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introduction

In an wireless mobile LAN we are often faced with having to choose the best cell size based on cost and performance to cover a certain geographical area with a given population. This project will focus on the problem of cost versus performance in wireless LAN with emphasize on the need to find the minimum number of access points necessary to cover a geographical area. Two cases will be analyzed; symmetrical cell overlap (non-optimal solution) and non-symmetrical overlap (optimum solution). For example, a geographical area like a large university campus is an interesting problem. Assuming we have several types of access points that we can choose from when building a wireless LAN, which solution is the most cost effective one, assuming that range and bandwidth is a function of equipment cost?

problem definition

We are given a rectangular geographical area that we need to fully cover. By covering, we mean that a mobile user should be able to roam around inside this area and be able connect to the wireless LAN wherever the user resides, assuming there is available bandwidth. The population of mobile user inside this area is considered uniform for simplicity. An access point has three different characteristics:

1. Cell diameter.

2. Bandwidth or performance. This determines how many users can be serviced inside the cell area.

3. An equipment cost associated with installing and maintaining the access point.

symmetrical cell overlap analysis

defining parameters

The following general parameters are needed for computation.

Coverage area - AC

The geographical area to be covered by the wireless overlay network. Given as two coordinates (X0,Y0) – lower, left corner, (X1,Y1) – upper, right corner. There is no set unit area, but the unit chosen also reflects the cell size. It is assumed that the entire area must be covered.
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Figure 1: Geographical mobile user area.

mobile user population - MUP

The mobile user population is assumed uniform over the given geographical area.

Maximum cell overlap - KCell

The maximum fraction of overlap between cells, 
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Figure 2: Maximum cell overlap for access points.

minimum cell spacing – Cscell

We can calculate the minimum spacing between two adjacent access-points, based on cell diameter (Dcell) and maximum cell overlap (Kcell):
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[Eq-1]

mobile user density – mud

The average number of mobile users per unit area is given by Equation 2.
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[Eq-2]

cell diameter – dcell

This is the cell diameter of the access point. The given value corresponds to the same unit as for AC.

Maximum cell bandwidth - BCell

The maximum bandwidth delivered by access point. This value could reflect a maximum utilization desired and not the actual maximum channels possible. This is the total bandwidth and connecting more users to an access point will degrade performance.

cell cost - cCell

A cost associated with a particular access point that could include installation cost and maintenance.

equidistant access points analysis

We note that when placing cells, the distance between neighboring cells is equidistant to keep the cell overlap constant, see Figure 3.


[image: image6.wmf]K

r

CS


Figure 3: All neighboring cells are equidistant so that cell overlap is constant.

Therefore, when calculating the number of access points needed to cover a geographical area, we approximate each cell area with a rectangle given by Equation 3.
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[Eq-3]

number of access points to cover area

The number of access point necessary to cover the geographical area, is the coverage area, Ac, divided by the approximated rectangular cell size, 
[image: image8.wmf]2

3

2

.

cell

approx

CS

Area

Cell

´

=

. The result is rounded up to the nearest integer.
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[Eq-4]

Total coverage cost for mobile users

The total cost associated with servicing the population in the given geographical area is given by the number of cells needed times the equipment cost of each access point:
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[Eq-5]

maximum cell size to satisfy minimum bandwidth per user

Assume that we wish to give each user in the populated area on average a bandwidth Buser. Since the size of the cell diameter is directly related to the number of users that resides inside a cell on average, we calculate the maximum cell diameter to be:
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[Eq-6]

best cost performance ratio

We know that by increasing the cell diameter we can reduce the number of access points and thus the overall cost of covering an area. We are also allowing each access point to service more mobile users at any time which will degrade performance, and if the bandwidth for each cell is constant, what is the optimum cell diameter?
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[Eq-7]
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[Eq-8]

The total cost of covering the area with respect to an average service quality is given by Equation 9.
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[Eq-9]

This is just a linear function, where the total cost increases as the service performance increases.

non-equidistant access points analysis

Assume that access points can be placed anywhere and cell overlap is ignored, what is the minimum number of access points necessary to cover a rectangular area? This becomes a boundary problem. Assume further that access points can only be placed on a horizontal line, as figure 4 shows. The distance d will vary depending on the area to be covered.
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Figure 4: Access points need to be lined up horizontally. 

This problem is a lot more complex than the previous one where we have symmetrical cell placement. This alternative will be more cost effective since we are minimizing the necessary cell overlap to fully cover a geographical area. Issues regarding hand-off will not be covered here, but this optimal approach will make the hand-off harder since some cells barely touch at certain places and no overlap is present. It can also be harder to merge areas where the cell placement has different symmetry.

To solve the optimal area coverage problem, several steps will be analyzed, starting with the simplest ones. At the end, a general solution will be presented.

Test if the area can be covered with a single cell

To complete out analysis we first start out with testing if the geographical area can be covered by a single cell, see Figure 5. 
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Figure 5: Single cell coverage problem. 
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[Eq-10]

Above is the equation for calculating the maximum height given the rectangular width for a single circular cell. We can thus cover the entire area if:
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analysis for horizontal access point placement

Assume that the rectangular area to be covered satisfies 
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, we then need to have more than one access point to cover the area.

Since the area we need to cover is rectangular, we can create a wider rectangular area by concatenating cells horizontally (or vertically). A closer spacing means a higher rectangular area bus more cells are required, as Figure 6 shows.
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Figure 6: Access point spacing determines rectangular shape. 

We can calculate the heigh of the inscribed rectangular area, as a function of the cell overlap, Equation 11.
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[Eq-11]

For number of access points (NAP) > 1, we describe the rectangular width as: 
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[Eq-12]

Removing variable Kcell: 
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[Eq-13]

There is a solution, if 
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. This may not be the optimal soultion though since if 
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, and we need to consider the general solution before accepting this as an optimum solution.

analysis for exactly three access points

The next step is to consider the expansion of cells into two dimensions. We start out by examining the placement of exactly three cells and how the inscribed rectangular area changes as the two parameters Kcell and x varies, see Figure 7. 
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Figure 7: Relative placement of third access point. The bounded rectangle size is determined by cell radius (r), cell overlap (K) and relative adjustment of lower cells, row displacement (x).

For exactly three cells, we introduce a second parameter called x, this parameter can be described as the relative row adjustment value. It is defined to be within the boundary 
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, is due to the repeating nature when x crosses the boundary. The equations for calculating the height, H, and width, W, are shows below.
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[Eq-14]
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[Eq-15]

The last term in the above equation depends on the relative position, x, of the lower access point, see Figure 7. A solution exists if:
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analysis for more than three access points – general solution

If we add more rows of access points in a similar fashion like before, we end up with a general solution. The equations for heigh and width is shown below, both a function f(Kcell,x). We note that the equation for width can have two solutions, depending on the number of columns in the even numbered rows. For example, in Figure 8 we would use Equation 17b, but for the exactly three cell solution we would use Equation 17a.
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Figure 8: General placement of cells.
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Where ROWSAP > 1.
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[Eq-17a]
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[Eq-17b]

Where COLSAP > 1.

We note that the solution for exactly three cells is covered by the general solution. The equations are still very bulky and hard to solve. As a first step we can find the minimum COLSAP necessary for a solution. From the last equation and the possible ranges for Kcell and x, we have:
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[Eq-18]

The above equation has a minimum when 
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[Eq-19]

The next step is to determine the minimum ROWSAP necessary for a solution. From the the possible ranges for Kcell and x, we have:
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[Eq-20]

The above equation has a minimum when 
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[Eq-21]

finding an optimal solution

There are three cases that we need to consider when searching for a solution to the area coverage problem:

1. Single cell, no parameter solution.

2. Multiple cells, one parameter solution (Kcell)

3. Multiple cells, two parameter solution (Kcell,x)

The first two cases are easy to find solution for. If there is a solution for (2), we also need to find a solution for (3), since (2) might not be an optimal solution. The problem of finding a general solution is much harder and possibly need to be found through iteration. We must first guess the rows and cols parameters and solve for the Kcell and x parameters to see if there is a solution. If there is no solution we add either another row or column depending on the least cost and recalculate Kcell and x. We must also test both the equations for width, Equation 17, where we could have either an odd or even number of columns in the rows.

Different Column Size Solution

We find Kcell from Equation 17a:


[image: image57.wmf]1

2

-

-

´

£

COLS

W

r

K


[Eq-22]

Then we simply use the calculated Kcell with Equation 23 and solve x. The boundary conditions for Kcell and x must hold for a solution to exists.
Same Column Size Solution

To find a solution for Kcell and x, we need to solve Equation 16 and 17b.
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[Eq-23]
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[Eq-24]

By combining Equation 23 and 24, we remove x and end up with Equation 25. By plotting 
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 we can determine if there is a solution, see Figure 9.
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[Eq-25]
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Figure 9: Kcell solution space for W=90, H=51, r=20, rows=2 and columns=3. In this example a solution exists. Kcell has a lower limit to remove complex solutions, while the upper limit is just the cell diameter.

General Solution Using Matlab™

To test for general solutions, I have written a Matlab program, cellopt(W,H,r,cols,rows). The function returns the number of access-points necessary, either odd or even solution based on the given cols and rows parameter. Zero is returned if no solution exists. More than one combination of rows/cols must be tested to find the optimum solution. I have tried to make the program automatically find the minimum access points necessary by increasing the rows and columns in a least cost order. The problem of solving Equation 26, where x is additional columns and y additional rows to the starting values, for increasing NAP is hard. 
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[Eq-26]

The Matlab program, and some test runs are shows below:

function AP = cellopt(W,H,r,cols,rows)

% W - Width of geographical area.

% H - Height of geographical area.

% r - Cell radius.

% rows – Number of rows in the grid for which a solution is tested.

% cols – Number of columns in the grid for which a solution is tested.

% Calculate minimum rows/cols necessary.

AP=0;

if(cols<ceil(W/(2*r))) return; end

if(rows<ceil(H/(2*r))) return; end

% Test for odd solution

K=2*r-W/(cols-1);

if(K>=0 & K<2*r)

  x=r-K/2-(r^2-((H-(rows+1)*(r^2-(r-K/2)^2)^(1/2))/(rows-1))^2)^(1/2);

  if ((imag(x)==0) & (x<=K))

    AP=rows*cols-floor(rows/2);

    return;

  end

end

% Test for even solution

% Binary search for possible solution

Kmin=2*r-sqrt(4*r^2-4*((H-r*(rows-1))/(rows+1))^2);

Kmax=2*r;

for i=1:50,

  K=0.5*(Kmax+Kmin);

  Y=(1-2*cols)*(r-K/2)+W-sqrt(r^2-((H-sqrt(r^2-(r-K/2)^2)*(rows+1))/(rows-1))^2);

  Klow=0.5*(K+Kmin);

  Ylow=(1-2*cols)*(r-Klow/2)+W-sqrt(r^2-((H-sqrt(r^2-(r-Klow/2)^2)*(rows+1))/(rows-1))^2);

  Khigh=0.5*(Kmax+K);

  Yhigh=(1-2*cols)*(r-Khigh/2)+W-sqrt(r^2-((H-sqrt(r^2-(r-Khigh/2)^2)*(rows+1))/(rows-1))^2);

  if (Ylow<Y)

    Kmax=K;

  elseif (Yhigh<Y)

    Kmin=K;

  else

    Kmin=Klow;

    Kmax=Khigh;

  end

end

if(Y<=0) 

  AP=rows*cols;

end
» cellopt(85,50,20,3,2)

// Odd solution found.

ans =  6

» cellopt(70,40,20,3,2)

// Even solution found.

ans =  5

» cellopt(100,45,20,3,2)

// Solution does not exists for rows=2, cols=2.

ans =  0

conclusions

The asymmetrical solution to the coverage problem turned out to be a lot more complex than first expected. Future work might include adding to the computer program to find the optimal solution automatically and test the cost effectiveness against the non-optimal solution where we approximate the cell number. Since we can find the relative placement of access points, we might also consider developing a graphical interface to better illustrate the exact placement of access points. Continuing research might also include non-uniform populated areas and wireless overlay networks. Cell placement restrictions due to hand-off could also be incorporated into the equations.
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