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	SE43 has been tasked by WGSE to define technical and operational requirements for the operation of cognitive radio systems in the white spaces of the UHF broadcasting band (470-790 MHz) to ensure the protection of incumbent radio services/systems and investigate the consequential amount of spectrum potentially available as “white space”. 


1 Introduction
Ofcom have published a consultation paper [1], where they outline the idea of using a geolocation database for regulating ERP of White Space Devices (WSDs) which will reuse the broadcasting spectrum. The idea is that before transmitting, a WSD will interrogate a database, called the geolocation database, providing its location and its characteristics, and it will receive a list of channels it may use, as well as a limit on its maximum permissible ERP for each of these channels.

In Appendices A4 and A5 of Ofcom's consultation paper, some ideas on the generation of this geolocation database are presented. A more thorough analysis is presented in [2], accompanied with a wide range of examples.  JPP has also worked on this subject, and has proposed its own views on the issue. In this document we take into account both Ofcom's and JPP's proposals and focus on their implementation. 

We present a methodology to perform a full computation of the data required to populate the geolocation database and use them in order to get some statistical data. We expand the procedures outlined in [2] and illustrate how they can be used in conjunction with the coverage data provided by UKPM.  An effort was made to align our implementation with the latest discussions that take place in the TVWS Technical Working Group, therefore we have adjusted some assumptions made in [2]:

•
The WSD-DTT coupling geometries proposed in [2], have been replaced by the reference and non-reference geometries discussed in [6], and the propagation model was adjusted accordingly.

•
We introduced the idea of DPSA layers, in order to decide which channels should be protected at each pixel

•
We only protect populated pixels, although our implementation is efficient enough to consider all land pixels of the UK.

In this work we also introduce is a semi-analytical approach to compute the statistics of the maximum protected WSD Field strength that can be tolerated at each pixel, without the use of computationally expensive numerical techniques (see [2] Section II.B). This allows the computation of the entire geolocation database data, with a good accuracy, in a reasonable amount of time (a few hours).

Finally we divided the methodology presented in [2] in two parts; this separation allows the caching and reuse of much of the data that are computationally expensive to derive.  

The data we derived aim to protect outdoor DTT coverage, assuming a fixed directional antenna at roof top height (10m nominal). We do not take into account, for the moment, coverage protection for Portable Reception or PMSE. Issues like the presentation of the geolocation data to WSDs are also beyond the scope of this work.


2  Methodology
Our implementation suggestion is focused on a two phase approach. In the first phase we compute what we call the Protected Pixel-Channel Interference (PPCI) value, which is the maximum protected field strength of the interference that can be tolerated in any pixel-channel combination. A value higher that this will degrade TV reception, in that pixel and that channel. 

Once the PPCI for every pixel-channel is computed, then for every pixel in the country, we compute the maximum ERP that will not result in excessive PPCI to ANY of the adjacent pixels and channels. Adjacent channel interference is taken into account at this stage. It is this maximum ERP that will be presented to the WSD.

We decided to split the process for two main reasons:

· The computation of PPCI is largely independent from the WSD type. Since it is the protected field strength that is computed and cached, it is independent on the maximum ERP of the WSD or the WSD-DTT protection ratios. It is also unrelated to many of the model’s parameters, the propagation model to be used, or the assumptions on the link budget.

· The computation of the PPCI takes significant time to compute. We developed a semi analytical method to derive it which is much faster than the Monte Carlo approach suggested in [1], but it is still relatively slow. 

The two stage approach allows us to pre-calculate the PPCI values once and cache them, and then explore a number of strategies for computing the maximum ERP at a reasonable amount of time. 

2.1 Computation of the PPCI cache
The PPCI cache can be seen as a collection of 2 dimensional layers, each layer representing a single channel. Each pixel of a layer corresponds to a 100 by 100m pixel of the UK and contains the maximum protected field strength that can be tolerated at that pixel. The protected field strength is defined as the actual field strength, adjusted by the appropriate WSD-DTT protection ratio. In this work we decided to protect all the UK pixels, not only the populated ones.
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Figure 1 Derivation of the PPCI

The first step in the process is to decide which transmitter to protect at each pixel. In this work we follow the JPP proposal which suggests the use of the DPSA layers. A description of the DPSA concept is presented in [3]. 

JPP has generated a number of DPSA layers. Each layer defines, for each pixel in the UK, a single transmitter which must be protected. All channels of this transmitter are protected. For example, the 3PSB layer may state that Transmitter A will be protected while the PSBCOM layer may indicate transmitter B. Since we do not know which transmitter viewers at this pixel may opt for, we should protect all the channels of every transmitter that is listed in any of the DPSA layers, in this case all channels of transmitters A and B.

For each of the protected channels, we look up the UKPM results for the corresponding transmitter-channel, and retrieve four values:

· the mean and standard deviation of the C/(I+N) named 
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 and 
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· the mean and standard deviation of the wanted field strength called 
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These values allow us to derive the PPCI value as described in the following section.

2.2 Computation of the PPCI at a pixel in a channel

The computation of  the PPCI is largely based on the analysis presented in [2]. Since UKPM coverage output is expressed in dBuV/m, we initially rewrite Eqns (1) to (4) of [2] in terms of Field Strength rather than received power.    

Following the notation in [2], in the absence of interference from systems other than DTT, the location probability [image: image7.wmf]1
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 at a channel is given by:
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Where:

· [image: image10.wmf]s

P

 is the received power of the wanted signal 

· [image: image11.wmf],

smin

P

 is the minimum received power and 

· [image: image12.wmf],

Ui

P

 and [image: image13.wmf],
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 are the received power of each interfering signal and the corresponding protection ratio.

The quantities in Eqn (1)

 becomes:
(1)

 are expressed in linear units, however it is more convenient to express them in dB. Then Eqn 
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Eqn  (2)

 can be rewritten in terms of Field Strength as:
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Where:  

· [image: image16.wmf]s

E

 is the wanted Field Strength at the receiver’s aerial. 

· [image: image17.wmf],

smin
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 is the minimum required field strength to get an acceptable reception.

· 
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 is the protected field strength of each DTT interferer.

· 
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 is the angle at which the receiver’s aerial ‘sees’ the corresponding interferer and 
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If we set: 
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 then Eqn (3)

 becomes:
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When expressed in dB, 
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 can be modelled as a Gaussian random variable, with mean 
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. The same applies for the field strength of each interfering signal 
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 can also be approximated by a Gaussian, with mean value 
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, which is the protected C/(I+N) of the system, will also be a Gaussian, with mean value [image: image32.wmf]1
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[image: image35.wmf]1
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 can be extracted from the Coverage Assessment tools and are known at each covered pixel and  channel of  the country.

The presence of a WSD interferer will reduce the location probability to a value 
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. Following the notation in [2] :
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Where: 

· 
[image: image39.wmf]()

f
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D

 : is the WSD to DTT protection ratio.

· 
[image: image40.wmf]WSD

P

 : is the in-band  transmit power of WSD and

· 
[image: image41.wmf]G

: is the WSD – DTT receiver coupling gain.

Expressing the values of Eqn (7)

 in dB gives:
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If a WSD with ERP 
[image: image43.wmf]WSD
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 and coupling gain 
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 induces a field strength 
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 at the receiver location, then Eqn  (8)

 can be written in terms of field strength as:
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We assume the worst case scenario where the receiver aerial points to the WSD, and the two antennas are co-polar, therefore there is no reduction in the aerial’s forward gain. If we set:
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then 
[image: image48.wmf]X

 is the protected field strength of the interference generated by the WSD and Eqn (9)

 can be rewritten as
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with operant 
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 representing addition of 
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when expressed in linear units. 
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 can be modelled as a Gaussian random variable with mean 
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 is expressed in dBuV/m and is the mean value of the protected  WSD field strength. If we decide that the maximum deterioration in location probability is 
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In other words 
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 is the mean value of the protected field strength of the WSD interference that will result in a location probability reduction by
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. As long as the mean field strength of the interference from a WSD is kept below 
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 then the location probability reduction will be less than 
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is the maximum permissible mean value for the WSD protected field strength, consequently, it is the value that should be cached in the PPCI.

 As suggested in [2], 
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 can be derived via Monte Carlo analysis; however we have developed a semi analytical technique, presented in the Appendix, that allows it to be computed in a reasonable amount of time. 

The above procedure is only valid when we deal with MFNs. We have devised a number of approximations so that it can be applied to SFNs, but more work is required in this direction.

3 Computation of the maximum permissible ERP

Once the PPCI for every pixel and channel has been computed, the computation of the maximum permissible ERP of a WSD, for every pixel in the UK, and every DTT channel, can take place. In order to find the maximum permissible power of a WSD at pixel, we define a circular area of interest around it, as shown in Fig 2:
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Figure 2 :Definition of co and adjacent pixels

The radius of this area is a function of the class of the WSD. Following the extended Hata Urban propagation model, as suggested in [1] para A4.26, for WSD powers between 1-5W, a radius between 30-50 km should be sufficient. If we want to consider more powerful devices, the radius should increase accordingly. The pixels outside the circle are assumed to be unaffected from the WSD. 

When we consider adjacent channel interference, the radius will be significantly smaller. Given that the difference in the protection ratios can be more than 50 dB, following the extended Hata model, the radius should be 10-15 times smaller. 

If the DTT receiver and the WSD are in the same pixel, we have no information on their separation, so the co-pixel computation needs to be based on a reference geometry. The same however applies for the 8 first-tier adjacent pixels, as the DTT receiver and WSD location uncertainty may result in minimal separation. 

In order to find the maximum permissible ERP of the WSD, we search within the ‘volume’ of interest (co & adjacent pixels, co & adjacent channels) to find the pixel-channel combination that imposes the strictest restriction. We have to look at each such combination individually, compute the ERP that it permits, and select the combination that permits the lowest power. This is the ERP that can be allowed for the WSD.

3.1 Computation of the permissible ERP of a Pixel-Channel combination

Following the discussion above, we can identify 4 different scenarios:

Table 1 : WSD to DTT receiver coupling possibilities

	
	Co-channel
	Adjacent channel

	Co-Pixel
	Scenario A: Complete Ban
	Scenario B : Use of reference

Geometry

	Adjacent Pixel
	Scenario C: Apply a propagation Model &   use co-channel protection Ratios
	Scenario D: Apply a propagation Model & use adjacent-channel protection Ratios


3.1.1 Scenario A: co-pixel co-channel

In this case the potential of a WSD to interfere with a DTT receiver is so great, that its transmit power should be too small for any practical use. Instead of stating a power which will be in the nW range, we opted for a complete ban.

3.1.2 Scenario B: co-Pixel adjacent channel

The difference between the co-channel and adjacent channel protection ratios can be large enough to allow the WSD to transmit at a useable power. In this report we only consider the ‘mobile - WSD’ reference geometry as shown in Fig 2 of [6].

If 
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 is the ERP of the WSD, then the resulting Field Strength at a distance d from a 
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dipole is given by [4] p.39 :
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 or:
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In the remaining of this work we will assume that powers are expressed in dBm, field strengths are expressed in dBuV/m and distances in m. Then:
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Since 
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 is the mean value of 
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, from Eqns (14)

 we get:
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 and 
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[image: image76.wmf]WSD

P

 is the ERP of a White Space Device that results in a location probability degradation of 
[image: image77.wmf]q
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Eqn 
(15)

 refers to the case where the DTT receiver aerial points directly to the WSD. If the WSDs are randomly located and randomly polarised, there will be some aerial directivity discrimination GOTOBUTTON ZEqnNum529191  \* MERGEFORMAT : 
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[image: image80.wmf]()
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 depends  the azimuth radiation pattern of the DTT receiver aerial. ITU specify a reference pattern, which is used in the UKPM coverage calculations. In practice however, we can never be sure of the viewers’ aerials characteristics. Some viewers may use good quality and correctly installed models, that achieve the ITU gain and directivity, but in the same pixel, other viewers may opt for cheaper models, with unpredictable side lobes. The latter case is more common in areas with good coverage, where viewers may opt to reduce the cost of their installation. In order to cater for both scenaria, in this report we assume that there is no angular discrimination protection for WSD interference, i.e. 
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0. Introducing such discrimination requires a review of the commonly used aerial models and a derivation of a ‘typical installation’ reference pattern; both tasks are beyond the scope of this work.  Since both WSD and DTT aerial are assumed to be at 10m above ground, no vertical radiation pattern reduction is considered. Finally, the geometries presented in [6] suggest no cross polar discrimination. Under these assumptions, with d=20m, Eqn (16)

 becomes: 
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If the interference generated by the WSD is noise-like, we can use the protection margins suggested in [1] paragraph A4.17.

3.1.3 Scenario C: Adjacent-Pixel and co –channel

In order to compute the WSD ERP that will result at a specific field strength in a neighbouring pixel, we need to perform a link budget analysis between the two pixels. The propagation model that we assumed in this work is the extended Hata Urban model as suggested in [1] para A4.26. The path loss 
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 is a function of the WSD – DTT receiver separation 
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 In the above formula, the distance
[image: image86.wmf]d

is expressed in metres. Following [6], table 2:
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 We set 
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dB which is a good weighted average between large and small cities.

If the ERP of a WSD is 
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 then the received power from a TV aerial at a distance 
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The term 2.15 is added because in this work we express 
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 in dBd.  

If the field strength of a WSD transmission at a location is 
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, then the received power will be given by
:
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Where 
[image: image95.wmf]f

 is the frequency in MHz. The combination of the above equations gives:
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or:
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Since this scenario refers to the co-channel case, 
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 therefore from Eqns (23)

 we get:
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 and 
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Solving for 
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 gives:
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Distance 
[image: image102.wmf]d

 is distance between the centres of the pixel where WSD transmits and that of the victim DTT receiver. According to the geometry in Fig.2, the minimum distance between ‘adjacent’ pixels is 200m. In practice however the WSD –DTT receiver separation can be smaller, since they can be at the edges of their pixels. It is obvious however that the actual distance can never be less than 100 m. Similarly, the distance uncertainty is always less that 
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 m. Therefore in order to cope with the worst case scenario, we propose to use a modified value 
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 in Eqn(25)

, defined as:
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This approach has the advantage that, since 
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, it does not violate the Tx-Rx separation restriction of the extended Hata model. 
3.1.4 Scenario D: Adjacent Pixel, Adjacent Channel

This scenario is the extension of Scenario C with Eqn (25)

 written as:
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Putting together all the possibilities presented in Table 1, the maximum ERP of a WSD device can be computed as:
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4 Implementation

In order to get an estimate of the spectrum that is available for WSDs, we developed a set of utilities that implement the described procedures. We made the following assumptions:

· The standard deviation of the WSD signal is 3.5dB. This is not based on measurements; it is an estimate that takes into account the relatively short WSD-receiver separation, the random polarisation of WSD signals, and the diversity of the viewer’s aerial installations.

· We chose a fixed 
[image: image109.wmf]q
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 1%. There is still a debate on the issue, but this is a good starting point, and the algorithms can be adapted to cater for a varying 
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.

· Out-of-band emissions of the WSD were ignored. They can be taken into account however by modifying the protection ratios as described in [1] para A5.19, but this is currently beyond the scope of this work.

· No receiver overloading was taken into account.

· We did not provide any extra margin for multiple WSDs, errors in the UKPM, errors in the Hata model, location uncertainty etc. Such a margin can be introduced in the calculations at a later stage.

We used the C 20.2 plan for the transmitter network, and used the final state of the network (end of Continental Clearance). The analysis was based on coverage results that take tropospheric interference into account, so the values for 
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 are those predicted for 1% time interference.

Regarding the DPSA layers we used:

· The PSB layer

· The PSBCOM layer

· The Nations layer

· The dAPSA layer and

· The Marginal layer

We decided to protect services at Marginal level. This means that for each pixel, we protect every transmitter that provides at least 70% location probability, at 50% time. The coverage data used in this analysis are based on 1% time interference therefore, for some pixel – channel combinations, location probability may drop below the 70% acceptable threshold. We decided to continue protecting such pixel-channels, down to 50% location probability. We made that decision in order to protect viewers at locations with marginal coverage. Tropospheric interference will only affect these viewers a few days a year, but if we allow WSD interference, its effects can be continuous.

The current DPSA layers protect only the UK services. At some locations in Northern Ireland, WSDs may cause interference across the border, to the services of the Irish Republic. Furthermore, viewers in the UK may wish to receive these services, so services from the Irish Republic may also have to be protected at UK pixels. One way of doing this, is by introducing an extra DPSA layer, but more work is required on this issue. We also ignored the planned N.I. multiplexes.

We restricted the maximum ERP of WSDs to 1W, which is a reasonable limit for unlicensed consumer devices. The procedure described in this work can be easily adapted to cater for higher power devices. With this limit in mind, and 
[image: image113.wmf]50
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, Eqn (25)

 implies that the radius of the area of interest (See Fig.2) for the co-channel case should be about 30km.

5 Conclusions - Future work

We presented a method of computing an upper limit for maximum ERP of white space devices in the UK, so as to contain their impact to DTT coverage. We focused on low power consumer devices, although the methodology can be easily adapted to cater for higher power, fixed, outdoor units. The proposed method is flexible and it can form the basis of computing the data that will populate the geolocation database.
The methodology is still under development and Ofcom have asked the BBC to make the database available to the TVWS industry. Some DPSA layers were not used, the number of the protected multiplexes in N.I. needs rethinking and there are no restrictions to protect PMSEs or portable coverage. We also need to decide on issues like the extra protection margins to compensate for errors in the prediction algorithms, or the presence of multiple WSDs in a pixel. 

Our next plan is to address the above issues, and provide a more comprehensive set of availability maps and diagrams that will help decision making.   
6 Appendix 

6.1 Derivation of the Maximum Protected Field Strength 
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Eqn (11)

 can be written as:
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· 
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, when expressed in dB is a Gaussian random variable (R.V.) that represents the field strength of the wanted signal, and has a mean value 
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· U is also Gaussian when expressed in dB, and represents the combined protected field strength of the DTT interferers. It has mean 
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 and standard deviation
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· Finally, when 
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is expressed in dB, it is Gaussian as well, and represents the protected field strength of the WSD device, with mean 
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is the value we want to compute, and 
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 is set to a fixed value, in this work we set it at 3.5dB.

· Operant 
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refers to linear addition.

The combined protected field strength of the  DTT and WSD interference, 
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, is then a Gaussian [5], with mean value 
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 . Therefore, the C/(I+N)  in the presence of the WSD, written as  
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Eqn (29)

 then becomes:
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If we knew 
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And since 
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 is the location probability in the absence of WSD interference and is computed from:
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 are taken from the UKPM results (see Fig.1).

If we can estimate 
[image: image143.wmf]2

m

, then it will be possible to compute 
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. The procedure is non-trivial; the first problem is that, although we know 
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 we do not know 
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. The paper of Schwartz and Yeh [5] shows a method to compute 
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- the exact value we want to estimate. One way to address this issue is through iterations. Initially we set 
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 is the standard deviation of C/I+N in the absence of WSD). We use this initial value of 
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 (through Eqn 
(33)

), then we use  GOTOBUTTON ZEqnNum552531  \* MERGEFORMAT  to compute 
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, and finally we use 
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 for a more accurate estimate of 
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. Our implementation has shown that the values stabilise in less than 5 iterations.

Let’s have a look at the details:

If we set 
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 can be derived from Eqn 
(33)

. We name GOTOBUTTON ZEqnNum552531  \* MERGEFORMAT  the degradation of the C/(I+N) that is caused by the WSD and it can be computed through :
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 is the C/(I+N) value in the absence of WSD, and is a value that we get from the UKPM results (see Fig.1).  From Eqns (35)

 we have:
(30)

 and 
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Using Eqn (6)

 the above equation can be written as:
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or:
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If we set
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 is also Gaussian (since it is expressed in dB) with mean value 
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 Then, following Eqn 29 of [4]:
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and combining it with Eqn (38)

 gives:
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Since 
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 is known through Eqn 
(35)

, and  GOTOBUTTON ZEqnNum727408  \* MERGEFORMAT  from Eqns 
(39)

, we can use the above equation to compute  GOTOBUTTON ZEqnNum392023  \* MERGEFORMAT  and then 
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 is the mean value of the wanted field strength,  and is one of the values that we get from the UKPM (see Fig.1). Once a first estimate of 
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Following Eqn (30) of [5] :



[image: image188.wmf]2

222

123

(,)(,)2(,)

u

uxuaaaaaa

a

GmGmGm

s

sssss

s

+

æö

=-+-

ç÷

èø


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (43)

And since 
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If we repeat the process a few times, the value of 
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 will stabilise and from that we can obtain 
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 which is the protected field strength we seek.

[image: image193.wmf]s

s

 is the standard deviation of the wanted signal (expressed in dB). In MFN networks, the wanted signal comes from one transmitter, so 
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dB. In SFNs though the value can be different, As a result we have to read 
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 form the UKPM results rather than setting it to a fixed value.
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� In the S&Y paper [4] � EMBED Equation.DSMT4 ��� and � EMBED Equation.DSMT4 ��� are expressed in Neper-Bell, while in this article we work with dB. An appropriate scaling has to be applied. � EMBED Equation.DSMT4 ��� and � EMBED Equation.DSMT4 ��� of this article correspond to � EMBED Equation.DSMT4 ��� and � EMBED Equation.DSMT4 ���of [4].
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