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During the SE24 WI52 webmeeting on June 10, 2015 Ofcom requested additional information to justify the assumptions made on the number of RLAN APs per household that were presented in a contribution by the JRC. 
In the JRC contribution it was assumed that a certain percentage of RLAN households would have more than one RLAN AP in operation. To define a range for the total number of APs several scenarios were evaluated in which it was assumed that dwellings with a floor area larger than a certain threshold value would have two RLAN APs.
In scenarios no. 2 and 3 the threshold value was chosen as 120 (100) square metres. Dwellings with more than 120 (100) square metres account for approximately 22% (35%) of all dwellings in the EU-28[footnoteRef:1]. The resulting average numbers of RLAN APs per household (averaged over all RLAN households) were 1.22 and 1.35, resp. [1:  As corresponding information was not available for most no-EU countries of Europe the EU values were applied to all of Europe.] 

 The main reason for a user to install more than one RLAN AP (or an RLAN repeater) in their home is to improve the quality of the user’s preferred services. Quality of service may be degraded in certain areas of the dwelling due to attenuation of the RLAN signal by walls and/or floors. Or, even if all of the dwelling would be covered by the RLAN signal there may a large number of RLANs in the neighbourhood so that the quality of service suffers from co-channel interference.
1. Signal range
The first subject was addressed in a study on in-home propagation of RF signals that was conducted by Aegis Systems Ltd. and published by Ofcom in 2011 [1]. 
Propagation and throughput measurements were conducted at four frequencies (500 MHz, 800 MHz, 2410 MHz, and 5700 MHz) for several types of houses (detached, semi-detached, terraced, bungalow) constructed during different periods (Victorian, inter-war, modern). Throughput measurements were made using IEEE802.11n-compliant equipment.
From these measurements a cumulative distribution function (CDF) was derived which gives the probability that a given value of throughput is exceeded for that house. In this context probability is interpreted as the fraction (or percentage) of a house that is “covered” for a specified throughput requirement.
Using this definition of coverage, the results for each of the houses measured were combined to obtain an “average” coverage distribution for England. The measurements for each house were weighted to account for the predominance of that house type in the UK housing stock. The result, averaged over all houses, is shown in Figure 1.
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[bookmark: _Ref421806239]Figure 1: Predicted indoor coverage, UK weighted average, MIMO extrapolated (adapted from [1])
To get a better understanding of what he above graph means under realistic RLAN usage conditions we tried to a reference throughput. A parameter that appears suitable is the aggregate busy hour traffic per cell defined in ITU-R M.1651 which for the home environment is 35 Mbits/s.
At this bit rate the coverage for an average English house is approximately 85% at 5.7 GHz and 95% at 2.41 GHz. 
The average floor area of English house is 98.4 sqm[footnoteRef:2]. The average floor area of the houses in the Aegis study is slightly larger than that because of the larger-than-average floor areas of the bungalow (165 sqm) and the semi-detached houses (107 and 180 sqm) selected for the measurements.  [2:  Excluding flats, as these were excluded from the Aegis measurement campaign.] 

For these large houses the coverage at 5.7 GHz is 70% (semi-detached house average) and 95% (bungalow).
It has to be noted that the above measurements were made with 802.11n equipment, and that the busy hour traffic value provided in ITU-R M.1651 was calculated a number of years ago and is therefore most likely outdated.
A more recent calculation of the aggregate busy hour traffic per cell can be found in document R12-JTG4567-C-0137!!MSW-E.docx (“Application of the methodology in Recommendation ITU-R M.1651 to assess required spectrum for RLANs in 2018”).
In this document a lower-bound value of 339 Mbits/s is calculated for the busy hour traffic in 2018. Main contributors are Category 2 traffic (file transfer/download) which requires a capacity of 173 Mbits/s, and Category 4 traffic (H.264 lightly-compressed video) which requires 146 Mbits/s[footnoteRef:3].   [3:  Estimated transmission speeds of 70-200 Mbits/s are required for streaming lightly compressed video around the home [2].] 

These bit rates were calculated for the IEEE802.11ac standard. Compared to 802.11n 802.11ac improves signal range but most of all throughput, as indicated in the marketing graphic below (Figure 2). While in theory 802.11ac can achieve a 20-fold improvement of throughput over 802.11n a factor of 10 is considered more realistic [2].
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[bookmark: _Ref421808898]Figure 2: Comparison of 802.11ac and 802.11n coverage (from [3])
For this reason we assume here that 802.11ac will achieve a similar kind of coverage at 339 Mbit/s as 802.11n does at 35 Mbits/s. 
It shall be mentioned here that there is no unanimous position on the amount of bandwidth required for video streaming which is considered to be the most demanding application. Advances in video compression technology are likely to reduce the required bandwidths. Netflix currently streams its UHD 4K programmes at 15.6 Mbits/s [4] and recommends a connection speed of 25 Mbits/s [5].
It is highly unlikely that broadband access speeds (i.e. downstream bit rates) of several hundred Megabits/s will become the norm by 2018 or even 2025. The aforementioned figures therefore have to be interpreted as estimates for in-home or combined internet and in-home traffic.
According to Cisco [2] average broadband speeds in Western Europe are expected to increase from 21.8 to 49 Mbits/s between 2014 and 2019, which corresponds to a compound annual growth rate (CAGR) of 17.6%.  If growth was maintained at this rate through 2025 the average speed would then reach 130 Mbits/s (Figure 2). 
The BSG group estimates that by 2023 the top 1% of UK households will demand a downstream speed of 71 Mbits/s while for the vast majority of households 38 Mbits/s will be sufficient [11].
There have been announcements by operators such as BT for large-scale deployment of high speed broadband access networks. In the case of BT the plan is to provide up to 500 Mbits/s broadband to most of the UK by 2025 [10]. The current average broadband speed in the UK is about 23Mbits [9].
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Figure 3: Estimated average broadband access speed in Western Europe (derived from [8])




2. Co-channel interference
In dense unmanaged RLAN deployments such as multi-dwelling units co-channel interference can negatively impact RLAN service quality. A recent study on the situation in 2.4 and 5 GHz license-exempt spectrum in the Netherlands commissioned by the Dutch Radiocommunications Agency [6] found that in 25% of terraced houses and 57% of residential high-rise buildings (>10 storeys) Wi-Fi services suffered from serious congestion in the 2.4 GHz band. 
Considering the expected proliferation of RLAN services it is likely that similar congestion will occur in the 5 GHz band. To improve RLAN service quality users may install additional APs and/or cross-band repeaters to mitigate the effects of co-channel interference.
To improve performance cross-band repeaters relay the signal transmitted by an AP on a particular channel to a different channel. Example: An AP transmits on channel 6 in the 2.4 GHz band. The cross-band repeater re-transmits this signal on channel 6 and on channel 36 in the 5 GHz band. Client devices can connect on either channel.
Another solution offered by industry to improve performance using a single AP (“single” in the physical sense) is simultaneous multi-band operation. There are devices currently on the market that are able to transmit simultaneously on two channels (2.4 and 5 GHz) or on three channels (2.4 + 2 x 5 GHz). In the future there may be RLAN devices capable of transmitting simultaneously in the 2.4, 5, and 60 GHz bands.

Estimation of the average number of RLAN APs per RLAN household
57% of EU-28 households are located in detached and semi-detached houses, 17% in flats in buildings with less than ten dwellings, and 25.2% in flats in buildings with ten or more dwellings. 
10% of dwellings in the EU[footnoteRef:4] are located in high-rise buildings with more than eight storeys [7]. [4:  The source report covers the EU-25 only. Owing to the lack of information on other European countries this value is applied to all of Europe in this report. ] 

Overall, 22.4% of dwellings have floor areas of more than 120 square metres. As detached and semi-detached houses generally have larger-than-average floor areas we are confident that the share of those houses having floor areas of more than 120 square metres will be in the range of 25% or higher. 
Based on the above consideration we defined two scenarios and calculated the average number of RLAN APs per RLAN household using the JRC deployment model.
Scenario 1: 25% of RLAN households in detached and semi-detached houses (those with floor areas of more than 120 square metres) will have two RLAN APs in order to solve range/coverage problems. 40% of RLAN households in high-rise buildings will have two RLAN APs to counter throughput problems caused by co-channel interference. We assume that because of higher wall and floor attenuation interference from neighbouring RLANs will be less severe in the 5 GHz band than in the 2.4 GHz band.
Scenario 2:  In this scenario the shares of households with 2 APs were doubled to determine the sensitivity of the result to a variation of the input value.
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[bookmark: _Ref421889529]Table 1: Estimated number of RLAN APs per household in Europe in 2025

The resulting values of 1.2 and 1.4 RLAN APs per RLAN household match those obtained from a different calculation presented in a previous JRC study very well.

It shall be mentioned here that occurrences of RLAN congestion are not limited to high-rise buildings with more than eight or ten storeys. As stated in the Dutch study [6] congestion also occurs in areas with terraced houses. Congestion is also likely to occur in very high-density residential areas with buildings of less than eight storeys as can be found in the centre of Paris.
On the other hand the RLAN coverage area may increase due to improvements in video compression technology which will reduce bandwidth requirements. As a consequence fewer dwellings with large floor areas will need to use more than one RLAN AP.
It is practically impossible to consider and simulate all possible deployment constellations. We believe that the scenarios studied so far provide a good indication of what RLAN deployment in Europe will be like in the future, and that 1.2 to 1.4 represents a realistic range for the average number of RLAN APs that will be deployed in European RLAN households by 2025.
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