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1. Introduction Interference control by suitable power density allocation to different areas
The operation of TV receivers is considered to be satisfactory if a target SINR 
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is satisfied with specific location probability 
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due to the slow fading:
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Starting from (1) one can derive the maximum allowable mean generated interference increase that does not violate the operation of TV receivers: 
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where 
[image: image6.wmf](

)

dB

I

D

is referred to as the interference margin. 
If 
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 are approximated with Gaussian distributions then 
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 is the 
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-quantile of a standard Gaussian distribution. The Gaussian approximation for the aggregate interference distribution was shown to be valid when the inter-distances between the interferers are small compared to the distances between the interferers and the TV test points [1]. The Cornish-Fischer expansion can be utilized to find solution of the form of (2) even if the distributions of 
[image: image11.wmf](

)

dB

S

and 
[image: image12.wmf](

)

dB

I

 are not Gaussian. In such case 
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becomes function of the 
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-quantiles of the standard Gaussian and the cumulants of 
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 (see Annex 1.1 in this document). The bound for interference that guarantees primary system protection can also be derived by using Monte Carlo simulation as suggested in ECC Report 159 [2] and document SE43(11)42 [3].

The nuisance parameters not directly expressed in (2) like antenna discrimination, polarization and gain can be incorporated into the calculation of the interference margin through some additional parameter 
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The interference margin and the total median nuisance field introduced in [2] [3] describe the same parameter that is, the maximum allowable mean interference generated at the TV receivers. In simple case of co-channel interference, the median nuisance field is calculated as [3]: 
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where 
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 is the wanted signal strength and 
[image: image21.wmf]co

PR

 is the co-channel protection ratio. This is similar to (3) while the variance of the aggregate interference 
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 will be computed from the simulations.
We note that the upper bound on the mean aggregate interference in the log-domain 
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 also sets a limit for 
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 which is a linear function of the mean received power from the different WSD. For instance, in case of log-normal approximation for the distribution of the aggregate interference, we have [4]: 
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where 
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is a scaling constant. 
The condition (3) must be satisfied for all the points belonging to the TV coverage area (also known as TV test points). Note that the available margin can be different at different test points because the useful TV signal level 
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is different. The interference margin or equivalently, the total median nuisance field can be treated as an available resource. For a certain test point
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, each active WSD is allowed to take a bite out of the total available margin:
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where 
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is the total number of WSD, 
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 is the transmission power level for the 
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th WSD and 
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denotes the propagation pathloss between the 
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th WSD and the 
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th protection point .
Equation (4) implies that for successful interference control the database has to know the precise location and transmission power level for each individual WSD. If the number of WSD is very large and their locations and activity change often, direct utilization of the bound (4) can become computationally intensive task. Furthermore, (4) assumes that a single database needs to have full knowledge of the entire WSD population. In order to allow distributed operation and faster computations, we propose to group the WSD having similar propagation conditions to the TV protection contour. Let us assume that the WSD deployment area is split into 
[image: image36.wmf]K

areas and 
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denotes the number of active WSD belonging to the 
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th area. The generated interference at the 
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th test point is:
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where 
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P

is the transmission power level for the WSD belonging to the 
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th area. 

The WSD can be grouped based on the similarity of the power levels and channel attenuations. The area covered by a group is described by the approximately uniform power density level 
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A

stands for the area size. By using the power density instead of the transmission power level in (5) the generated interference can be read as:
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where the 
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 denotes the propagation loss between area
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 and the protection point p. In the numerical illustrations we will show that the transmissions from WSD located inside the same area 
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are correlated. 
Equation (6) indicates that the allocation of transmission power levels to the WSD inside a certain area 
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 can vary as long as the power density emitted from the area is controlled. The database can delegate the interference control to different areas simply by allocating in each area a fraction of the interference margin 
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Inside an area the allocated interference margin 
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can be taken by few high-powered WSD or many low-powered WSD. E.g. small number of base stations or large number of user equipments.

In numerical illustrations we show one possible algorithm for grouping together WSD with similar propagation characteristics to the TV protection contour. The number of WSD that can be grouped depends on the deployment area characteristics. The area characteristics define also the variance of the aggregate interference 
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 emitted from the area. In Figure 1 we illustrate a possible scenario where secondary pixels facing the same obstacles to the TV protection contour experience similar propagation pathloss and can be grouped together. 
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Figure 1: Secondary deployment area outside the TV protection contour is split in multiple areas. The secondary pixels belonging to the same area are the same colour and they experience correlated pathloss values to the TV test points. The database allocates the power density to the multiple areas such that the interference margin at the TV test points is not violated. 
2. Numerical examples

In this section we illustrate the feasibility for grouping together neighbouring secondary pixels. In our calculations we take into account the terrain morphology. We use the Longley-Rice channel model (also known as irregular terrain model ITM) implemented in splat! [5] along with the ground elevation information obtained from [6]. The Longley-Rice model computes the pathloss between the transmitter and the receiver site by carrying out obstruction analysis between them. As expected, WSD transmissions originated from neighbouring pixels are attenuated by the same obstacles and have similar pathloss values to the TV test points. Because of that neighbouring pixels tend to group together and form regions. 

In our analysis we utilize a simple finite element algorithm for deciding whether neighbouring pixels can be grouped. The algorithm steps are summarized in the Annex 1.2 of this document. More advanced finite element methods can be used and possibly result in lesser number of regions. We selected a simple algorithm that helps to illustrate whether the proposed approach is at all feasible. 

2.1 Case study 1

In the first case study we select a relative flat area in the western part of Finland (see Figure 2). The transmission power of MUX-B VAASA TV transmitter is 10 kW and the operational frequency is
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 MHz. The coverage area border of the TV transmitter is defined by the minimum required field strength which is equal to 
[image: image56.wmf]1

.

54

 dBuV/m at this frequency. The desired to undesired ratio, 
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dB and should be satisfied with location probability 
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The secondary deployment area is the blue rectangular area in Figure 2 (left). In Figure 2 (right) the ground elevation of the secondary area is depicted. The area is divided into rectangular pixels with dimensions 134 x 150 m2. In total, 
[image: image60.wmf]000

150

 pixels are approximately needed to cover the secondary area. Due to the large amount of computations only twenty points of the TV coverage area are selected as the test points. The elevation of the TV test points lies between 40 m and 50 m above the ground. 
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Figure 2: Part of the coverage area for MUX-B VAASA TV transmitter in Finland, TV test points and rectangular secondary area (left) and ground elevation for the secondary deployment area (right). 

The separation of secondary deployment area into regions is depicted in Figure 3. The resulting regions in the lower-right corner are large. The pixels at the lower-right corner of the secondary deployment area have clear line-of-sight to the TV test points. Because of that, the WSD transmissions originated from those pixels will be highly correlated.  
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Figure 3: Pixels to be used by the database drawn on the top of google maps (left), ground elevation secondary map (right). Inside each pixel, the emitted spatial power density is sufficient to describe the aggregate interference at the TV test points. 

In Figure 3 the secondary deployment area is split into 
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 (left) and 
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(right) regions. The average cross correlation coefficient for WSD transmissions belonging to the same region is computed. By comparing Figure 3 and Figure 4, one can see that areas characterized by high correlation form regions. For instance, the WSD transmissions originated from pixels located in the lower-right corner of the area are indeed highly correlated. 
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Figure 4: Average cross correlation coefficient for secondary transmitters located inside rectangular regions of dimensions 12.8 x 14.4 km2 (left) and 6.4 x 7.2 km2 (right).

So far it has been illustrated there is a potential to facilitate interference control by splitting the secondary deployment area in larger regions compared to the pixel size. Each region will be associated with a power density value and an amount of interference margin that is allowed to take. 

Next, it is shown that the generated interference at the TV test points due to the WSD transmission belonging to the same region do not violate the protection criteria of TV receivers. In other words the power density emitted from a region is sufficient to describe the generated interference. In Figure 5 the SIR distribution at the TV test points is depicted assuming that each region exists alone and it is allocated the whole interference margin. 
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Figure 5: SIR distribution at the TV test points due to the transmission originated from the two regions at the upper-left corner of Figure 0‑3 (left). The allocated power density to region 1 and region 2 is equal to 0.0070 W/km2 and 0.0291 W/km2 respectively.

2.2 Case study 2

A similar study is now carried out in a hillier area in Jyväskylä in Finland. The transmission power of the Vihtavuori TV transmitter is 100 W and the operational frequency is 546 MHz. At this frequency the minimum required TV field strength is 
[image: image70.wmf]3
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 dBuV/m. The secondary deployment area has rectangular shape and it is split into pixels with dimensions 140 x 126 m2. For a system illustration see Figure 6. 

In Figure 7 the resulting regions in the secondary deployment area are depicted. One can see that the required number of regions to cover approximately the same area size as in previous case study is larger. The reason being, that the secondary deployment area is now hillier. Close to the center of the deployment area, pixels that are located at a distance of few kilometres have a high difference in ground elevation and because of that their pathloss to the TV test points is characterized by low correlation (see Figure 8). Therefore only few neighboring pixels can be grouped together and the resulting size of the region is in the order of square kilometer. 
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Figure 6: Part of the coverage area of Vihtavuori TV transmitter in Finland, TV test points and rectangular secondary area (left), ground elevation for secondary deployment area (right)

[image: image73.emf]km

km

10  20  30  40  50 

5 

10

15

20

25

30

35

40

45

50

[image: image74.emf] 

 

Ground elevation (m)

 60

 80

100

120

140

160

180

200

220


Figure 7: Pixels to be used by the database drawn on the top of google maps (left), ground elevation secondary map (right). Inside each pixel, the emitted spatial power density is sufficient to describe the aggregate interference at the TV test points. 
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Figure 8: Average cross correlation coefficient for secondary transmitters located inside rectangular regions of dimensions 13.4 x 12.1 km2 (left) and 6.7 x 6 km2 (right).

2.3 Comparing ECC and the proposed approach when terrain information is also available.

In this section we repeat the study carried out in SE43(11)23 by using the Longley-Rice propagation model. Unlike the analysis presented in the previous section a uniform size region size is used. The target is to show that the area-based power allocation approach can result in higher transmission power levels compared to ECC method without violating the TV SIR target. 

In Figure 9 the WSD are located at the corners of a 15 x 15 square grid with side equal to 2 km. Also, 1000 points belonging to the TV coverage area are selected to be the test points. The location probability target is 
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In Figure 10 the transmission power levels by using the ECC method are depicted for safety margin equal to 10 dB and 19 dB. The mean transmission power levels are equal to 16.3 dBm and 7.3 dBm respectively. One can see that due to the impact of obstruction and ground elevation, neighboring WSD may experience significantly different pathloss values to the TV test points and as such their allowable transmission power levels can differ even for 10 dB. In that case and according to the analysis presented in previous section the neighboring WSD cannot belong to the same region. 

In Figure 11 (left) all WSD are forced to utilize the same transmission power level while in Figure 11 (right) the secondary deployment area is split into 15 regions and WSD belonging to the same region utilize the same power. The mean transmission power levels are equal to 9.9 dBm and 9.4 dBm respectively. 
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Figure 9: System illustration. Part of the coverage area of the Vihtavuori TV transmitter in Finland, 1000 test points inside its coverage area are selected and a grid of WSD deployed outside of the transmitter’s coverage area. 

[image: image80.jpg](1ugp) Jemod UOISSILISUE B[dEMOY




[image: image81.jpg](1ugp) Jemod UOISSILISUE B[dEMOY

| R

0

%

2

18

14

10

14

wf

18

2

%

0

km




Figure 10: Allowable transmission power in each pixel of the secondary deployment area by using the ECC proposal. The safety margin is taken equal to 10 dB (left) and 19 dB (right). The multiple interference margin is taken equal to 6 dB. 
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Figure 11: The allowable transmission power for each pixel is calculated by using the proposed approach. All secondary pixels are forced to use the same transmission power (left). The secondary pixels are grouped into square regions (right). In this example each region contains 9 pixels. The interference margin is equally allocated to all the regions. The same transmission power is used for pixels belonging to the same region.

In Figure 12 the secondary deployment area is split into square regions, 25 regions in Figure 12 (left) and 9 regions in Figure 12 (right) but only one pixel is active inside each region. The mean allocated power to the active pixel is 18.9 dBm in Figure 12 (left) and 23.4 dBm in Figure 12 (right). In both cases the allocated power is higher compared to the power allocated by ECC, 16.3 dBm in Figure 10 (right). The higher power is possible since the algorithm prohibits transmission in nearby locations. The result illustrates the flexibility of the area-based power allocation method.

Finally, in Figure 13 the distribution of the aggregate interference at the TV test points is depicted when the ECC approach and the area-based power allocation method are utilized. One can see that for 10 dB safety margin the ECC method allocates high transmission power levels that violate the protection criteria at the TV test points. For 19 dB safety margin the TV test points are protected but the allocated transmission power levels are rather conservatively set (see Figure 10(right)). On the other hand, the area-based method can allocate higher transmission power levels compared to ECC (see Figure 12) without violating the SIR target at the TV test points. 
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Figure 12: The allowable transmission power for each pixel is calculated by using the proposed approach. The secondary pixels are grouped into regions. Then it is assumed that only one pixel is active inside a region. The interference margin is equally allocated to all the all active regions. 25 regions (left) and 9 regions (right).
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Figure 13: Distribution of the SIR over the TV test points. The target SIR is equal to 15 dB and the outage probability target is 10%. The transmission power allocation by using the ECC rules results in the violation of the target SIR by using 10 dB safety margin. The transmission power allocation by using the proposed approach does not violate the SIR target for all the configurations depicted in Figure 10, Figure 11 and Figure 12.
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Annex 1.1: Interference margin when the distribution of the aggregate interference is not log-normal 

According to the Cornish Fisher expansion, the 
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Note that If 
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follow the log-normal distribution then, 
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Annex 1.2: Analytical method for computing the moments of the interference distribution 
We take an area and deploy a WSD in each pixel. We allocate the maximum spatial power density to the area such that the TV protection constraints are not violated. Then, we carry out Monte Carlo simulation in the area: 
We split the area into square regions of 4 x 4 pixels and select randomly one active pixel from each group. In order to decide whether the area will be subdivided or not we apply the following decision criterion:

The power density averaged over the Monte Carlo runs is less than the power density computed by allocating WSD in each pixel

If the average power density computed by Monte Carlo simulation is higher, the area is subdivided into four areas with equal sizes and the procedure is repeated. 

More advanced algorithms may result in less number of regions and as such improve further the interference control by the database. 

N
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