of 1x1, 1x2, 2x2, 4x2, etc.
We then calculate the spectral efficiency of each MIMO order from simulation results gathered in
Chapter 5.
Based on the two inputs above we can calculate the spectral efficiency of each release over time by
a way of integration by parts of different MIMO orders according to each release

The next step in the process included deriving the proportion of 3G and 4G traffic split across releases. The
figures below were produced in the following way:
 Sum the spectral efficiency from the different releases weighted with the percentage of the traffic
split across releases.
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Figure 6-13 3G traffic split across 3G releases, over time. 4G traffic split across 4G releases, over time. Calculation
step 15, see Figure 6-3. [Real Wireless calculation]

This analysis demonstrates that the benefits from technology enhancements will be realised when early 4G
technology (LTE Release 8 and WiMAX Release 1/1.5) in around 2016. This is when devices capable of
consuming more traffic on the network will begin to introduce more spectral efficiency. The spectral
efficiency is then further enhanced when LTE-A is expected to be in early deployment in 2016 as new devices
will benefit from enhanced MIMO and features such as CoMP.
The blended spectral efficiency mix over the 10 year timeline shows an overlap of LTE and LTE-A in time
around early 2017 which then invites the question whether any severe increase in demand can be served by
the enhancements in technology likely to be deployed by operators within the overall timeframe.
The graph in Figure 6-12 shows the comparison of 3G against 4G spectral efficiencies at a high level over the
10 year timeframe. In general we predict that:






A 0.6 bps/Hz improvement in spectral efficiency over today’s 3G deployments will commence
around 2011 with the introduction of HSPA+. The improvement increases around 1 bps/Hz by 2014
when LTE is likely to be deployed.
3G spectral efficiency begins to flatten from 2014 onwards as the uptake of LTE begins to increase.
The flat lines that occur for 3G up to 2014 arise due to limited spectral efficiency benefit from HSPPA
Release 6 and HSPA+ Release 7, although HSPA+ Release 8 does offer some gain. It is not until 2014
when LTE is introduced that the benefit of 2 antennas in the terminal begins to rise.
A steep rise in SE is expected between 2014 and 2016 when enhanced feature sets in LTE will begin
to be deployed by operators
From 2016 we anticipate LTE-Advanced will be deployed in the more demanding areas within the
dense urban environment. This means there will be a steady increase in spectral efficiency to 2.4
bps/Hz by 2020
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y (b/s/Hz/cell)

The graph in Figure 6-14 shows the overall 3G vs 4G cell spectral efficiency. It should be noted that spectrum
efficiency gains in the red region of the graph are not very meaningful as this represents the low volume of
WiMAX networks and devices currently available in the UK. In the green region, the gain of 4G over 3G is
initially much higher than the 1.2 times improvement expected between LTE and high end HSPA+ as HSPA+
terminal devices will take time to penetrate the 3G market and become significant in the device mix. We
estimate that this will not occur until 2016. At the end of our timeline the spectrum efficiency of 4G
networks grows significantly as LTE advanced network enhancements and terminal devices start to be
deployed in significant volumes.

2.5

x5.0

2.0

x4.0

1.5

x3.0

x5.0

2.0

x4.0

1.5
1.0
0.5

Left y-axis
4G (LTE/-A, WiMAX)
3G (R99-R8)
2G+3G+4G combined
Right y-axis
4G/3G

x2.0
x1.0
x0.0

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

0.0

x3.0

4G/3G

Cell spectrum efficiency (b/s/Hz/cell)

2.5

Figure 6-14 : Real Wireless assessment of changes in “blended” spectrum efficiency and spectrum efficiency gain of
3G and 4G networks over a 10 year timeline allowing for changing network and terminal device features over time
[Real Wireless calculation]

6.5 Impact on spectral efficiency on real world urban environment
This chapter has so far focused on the roadmap for deployments in line with our macrocell dense urban
baseline scenario criteria. It is recognised that in real world deployments for a given area, other factors
affecting spectral efficiency should be considered. For example, in Section 4.5 in Chapter 4 we discuss the
impact of actual network loading found in real world deployments is more of the order of 85% rather than
100% which is often used in performance simulations. Another factor to consider is the traffic mix, Section
4.5 also discussed the impact of mixed traffic types (FTP, browsing, video, etc) compared to the full buffer
scenario used in simulations.
When examining networks under more practical conditions these factors need to be taken into account
when considering realistic spectral efficiency values. Therefore the following discounting factors are applied
to derive our real world spectral efficiency values:



15% discounting factor for actual loading on the real operators networks
35% discounting factor for mixed traffic types (bursty traffic) actually served on the networks

The discounting factors are discussed in more detail in section 4.5.
Figure 6-15 shows the real world 4G spectral efficiency taking into account the loading and traffic mix
discounting factors. The spectral efficiency is at least 1 bps/Hz lower compared to the graph in Figure 6-12.
These values would be expected when deployed in a real network and used when examining absolute
spectral efficiency figures under realistic conditions.
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Figure 6-15 Real world blended mix spectrum efficiency [Real Wireless calculation]

6.6 Capacity growth compared to demand growth
Our analysis has revealed that capacity gains delivered by the “technology” element of cellular networks, in
the form of spectrum efficiency improvements from 4G and enhancements to 3G, will be unable to meet the
forecast increase in demand in the majority of traffic forecasts.
Figure 6-16 summarises our findings for the anticipated improvement in spectrum efficiency for cellular
networks deployed in the UK over a 10 year timeline as 4G networks are introduced and different 3G and 4G
features become more mature and are deployed. In our three pronged approach to capacity this result is
effectively fixing the “spectrum” and “topology” elements of capacity at current levels and shows the
capacity gains anticipated via the “technology” element alone. This growth in spectrum efficiency is
compared against a range of analyst traffic forecasts from our review of demand studies (see appendix D),
whose growth rates vary between 24% and 102% annually for 2009-2014. This shows that the growth in
spectrum efficiency likely to be realised by technology improvements alone is only enough to match the
growth in traffic demand for the lowest traffic forecast (18.5% CAGR for spectrum efficiency and 17% for the
lowest demand forecast for 2010-2020), while the highest traffic forecast in 2020 is around 15 times higher
than this. Therefore the outstanding capacity improvements to meet traffic increases will need to come
from a combination of additional spectrum (in appropriate frequency bands with industry support) and
topology (mainly from more numerous, smaller cells).
It should be noted, of course, that there is a feedback loop between traffic demand and capacity on cellular
networks and that the traffic forecasts shown will not be realised unless they can be provided for on cellular
networks in a commercially viable way.
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Figure 6-16: Demand increase relative to spectrum efficiency increase in UK cellular networks via technology
improvements

Additionally, when faced with specific high demand areas such as city centres and train stations one solution
to operators is to deploy smaller cells and it is this particular feature that we address in more detail in the
next chapter to discover at what point in the roadmap operators will decide to deploy smaller cells, what are
the constraints associated with deploying smaller cells and what further capacity gains can be realised from
the deployment of smaller cells.

6.7 Summary
In Chapter 6 we have investigate the likely feature set, device and traffic mix deployments for base stations
and user terminals expected over the 10 year timeframe which includes the expectation of migration from
3G technology to 4G technology around 2014. In particular this chapter examines:
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The trend for the standards roadmap which expects a two year gap between standards freeze date
and the first launch of new 4G mobile technologies. Mass adoption is expected two-three years later
for LTE with a more limited adoption of WiMAX in comparison. This assumption has been supported
by stakeholders.
A 2 antenna configuration for base stations (leading to 2x2 MIMO as terminal devices must have 2
antennas as a minimum) will be the early deployment strategy for LTE. However, we assume there
will be a small proportion of deployments with 4 antennas installed and a steady introduction of 4
antennas over time.
In early 4G deployments the majority of traffic will come from larger form factor data devices with 2
or 4 antennas. This impact the spectral efficiency positively and help increase the capacity of the
network
Although there is an explosive number of M2M devices in 4G deployments around 2020 the amount
of traffic they consume will be negligible, therefore the network capacity will not affected by the
large market penetration
Since laptops and dongles produce more than 40 times more data in the network compared to
Smartphones, the amount of capacity needed from the network to satisfy Smartphones is a small
proportion compared to the capacity needed for traffic from laptops and dongles. This occurs even
though Smartphones grow in absolute numbers.
The expected spectral efficiency for a blend of feature sets for base stations and user terminals will
increase from 1.5 bps/Hz in 2014 and reach 2.4 bps/Hz by 2020 for 4G technologies, based on our
assumed migration path and evolution from LTE to LTE-A and WiMAX to WiMAX 2



The real world dense urban spectral efficiencies for both LTE and WiMAX will be further reduced
compared to our baseline scenario to allow for realistic loading (15% reduction) and traffic types
(35% reduction).

The next step is to understand if the expected technology based spectrum efficiency gains offer further
improvement within more challenging capacity demand scenarios. The next chapter investigates in detail
how the capacity gains address the specific high demand scenarios and determine by how much the
provision of 4G technology enhancements can be of support.
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7 Further capacity gains are likely in the most challenging
capacity scenarios anticipated for 4G
As discussed in section 4.1, demand and capacity are not evenly distributed across a network and depends
on factors such as the local environment, users, devices, topology and spectrum allocation in an area.
Having a high average spectral efficiency across the network that balances out the average demand across
the network therefore does not always guarantee that the demand will be met in all areas.
A network can be viewed as a collection of area types with the capacity of the network determined by the
ability to meet demand in each of these as illustrated in Figure 7-1. Previous studies examining spectrum
requirements for cellular systems tend to assume that a network will be limited by its ability to meet
demand in dense urban areas where the population and hence traffic density is relatively high compared to
the rural, suburban and urban sites. In practice demand will be clustered in particular locations and amongst
a small proportion of users creating peaks in demand (hyper dense urban scenarios) much greater than in
the dense urban scenario. Specialised techniques such as smaller cells can be applied to boost capacity in
these areas but it is not obvious that these will be enough to meet the increased demand and prevent a
spectrum bottleneck in all cases.

Network capacity

Demand vs
capacity for
rural sites

Demand vs
capacity for
suburban sites

Demand vs
capacity for
urban sites

Demand vs
capacity for dense
urban sites
Focus of
previous
studies

Rural

Suburban

Urban

Dense urban

Demand vs
capacity for hyper
dense urban sites
High demand
scenarios and
potential spectrum
bottleneck

Hyper dense

Macro
Micro
Pico/
femto/
Wi-Fi
Figure 7-1: Components of capacity in a cellular network with examples of how topology mix may change across the
deployment scenarios in a network (illustration of traffic split across cell types in each deployment scenario shown
via pie charts on lower table)

Our analysis of spectrum efficiency so far has focused on a baseline scenario of macrocells in a dense urban
environment in keeping with previous studies. This chapter highlights the locations of high demand for
mobile broadband services in areas beyond the dense urban baseline case, discusses how 4G technologies
may boost capacity in three example scenarios based on these locations and concludes whether these high
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demand example scenarios rather than the traditional dense urban deployments could potentially present
the spectrum bottleneck in 4G networks.

7.1 Locations of highest demand for 4G mobile services
Location and mobility play important roles in establishing the peak demand and potential capacity
bottlenecks in mobile networks. Mobile traffic is extremely non-uniform in demand for a variety of reasons,
as described in the following sections. The full results of our examination of demand in 4G networks are
given in Appendix D.

7.1.1 Population Density
Population density is strongly non-uniform, as shown in Figure 7-2. This represents the variation in density
of households according to the UK census, which shows a wide range between the highest and lowest
population densities. Taken over the whole UK, the maximum population density (64,760 km-2) is over 160
times higher than the mean and 12 times higher than the mean in the most densely populated 80% area.
The mean density of the 80% area is exceeded in just over 2.2% of the land area.
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Figure 7-2: UK population density (Source: Real Wireless analysis of UK census data)

When mobility is taken account, this disparity between the mean and peak population density increases
dramatically, with busy business districts taking very high population densities. For example, the City of
London, with an area of 2.9km2 has a resident population of just 8,000, but around 320,000 people work
there60, creating an increase in population density of a factor of 40 to over 110,000 km-2. Nearly 10% of
these work in the Broadgate estate each day61, with an area of 129,000 m2, resulting in a density of over
232,000 km-2. This is 580 times larger than the UK mean and 44 times that of the mean for the 80%
population area. This is not an isolated instance: the Office of Government Commerce recommends62 a
maximum of 12 m2 of office space per person, equivalent to a density of over 83,000 km-2 or 15 times the UK
80% mean. These reveal an even larger disparity between the peak and the mean population densities as
shown in Figure 7-3.
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Examples of peak demand locations due to high population densities and high mobility of subscribers
during working hours are major train stations such as London King’s Cross or high rise office buildings such
as the Broadgate estate in London.
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Figure 7-3: Population densities for selected UK areas, noting that some cities overseas can have even higher
population densities (Sources: Various, Real Wireless analysis)

7.1.2 Distribution amongst users
As well as mobile usage demands being heavily concentrated into small areas, operators frequently report
that particular users account for a disproportionate share of usage. A representative survey (Figure 7-4)
shows that 10% of users generate 85% of total traffic. AT&T reported at the end of 2009 that three per cent
of smartphone users were generating 40 per cent of overall wireless data traffic63. Although particular
segments of users such as business users may on average be heavier users than domestic users, particular
users may use mobile broadband as an alternative to fixed broadband, use data-hungry applications such as
file sharing, and share a single connection amongst multiple computers.

Figure 7-4: Cumulative distribution of data usage versus number of users (Source: Bytemobile 1Q 2010 Global Metrics
64
Report )
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Examples of high traffic users would be students in halls of residence or residents in a block of flats who
are using mobile broadband as a substitute for fixed broadband and more likely to be using high demand
services such as downloading high definition video than office workers or outdoor users.

7.1.3 Indoor-outdoor distribution
The type of location also plays an important role in determining the capacity requirements for mobile
networks. Assuming the demand is served from a network outside the building, the penetration losses into
the building create an additional load on the power to achieve a given service quality. Additional power
translates into additional interference and hence creates additional need to control interference via
additional spectrum or conversely limits available capacity.
Mobile usage has always been heavily oriented towards in-building use, with typically two-thirds indoors for
voice traffic alone. The home is seeing a particular increase in usage. Mobile voice and data traffic in the
home was estimated in 2007 at 40% of the total and was expected to reach 58% by 201365. However, the
proportion indoors is increasing with the advent of increasingly media-rich data applications which demand
the viewer’s attention to the screen, as shown in Figure 7-5.
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Figure 7-5: Increasing proportion of data consumed in the home and office (Source: Informa[ ])

Examples of high volumes of indoor users and hence higher traffic would be students in halls of residence,
residents in a block of flats or office works in a high rise office building as they are more likely to be using
data hungry devices such as laptops than outdoor mobile users.

7.2 Examples of potential capacity bottlenecks in the network outside the
urban macrocell baseline case
Based on section 7.1, the following three scenarios are examples of locations where mobile data networks
are likely to experience demand peaks:
- A major London train station
- The Broadgate estate in central London
- Block of flats / student halls of residence
Sections 7.2.1 to 7.2.3 discuss each scenario in turn and examine:
 the anticipated increase in traffic in this location relative to a dense urban deployment due to:
o higher subscriber density
o proportion of high demand users
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o proportion of indoor traffic
the anticipated boost in capacity in this location relative to a dense urban deployment due to:
o increases in cell spectrum efficiency due to the use of smaller cells
o increases in spectrum efficiency density due to the use of smaller cells
whether the boost in capacity is enough to outweigh the increase in demand in these locations and
prevent them becoming a capacity bottleneck in the network

Deployment
scenario

Topology
assumption –
proportion of
traffic using
each cell type

Increase in traffic
relative to urban
macro baseline

Increase in
spectrum efficiency
density relative to
dense urban all
macro baseline

Likelihood this
scenario becoming
spectrum
bottleneck for the
network?

Major London train
station

50% microcells,
50% femtocells

x 27.6

x 28.7

Medium

Broadgate estate
Block of flats /
student halls of
residence

100% femtocells
100% femtocells

x 6.2
x 5.1

x60.2
x60.2

Low
Low

Table 7-1: Traffic v capacity increase in example high demand scenarios (see sections 7.2.1 to 7.2.3 for calculation of
increase in traffic and spectrum efficiency density for each scenario)

Table 7-1 summarises our assumptions and findings for each of the scenarios and highlights that the use of
smaller cells in high demand scenarios is expected to provide more than enough of a capacity boost to avoid
these high demand scenarios becoming the drivers for spectrum dimensioning in 4G networks. This result
supports the use of a dense urban deployment as the basis for spectrum dimensioning as used by previous
studies predicting areas of spectrum shortages. However, it should be noted that we have assumed that
small cell topologies can readily be deployed in 4G networks. This is in line with support for small cells in 4G
standards and comments from stakeholders that small cells are expected to be a much more integral part of
4G networks than in 3G networks. This, however, also assumes that the technical issue of interference from
smaller cells (discussed in appendix F) can be overcome and that it is economically viable for operators to
deploy small cells in such densities. While our results give a preliminary view of potential solutions in high
demand areas, further work is recommended to understand if such an aggressive deployment of small cells
in hyper dense areas would be practical and economical for operators.
It should be noted that the impact of device mix on cell spectrum efficiency was examined in each of the
scenarios but was found to have a negligible impact (see Appendix B and is not considered further.
In this chapter we have focused on the impact of topology and in particular the use of smaller cells in 4G
networks to boost capacity in the example high demand scenarios. While smaller cells are being used in
increasing numbers in 3G networks today, stakeholder comments have consistently reinforced that they
anticipate much better support and performance from smaller cells in 4G networks due to the integration of
small cells and heterogeneous networks into the standards from an early stage and better interference
mitigation via self organising networks (SON) and opportunities for more flexible resource scheduling in
OFDM than in WCDMA based networks. Figure 7-6 shows the improvement in cell spectrum efficiency
relative to an all macrocell baseline gained by changing the network topology to include different
proportions of micro and femtocells. This is based on taking a weighted average of the spectrum efficiency
gain between the three ITU test environments of indoor hotpot, urban micro and urban macro in line with
the proportion of macro, micro and femtocells used discussed earlier in section 4.4 and shown in Figure 4-9).
These factors are used in sections 7.2.1 to 7.2.3 when calculating the expected increase in cell spectrum
efficiency by changing topology in each of the example scenarios.
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Figure 7-6: Factor for improvement in cell spectrum efficiency relative to a dense urban all macrocell baseline for
different topology mixes

7.2.1 Example scenario – 4G capacity in a major London train station
Traffic assumptions
A major London train station such as King’s Cross is an example of a hyper dense cellular deployment
scenario where demand compared to a typical dense urban scenario will be increased due to the high
volume of passengers at peak times. Table 7-2 summarises the anticipated increase in traffic due to the
three drivers of high demand locations discussed in section 7.1.
Traffic factor

Increase due to density
of users

Increase due to
proportion of high data
users

13

Increase/Decrease
relative to dense
urban baseline
x 30.7

x0.9

Assumptions
66

King’s Cross station has 73,000 passengers passing
through in the morning peak of 7-10am. It has an area
of 8,000 m² . Assuming each passenger passes through
the station within 20 minutes the average population
density in the station is 1,014,000 people/km² . This
compares to 33,058 people/km² for a typical dense
13
urban environment .
Assume the dense urban baseline has an equal
distribution of users between the “on the move”, “out
of office/home”, “in office” and “in home” categories
introduced in Figure 7-5 but in train station all users
become “on the move” or “out of office/home” users.
Applying the weightings of traffic between these traffic
types for 2010 in Figure 7-5 this means the train station
would have a slight reduction in traffic compared to the
dense urban baseline due to the reduction in high
demand home users.

Based on Real Wireless Analysis of Census 2001 data (http://www.statistics.gov.uk/census2001/census2001.asp)
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Increase due to high
proportion of indoor
traffic

No change

Total anticipated
increase in traffic

x 27.6

Similar mix of indoor and outdoor users to typical dense
urban case with some passengers passing through the
open areas of the station with only the opportunity to
use small form factor mobile devices similar to users in
outdoor environments and others spending time in
cafes or waiting areas with the opportunity to use
laptops as for typical indoor users.

Table 7-2: Traffic increase relative to a typical dense urban scenario for a major London train station

It is assumed that a major London train station will have a very similar demographic of users and device
types to a typical dense urban scenario as there will be a mixture of outdoor mobile users (i.e. passengers
moving through the open areas of the station) using handheld devices and indoor fixed users (i.e. passengers
in cafes and waiting areas) with larger form factor devices such as laptops.
While there may be some opportunity to offload traffic to Wi-Fi this has not been factored into this example
as a previous Ofcom study into congestion on Wi-Fi networks has highlighted that it was nearly impossible to
get a Wi-Fi connection in many of the major London train stations visited67.
Capacity improvements
In this example scenario, it is assumed that microcells could be used to boost capacity in the main open
areas of the station where the majority of mobile users will be present. We assume that femtocells (as
currently understood) will be less practical and cost effective for these open areas as a network of these
smaller cells would be needed to cover the entire station and a suitable backhaul network might not be
available in the open areas of the station. However, femtocells (as described in Appendix F) could
potentially be used to boost capacity in the indoor areas of the station with high densities of fixed users such
as cafes and waiting areas.
In calculating the potential improvement in capacity for this example scenario via the use of smaller cells we
have assumed that 50% of all station traffic will use microcells and 50% of traffic will use femtocells. Table
7-3 summarises the capacity gains relative to a dense urban environment anticipated in this scenario. While
our dense urban baseline assumes an all macrocell deployment operators may in reality deploy a mixture of
micro and macro basestations in dense urban environments. Table 7-3 therefore gives a best case and worst
case improvement for this example scenario over a dense urban environment comparing between an all
macrocell and all microcell baseline. Appendix I shows that in today’s networks the ISD is closest to the all
macrocell baseline with an ISD of 465m found in an example typical dense urban area in London (where the
ISD is 500m in the ITU base coverage urban scenario).

Capacity factor

Improvement in cell
spectrum efficiency
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Increase/Decrease
relative to dense
urban all macrocell
baseline
x 1.95

Increase/Decrease relative
to dense urban all microcell
baseline

Assumptions

x 1.5

Based on the improvement
in cell spectrum efficiency
between ITU test
environments as given in
Figure 7-6.

Improvement in sector
density

x 14.7

x2.4

Assume 3sector macrocells
with ISD 500m, 3 sector
microcells with ISD 200m
and 1 sector femtocell with
ISD 60m as per ITU IMT68
advanced guidelines .

Total anticipated
x 28.7
x 3.5
increase in spectrum
efficiency density
Table 7-3: Anticipated improvement in spectrum efficiency density for major London train station example scenario

As a mixture of cell sizes are being compared the boost in cell spectrum efficiency alone is not a good
measure of the capacity improvement and the improvement in sector density must also be considered.
Clearly from Table 7-3 the majority of the improvement in capacity comes not from the improvement in cell
spectrum efficiency but from the increased sector density due to the use of smaller cells.
Demand vs. capacity comparison
Figure 7-7 summarises the anticipated increase in traffic and capacity for this example scenario of a major
London train station using micro and femtocells to boost capacity. It shows that assuming an all macrocell
dense urban baseline for the improvement in sector density, the increase in traffic is manageable given the
dense small cell deployments assumed here. However, in the worst case scenario of an all microcell baseline
this scenario will become a capacity bottleneck. As today’s dense urban environments are closer in cell size
to the all macrocell assumption we consider this scenario to be at medium risk of becoming a capacity
bottleneck. It is also arguable whether having exhausted the limits of topology gains, operators would
dimension spectrum for such a specialised case of users. However, this does illustrate that specialised
techniques such as smaller cells, while providing significant capacity gains compared to spectrum efficiency
gains via technology enhancements, cannot always be relied upon to serve demand peaks.
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Figure 7-7: Example increase in traffic vs. improvement in spectrum efficiency density for a major London train
station
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7.2.2 Example scenario – The Broadgate estate
Traffic assumptions
A densely populated group of high rise office buildings in a major city centre such as the Broadgate estate in
London is an example of a hyper dense cellular deployment scenario where demand compared to a typical
dense urban scenario will be increased due to the high working population and high proportion of indoor
traffic. Table 7-4 summarises the anticipated increase in traffic due to the three drivers of high demand
locations discussed in section 7.1.
Traffic factor

Increase/Decrease
relative to dense
urban baseline
x 7

Assumptions

Increase due to
proportion of high data
users

No change

Similar demographic of user and service types to typical
dense urban.

Increase due to high
proportion of indoor
traffic

x0.88

Assume the dense urban baseline has an equal
proportion of users between the “on the move”, “out of
office/home”, “in office” and “in home” categories
introduced in Figure 7-5 but in Broadgate all users
become “in office” users. Applying the weightings of
traffic between these traffic types for 2010 in Figure 7-5
this means Broadgate would have a slight reduction in
traffic compared to the dense urban baseline due to the
reduction in high demand home users.

Total anticipated
increase in traffic

x 6.2

Increase due to density
of users

Assume 232,000 people/km² in the Broadgate estate as
in Figure 7-3. This compares to 33,058 people/km² for a
14
typical dense urban environment .

Table 7-4: Traffic increase relative to a typical dense urban scenario for Broadgate estate example scenario

As in the train station example, while the vast majority of offices nowadays have a Wi-Fi network and there
may be some opportunity to offload traffic to Wi-Fi this has not been factored into this example as a
previous Ofcom study into congestion on Wi-Fi networks has highlighted congestion on Wi-Fi networks as an
issue in high population density areas of major city centres69.
Capacity improvements
In this example scenario, it is assumed that a network of enterprise femtocells (described in appendix F)
could be used to boost capacity in office areas. In calculating the potential improvement in capacity for this
example scenario via the use of smaller cells we have therefore assumed 100% of traffic will use femtocells.
Table 7-5 summarises the worst case and best case capacity gains relative to a dense urban environment
anticipated in this scenario. As in the previous example scenario the majority of the improvement in
capacity comes not from the improvement in cell spectrum efficiency but from the increased sector density
due to the use of smaller cells. The availability of a good fixed network infrastructure in this environment
may provide the low latency backhaul required for CoMP. As described in section 5.2.3, simulation results
indicate that CoMP may improve spectrum efficiency by up to 30% over MU-MIMO. However, stakeholder

14

Based on Real Wireless Analysis of Census 2001 data (http://www.statistics.gov.uk/census2001/census2001.asp)
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comments have indicated that this feature is complex to implement and only likely to give only
improvements in practice in the order of 10% (See section 0) and so has not been factored into our analysis.

Capacity factor

Improvement in cell
spectrum efficiency

Improvement in sector
density

Increase/Decrease
relative to dense
urban all macrocell
baseline
x 2.6

Increase/Decrease relative
to dense urban all microcell
baseline

Assumptions

x2

x 23.15

X3.7

Based on the improvement
in cell spectrum efficiency
between ITU test
environments as given in
Figure 7-6.
Assume 3sector macrocells
with ISD 500m, 3 sector
microcells with ISD 200m
and 1 sector femtocell with
ISD 60m as per ITU IMT70
advanced guidelines .

Total anticipated
x 60.2
x 7.4
increase in spectrum
efficiency density
Table 7-5: Anticipated improvement in spectrum efficiency density for Broadgate estate example scenario

Demand vs. capacity comparison
Figure 7-8 summarises the anticipated increase in traffic and capacity for this example scenario of a high rise
office area like the Broadgate estate using enterprise femtocells to boost capacity. It shows that even
assuming a worst case of an all microcell dense urban baseline for the improvement in sector density, the
increase in traffic is manageable given this density of femtocell deployment.
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Figure 7-8: Example increase in traffic vs. improvement in spectrum efficiency density for the Broadgate estate
scenario
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7.2.3 Example scenario – Block of flats / student halls of residence
Traffic assumptions
A block of flats or student halls of residence is an example of a location where many users may be renting
accommodation and prefer to use cellular broadband as a substitute for signing up to a long term fixed
broadband connection. These largely fixed indoor residential users will have the opportunity to use larger
form factor terminal devices such as laptops and so will typically be higher demand users, using their cellular
broadband connection for data intensive services such as downloading high definition video clips, than the
office workers or passengers in the previous examples. Table 7-6 summarises the anticipated increase in
traffic due to the three drivers of high demand locations discussed in section 7.1.
Traffic factor

Increase/Decrease
relative to dense
urban baseline
x 1

Assumptions

Increase due to
proportion of high data
users

x2.7

Increase due to high
proportion of indoor
traffic

x1.9

Assume high data users generate 51 times as much
traffic as a normal user based on 10% of users
generating 85% of the traffic in data networks as
discussed in section 7.1.2. In this example scenario
assume the proportion of high data users increases from
10% to 30%.
Assume the dense urban baseline has an equal
proportion of users between the “on the move”, “out of
office/home”, “in office” and “in home” categories
introduced in Figure 7-5 but in this scenario all users
become “in home” users. Applying the weightings of
traffic between these traffic types for 2010 in Figure 7-5
this means this scenario has approx twice as much
traffic due to the high concentration of home users.

Total anticipated
increase in traffic

x 5.1

Increase due to density
of users

Assume the population density of a block of flats or
student halls of residence although high will be similar
to that of a typical dense urban environment.
15

Table 7-6: Traffic increase relative to a typical dense urban scenario for block of flats or student halls of residence
example scenario

As we assume that users in this scenario are using cellular broadband as a substitute for a fixed broadband
connection, offload to Wi-Fi is not considered an option for reducing the traffic increase.
Capacity improvements
In this example scenario, it is assumed that a network of femtocells could be used to boost capacity across
the building. This will not be as straightforward to implement as in the previous office scenario as the
operator will not be able to rely on the same level of LAN infrastructure to be readily available to connect
femtocells in an enterprise configuration and would require some investment on the part of the operator.
Deploying an all residential femtocell solution would also not be straightforward as if users are relying on
cellular broadband as a substitute for fixed broadband and have chosen to pay a mobile broadband rather
than fixed broadband subscription they will not have an ADSL connection enabled in their home. However,
15

The ratio of a high data user to a low data user will be
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0.85
0.1

÷

0.15
0.9

= 51

it is highly likely that one could be made available if the operator was able to construct an appropriate
business model with the fixed broadband provider.
In calculating the potential improvement in capacity for this example scenario via the use of smaller cells we
have assumed an economic solution to the above issue can be found and that 100% of traffic will use
femtocells. Table 7-5 summarises the worst case and best case capacity gains relative to a dense urban
environment anticipated in this scenario. As in the previous example scenario the majority of the
improvement in capacity comes not from the improvement in cell spectrum efficiency but from the
increased sector density due to the use of smaller cells.
Capacity factor

Improvement in cell
spectrum efficiency

Improvement in sector
density

Increase/Decrease
relative to dense
urban all macrocell
baseline
x 2.6

Increase/Decrease relative
to dense urban all microcell
baseline

Assumptions

x2

x 23.15

X3.7

Based on the improvement
in cell spectrum efficiency
between ITU test
environments as given in
Figure 7-6.
Assume 3sector macrocells
with ISD 500m, 3 sector
microcells with ISD 200m
and 1 sector femtocell with
ISD 60m as per ITU IMT71
advanced guidelines .

Total anticipated
x 60.2
x 7.4
increase in spectrum
efficiency density
Table 7-7: Anticipated improvement in spectrum efficiency density for block of flats or student halls of residence
example scenario

Demand vs. capacity comparison
Figure 7-9 summarises the anticipated increase in traffic and capacity for this example scenario of a block of
flats or student halls of residence where the operator has chosen to invest in an enterprise femtocell
network to boost capacity. It shows that even assuming a worst case of an all microcell dense urban
baseline for the improvement in sector density, the increase in traffic is manageable.
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Figure 7-9: Example increase in traffic vs. improvement in spectrum efficiency density for block of flats or student
halls of residence scenario

7.3 Summary
Demand across a network is very uneven and so when dimensioning spectrum it is important to consider the
demand peaks and solutions application in these particular locations rather than purely looking at the
average improvement in spectrum efficiency across a network. Our examination of demand in 4G networks
has shown that the areas of high demand are likely to be the areas with:
 High population densities, allowing for movement of the working population
 High concentrations of high demand users keeping in mind that 10% of users generate 85% of the
traffic in data networks.
 High concentrations of indoor and in particular home users as these generate a high proportion of
traffic in data networks
In this chapter we have examined three high demand example scenarios as follows:
 A major London train station
 A high rise office building in a major city centre (Broadgate estate)
 A block of flats or student halls of residence
The increase in traffic in each of these scenarios has been examined relative to a typical dense urban
baseline. The capacity improvement due to using small cells to mitigate the increase in traffic in each
scenario has also been assessed to understand if these scenarios are likely to create more of a capacity
bottleneck in 4G networks, and hence be used for dimensioning spectrum, than a typical dense urban
environment.
Overall none of the scenarios examined have highlighted a high risk of becoming a capacity bottleneck
assuming that it is feasible and economic to deploy small cell topologies in these areas. These results
therefore support the use of a typical dense urban environment for dimensioning spectrum in 4G networks
as assumed in previous studies.
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8 Conclusions and recommendations
8.1 Key findings from our study
Network capacity depends on three key factors as illustrated in Figure 8-1:
 Technology – the cell spectrum efficiency that can be realised by a given feature set
 Spectrum – the bandwidth allocated to a network
 Topology – mixture of cell sizes and local environments in the network

Figure 8-1 Three pronged approach to deriving capacity

This study has examined the capacity improvements in 4G networks and has focused in particular on:
 Spectrum efficiency gains via technology improvements
 Further gains via topology improvements in peak demand areas

8.1.1 Spectrum efficiency findings - 4G gains in cell spectrum efficiency will not
be enough to keep pace with demand growth
Our analysis has revealed that capacity gains delivered by the “technology” element of 4G networks, in the
form of spectrum efficiency improvements, will be unable to meet the forecast increase in demand in the
majority of traffic forecasts. By combining our findings for spectrum efficiency for different 3G and 4G
releases and feature sets with our roadmap of network features and device mix over the next 10 years, we
forecast that spectrum efficiency in UK cellular networks could grow at a CAGR of 18.5% between 2010 and
2020 due to technology enhancements introduced via the predicted roll out of 4G networks. Comparing
this to analyst traffic forecasts shows that this growth rate will only meet the lowest demand forecast with a
CAGR of 17% in the same time period. Most traffic forecasts are many time this low end forecast. Therefore
the outstanding capacity improvements to meet traffic increases will need to come from a combination of
additional spectrum (in appropriate frequency bands and industry support) and topology (mainly from more
numerous, smaller cells).
Our spectrum efficiency CAGR is based on our analysis of spectrum efficiency gains delivered by 4G over
both 3G and currently deployed networks. In this area we have found that:
 Initial deployments of 4G will deliver a 1.2 times improvement over high end 3G configurations
with considerably larger gains when compared with earlier 3G systems - This study has assessed
the most likely cell spectrum efficiency values for different releases and features sets of 3G and 4G
technologies. Based on these we estimate a 1.2 times improvement between a high end 3G
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configuration (2x2 HSPA+ 64QAM release 8) and typical initial 4G deployment (2x2 LTE release 8).
Comparing against a more typical high end 3G device on the market today such as a HSUPA release 6
1x1 handset gives a gain of 3.3 times.
We forecast that spectrum efficiency in deployed networks will grow by approximately 5.5 times
between 2010 and 2020 – This study has discussed with stakeholders the likely timelines for the
deployment of 4G technology features. This has highlighted that the 4G market will initially be
dominated by large form factor devices due to a lack of handsets initially being available. This will
boost spectrum efficiency as support for 2 or even 4 antennas at the terminal device will be feasible.
Initial deployments will focus on 2 antenna basestations with steady introduction of 4 antennas over
time. Applying this roadmap of features to our spectrum efficiency results, produces a blended
spectrum efficiency for 4G over 10 years in an ITU base coverage urban macro environment of 1.5
bps/Hz in 2010 reaching 2.32 bps/Hz/cell by 2020. Combining this with the spectrum efficiency of
2G and 3G devices already deployed based on a weighting in proportion to the device mix and
relative traffic consumption of each device type, we estimate that the spectrum efficiency of UK
networks will rise from 0.43 bps/Hz/cell in 2010 to 2.32 bps/Hz/cell by 2020 i.e. 5.5 times. This gives
a CAGR of 18.5%.

Our analysis of absolute spectrum efficiency values for 4G networks has found that:
 Performance simulations tend to quote idealised cases and spectrum efficiency values from these
must be discounted to allow for loading and traffic mix in real networks and allow for a changing
device mix - Capacity of a network is a measure of the given quantity of services that can be
supplied at the necessary quality for the service. It is not evenly distributed across a network
depends on the QoS expected by users, the local environment, cell size and terminal and network
feature sets within different deployment areas within the network. To ensure like-for-like
comparison performance studies from ITU-R and 3GPP use fixed test environments. However, these
are ideal scenarios. We recommend the following adjustments to convert results from these ideal
scenarios to more realistic real network deployments:
o A realistic mixture of terminal and basestation feature sets
o A discounting factor to allow for lower cell loading to achieve the required QoS across the
cell. Based on discussions with stakeholders we recommend a reduction in spectrum
efficiency of 15% in the high demand cells.
o A discounting factor for inefficiencies in more realistic traffic types compared to full buffer
traffic. We recommend a reduction in spectrum efficiency of 35% based on results from
stakeholders.
 We forecast the spectrum efficiency of real dense urban deployments of 4G networks will rise
from 0.8 bps/Hz/cell in 2010 to 1.28 bps/Hz/cell by 2020 – Applying our recommended discounting
factors for loading and traffic type to our forecast of 4G spectrum efficiency in an ITU base coverage
urban scenario over a ten year timeline, results in a forecast for 4G cell spectrum efficiency in a
realistic dense urban environment of 0.8 bps/Hz/cell in 2010 rising to 1.28 bps/Hz/cell by 2020.
 Our findings on absolute spectrum efficiency challenge assumptions in previous spectrum
dimensioning studies – Previous studies on behalf of Ofcom and the FCC into dimensioning
spectrum assume values from 1.3 to 1.5 bps/Hz/cell for LTE. This matches reasonably well with our
estimate of cell spectrum efficiency for 2x2 LTE release 8 of 1.32 bps/Hz/cell in an ITU base coverage
urban scenario. However, this assumption is optimistic for spectrum dimensioning as it does not
allow for realistic loading or the impact of mixed traffic types.

8.1.2 Topology findings – Capacity gains via topology will gain importance in 4G
Our examination of topology in 4G networks has shown that:
 Capacity gains via topology will gain importance in 4G – We anticipate that topology will become
important to capacity in 4G networks to a larger extent than in 3G networks. This is based on:
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Capacity gains from technology not being sufficient to meet forecast demand increases so
that a combination of spectrum and topology will be needed to address the balance.
o Small cells being built into the 4G standards from an early stage, building on experiences
from 3G femtocells.
o Consistent view from stakeholders that small cells and the associated heterogeneous
networks will be an important part of delivering sufficient capacity in 4G networks.
o OFDM, as used by 4G technologies, lending itself better to interference mitigation via
dynamic resource scheduling across frequency and time resources than WCDMA as used in
3G.
Topology improvements in 4G should mitigate against demand peaks so that dense urban
deployments are still the bottleneck for dimensioning spectrum - To understand how topology can
assist with capacity in peak demand areas we have examined three example scenarios representing
a very high density of demand:
o A major London train station – an example of a high working population density
o A high rise office building in a major city centre (the Broadgate estate in the City of London)
– an example of a high working population density and predominantly indoor traffic
o A block of flats or student halls of residence – an example of a high concentration of high
demand users and indoor traffic
In all cases a move to smaller cells was enough to mitigate the demand peak (with the train station
case being the most challenging). This implies that dimensioning spectrum for dense urban
deployments and assuming that topology improvements will serve peak demand in these hyper
dense scenarios is still a reasonable assumption for 4G networks. Our findings rely on small cells
being cost effective to deploy and that vendors can overcome interference issues.

8.2 Further investigation of the impact of changing topologies and traffic
types in 4G capacity is recommended
This study has highlighted a lack of data or a coherent industry view in the following areas which are
important to capacity improvements of 4G networks and would benefit from further investigation:
 The cost of introducing small cell topologies to both peak demand and dense urban scenarios to
help serve capacity peaks and reduce pressure for increased spectrum allocations. It is not clear
where the trade-off between topology costs, service and revenue improvement and increased
spectrum costs lie for operators and would benefit from further investigation.
 The changing mix in traffic type and QoS requirements of 4G networks has a significant impact on
cell spectrum efficiency which is not well understood. Further investigation to understand the
impact of the following factors on realistic cell spectrum efficiency is recommended:
o Realistic network loading levels both on average across networks and in peak demand areas
o The impact of realistic deployment scenarios, where cells are non-uniformly arranged and
subject to practical constraints on the equipment features which can be installed.
o Differences in the cell spectrum efficiency achieved for realistic traffic types. We
understand from stakeholders this is an area of significant activity with results emerging
shortly after this study completes.
o The impact of efficiency gains for wider bandwidths such as 20MHz compared to 10MHz or
5MHz when realistic traffic profiles are considered, where some of the evidence gathered
indicated that under certain circumstances gains could be larger than linear with bandwidth.
o The actual spectrum efficiencies achieved by small cell topologies in the densest areas under
realistic deployment scenarios and considering the relevant performance of interference
mitigation techniques.
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8.3 Next steps include revisiting future spectrum requirements with the
revised capacity assumptions highlighted in this study
This study has examined the expected improvements in capacity that 4G networks will bring with a particular
emphasis on cell spectrum efficiency. However, this study has also highlighted that technology
improvements alone will not meet forecast demand increases and that a mixture of changes in topology and
spectrum will be required to meet this increase in demand.
It is recommended that previous studies into the dimensioning of future spectrum requirements for 4G
networks are revisited with the revised cell spectrum efficiency results recommended by this study in mind.
In addition further investigation of the role of changing topologies should be factored into future spectrum
requirements.
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