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Abstract—Rural areas often lack terrestrial 
telecommunication network. The reasons are high infrastructure 
costs, low density of population and lack of resources. The 
dominating factor for construction of wireless network in rural 
area is the topology cost.  The use of IEEE 801.11 radio 
components to build wireless networks in rural areas ensures a 
low cost. The cost of constructing such a mesh network is 
dominated by the height of the antenna towers on each node. The 
cost of tower is governed by its height which is dependent on its 
length of links. The task is further complicated because of the 
presence of natural obstructions on the site like trees and poles.  
In this paper we established a visual line of sight (LoS) to 
overcome these hurdles and compute the minimum height of 
towers to minimize the overall deployment cost. Accordingly, we 
propose a minimum cost wireless mesh network topology using a 
minimum spanning tree algorithm. We also propose the 2-vectex 
connectivity where in every node is connected to at least two 
other nodes in the network so that it can provide the survivability 
in the wireless mesh network.1 

Keywords— Wireless Mesh Network, Minimum Cost Spanning 
Tree, Topology Construction, Survivability 

I. INTRODUCTION 
Rural areas often do not have access to the internet due to 

lack of resources. The lack of connectivity is an obstacle in 
their development as they cannot be a part of many 
professional main stream activities. Mesh networks have come 
across as a cost effective way to construct wireless network in 
rural areas. Wireless mesh network  is a communication 
network made up of radio nodes organized in a mesh topology. 
They use IEEE 802.11 radio equipment which are cost 
effective as compared to the other standard 802.16 wireless 
equipment [1]. 

The main concern in building wireless mesh network in 
rural areas is the infrastructure cost [2]. The cost minimization 
is the primary issue to deploy any technology in the rural area, 
so we need to ensure minimum cost while constructing such 
networks. This paper studies this problem and comes up with a 
minimum cost topology construction in rural wireless mesh 
network. The paper also proposes 2-vertex connectivity 
algorithm that ensures survivability in the wireless mesh 
network. 

                                                           
       *Corresponding Author 

To construct such a network we have two key entities – 
network topology and establishing links between the nodes. 
The topology of the network strongly determines the 
deployment cost. A well-structured network can significantly 
lead to better performance. The network topology is 
determined by the layout of the villages where each village is a 
node on the network and the links between the villages act as 
edges. Some special nodes called gateway nodes are connected 
directly to the wired internet. We also need to establish links 
between the nodes. The length of these links range about 7-8 
kilometers [3]. Each node connects to the gateway node in 
order to get access to the internet. 

The 802.11 radio equipment is mounted on the top of 
towers with a directional antenna. The directional antenna 
becomes effective only at longer distances from the sender. 
This is also called as near field effect [4]. In order to establish a 
visual LoS between the nodes we need to overcome the 
obstructions between them. The obstructions can be trees, 
buildings local poles and the other natural components. For 
establishing a visual LoS, we need to fix a certain height for 
the towers. The height of the towers is dependent on the length 
of the links. Also the cost varies depending upon the height of 
the antenna tower. For heights up to 20 m the cost of 
constructing the towers is almost the same, and for the towers 
greater than 20 m the cost increases linearly because of the use 
of costlier materials like steel to construct the tower [2]. 

In the coming sections of the paper we first talk about the 
motivation of this work and the related works done in this area 
in Section II and III. We then move on to set cover problem, 
point out the drawbacks of the greedy set cover approach, and 
show Prim’s algorithm to find a minimum spanning tree for a 
connected weighted graph in Section IV. Section V shows 
network model to calculate the tower height and proposes 2-
vertex connectivity algorithm. We show the implementation on 
the Prim’s algorithm for the minimum cost spanning graph 
using the conventional adjacency list approach and a more 
efficient Fibonacci heap implementation in Section VI. We 
also present the analysis of this algorithm. The last section 
concludes our work and we also talk about the future research 
aspects of the subject. 

II. MOTIVATION 
The primary goal of setting up the mesh network using 

IEEE 802.11 equipment is to minimize the set up cost. An 
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IEEE 802.11 PCMICA radio costs about $50 as compared to 
802.16 that costs about $195 [2]. The cost effectiveness led us 
to choose IEEE 802.11 in establishing the rural wireless mesh 
networks. The antenna towers are the major cost incurred in the 
network establishment. The height of the antenna tower at one 
end should be at least about 30-45 meters to cover a distance of 
about 7-8 kilometers. The cost to build such a tower is $4000-
$5000 [2]. This cost is considerably higher than the cost of the 
wireless equipment used. We need to find out minimum 
possible height of the towers so as to minimize the overall 
deployment cost. 

In wireless mesh networks in rural area, each node needs to 
be connected to the gateway node, so that it can communicate 
with other nodes outside of the gateway node through the 
Internet. The minimum cost spanning tree includes all nodes of 
the mesh network including the gateway nodes. It will give us 
the minimum lengths of the links that establishes connectivity 
in the network. The towers are located on each side of nodes in 
the tree. The overall cost of the minimum cost spanning tree 
will be the total cost of the antenna towers. 

Our approach builds a minimum cost spanning graph that 
covers all the nodes in the network. Also the links are selected 
such that they can connect all the nodes across the network 
using minimum possible distance that ensures 2-vertex 
connectivity in the network. This type of connectivity 
guarantees that every node is connected to at least two other 
nodes in the network. We use Prim’s algorithm to construct the 
minimum cost spanning graph and we further apply the 
concept of s-t cut to obtain 2-vertex connectivity. 

III. RELATED WORKS 
The minimum cost topology construction problem has been 

research topic of great significance. Researchers are trying to 
provide wireless connectivity in rural areas and at the same 
time ensuring a low cost. Mesh networks have been 
instrumental in providing low cost wireless networks in rural 
areas [5]. Digital Gangetic Planes [6] and Project Ashwini in 
and around Kanpur, India are practical implementations of the 
project. They used these projects as real world test beds. The 
network was also used for video conferencing and long 
distance teaching in the rural areas. 

The work by Raman et al. is significant in defining the 
problem and the dependencies in the various network variables 
[2]. The construction of topology involves a lot of factors 
including network topology, tower heights, antenna types, 
orientations, and transmitting powers. The paper carefully 
evaluates the interdependence between these variables and 
formulates the problem. 

Panigrahi et al. [3] talk about the greedy set cover approach 
to the construction of the topology. It also models the cost of 
the antenna towers based on the heights. The paper also 
establishes a visual LoS to overcome the obstacles. But this 
uses the greedy set cover approach and examples have shown 
that this greedy approach is not optimal. Also the network is 
prone to failure when an individual node or link fails. 

Dutta et al. [7] talk about an implementation where the 
graph needs to be bipartite. The entire network is divided into 

two sets where one set of nodes are transmitting and the other 
set is receiving. They also exemplify the same using the graph 
coloring algorithm. The adjacent nodes cannot transmit or 
receive at the same time. In such an approach, the 
synchronizing of the nodes becomes very difficult. 

Kameshwari et al. [8] establish the hierarchical structure of 
the network topology. It comprises of long distance links 
(about a few kilometers) and local access links (about 500 
meters). Their findings were based on the Project Ashvini test 
bed [2]. This approach is difficult to implement in larger 
network areas. The paper also deals with other issues like 
quality of service and channel allocation. 

Roofnet [9] is a university test bed that was created at MIT 
(Massachusetts Institute of Technology, USA) to design better 
protocols for transmission in such networks. Wayne et al [10] 
talk about quality of service and electrical codes which are 
essential factors during the actual deployment of the test bed. 
They talk about the practical difficulties while deploying such 
a network. 

IV. PRELIMINARIES 

A. Set Cover Problem 
The set cover problem is to select a minimum number (of 

any size set) of sets so that the union of all selected sets forms 
the universal set or the input set. Additionally the cost of the 
sets should be minimal. 

 
S1 Ss

g1 g2 gk a

S1 Ss

g1 g2 gk a
 

Fig. 1. Set Cover Problem 

Let B be a ground set. And S1,…, Ss be subsets of B with 
costs c1,…, cs. A set cover is a collection of sets Si whose union 
is B. The set cover problem is to find a minimum cost set cover 
[11]. We can define the formal set cover problem as follows: 

• Input 
ground elements, or Universe: U = {g1, g2,…, gn} 
subsets : S1, S2,…, Sk ⊆ U 
costs : c1, c2,…, ck 

• Goal 
Find a set I ⊆ {1, 2,…, m} that minimizes 

�
∈Ii

ic , such that US
Ii

i =
∈
� . 
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B. Use of Greedy Approach to create optimum set cover 
Let C represents the set of elements covered so far. Let cost 

effectiveness (α) be the average cost per newly covered node. 
We can solve the set cover problem with greedy approach. The 
figure 2 shows the algorithm. 

1. C � 0 

2. While C ≠ U do 
    Find the set whose cost effectiveness is 
smallest, say S 
    Let α  = c(S) / ⏐S - C⏐ 
    For each e ∈ S – C, Set price(e) = α  
    C � C ∪ S 

3. Output picked sets 

Fig. 2. Greedy approach 

The following example has three subsets, i.e., X, Y and Z 
with costs 6, 15 and 7, and shows that the greedy set cover 
approach is not optimal. 

 

 

Fig. 3. Example for the Greedy Approach 

If we use the greedy approach, we can choose subset Z 
whose cost effectiveness is the smallest. Then we can select the 
following subsets, i.e., X and Y. The cost effectiveness can be 
calculated as following: 

 

 

Fig. 4. Solution for the Example 

As we can see from the above calculation, the total cost is 
28. This means that the greedy algorithm is not optimal 
because an optimal solution would have chosen Y and Z for a 
cost of 22 instead of 28. 

C. Prim’s Approach 
Prim's algorithm in the graph theory finds a minimum 

spanning tree for a connected weighted graph. This algorithm 
builds a spanning tree from scratch by fanning out from a 
single node and adding links one at a time. The algorithm 
keeps adding a single node to a subset S of nodes. Before it 
adds a node, the algorithm checks all link cost between S and 
T, and selects a minimum cost link, lij, where i ∈ S and j ∈ T 
[12]. 

 
 

35 

S = ∅ 
T = {1, 2, 3, 4, 5} 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 
35 

S = {1} 
T = {2, 3, 4, 5} 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 

(a) (b) 
 

 
 

35 

S = {1, 2} 
T = {3, 4, 5} 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 
35 

S = {1, 2, 4} 
T = {3, 5} 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 

(c) (d) 
 

 
 

35 

S = {1, 2, 3, 4} 
T = {5} 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 
35 

S = {1, 2, 3, 4, 5} 
T = ∅ 

1 

4 

3 

2 

5 
40 

25 

10 

15 

30 20 

(e) (f) 
 

Fig. 5. Illustrating Prim’s algorithm 

In Fig. 5(b), there is only node 1 in the spanning tree. The 
algorithm keeps adding a minimum cost link at a time through 
Fig. 5(c) – 5(f) and finally constructs the minimum spanning 
tree, i.e. the solid line in Fig. 5(f). 

D. Line of Sight (LoS) Constraint 
To select the heights of the tower, we need to consider the 

LoS propagation. The tower height should be such that it over 
comes all the obstructions like trees and poles. The following 
figure gives a clear picture of our discussion [2]. 
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Fig. 6. Line of Sight Constraint 

Let D, L and d define the link distance, the obstruction 
height and the distance of the obstruction from one end node, 
respectively. We need to decide minimum height, i.e., h1 and h2 
that overcome all the rural obstructions. For the LOS clearance, 
we can use the basic geometry as following: h1 × (D – d) + h2 × 
d ≥ L × D. 

TABLE I.  TOWER COSTS WITH RESPECT TO HEIGHTS 

Tower 
Height 

(m) 
10 15 21 24 27 30 45 

Cost 
($) 100 150 800 950 1,100 1,850 5,000 

 

The tower heights are related to the deployment cost. We 
need to see the tower cost with respect to the height. Table 1 
shows some tower costs from the current Ashwini & Digital 
Genetic Planes deployments [2]. 

As we can see the cost from the table above, the tower cost 
increase is linear from around 20m. We need also consider the 
maximum height because of physical limitations on the tower 
height. 

V. NETWORK MODEL AND ALGORITHM 

A. Network Model 
In order to calculate the tower height, we can model the 

tower height at each end node as following figure. 
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Fig. 7. Tower heights modeling 

where u and v are end nodes or villages. h(u) and h(v) are the 
tower heights at the nodes of u and v. luv and ho are the distance 
and obstruction height between u and v, respectively. Link (u, 
v) requires a visual and RF line-of-sight connection between 
the towers at its two terminal nodes to communicate each other 
[3].  

We also need to model the tower cost with respect to the 
tower height. Let C the cost function. Tower costs increase 
rarely around up to 20m. Let’s define this as the minimum 
height, i.e., hmin. Physically there exists the limitation of tower 
height. We can define this as the maximum height, i.e., hmax. 
Finally we can model the tower cost as follows: 

( )
�
�
�

≤<+
≤≤

=
maxmin

min0
hhhifBAh

hhifK
hC

 

where A, B and K are constants and Ahmin + B >> K. The cost 
function needs to satisfy the following properties. 

• Property 1: Given the tower costs at two neighboring 
nodes u and v, we can determine whether or not the 
corresponding tower heights cover the edge (u, v) in 
polynomial time. 

• Property 2: The cost function is monotonically 
increasing with height after hmin, i.e., hj ≥ hi � C(hj) ≥ 
C(hi) for any values of hj and hi, where  hi  is greater 
than or equal to hmin. 

B. Proposed Algorithm 
Physically there exists the limitation of tower heights. This 

means that the maximum height tower height cannot exceed 
hmax. A height function h is said to be valid if h(v) ≤ hmax, for 
each node v. Now, for any height function h, let COVER(h) be 
the set of edges that are covered by h. 

The input is an undirected graph G = (V, E) with 
obstruction locations and heights on each edge e ∈ E and a cost 
function C which satisfies Property 1 and 2. The output is a 
valid height function h with the property that the sub graph of 
G with edges in COVER(h) contains all vertex and minimize 
the total tower costs, i.e., Σv∈V C(v). 

Greedy approach is not sufficient as it may not always give 
optimal solution.  A failure of single node might lead to the 
network failure. Therefore, we construct 2-vertex connectivity 
topology using Prim’s algorithm. We apply the s-t cut over the 
Prim’s spanning tree and get a degree 2 for every node. To 
achieve a degree 2 we found out additional edges such that 
every node in the graph can reach its neighbor using at least 
two different paths. The proposed 2-vertex connectivity 
algorithm based on the s-t cut approach is as follows: 
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Input : G = (V, E) with obstruction location 

Output: Topology construction with 2-vertex 
connectivity 

S � {s}, T � {v1, v2,…, vn}; 

N � 0; 

While T ≠ ∅ 

{  

   C � ∅; 

   Find all neighboring links with S,  
   C = {l1, l2,…, lm}; 

   Find out two links such that  
   Σi, j ∈ m (C(li) + C(lj)), (i ≠ j); 

   N � N + 1; 

   T � T – {vN}; 

   F � { li, lj }; 

} 

Return all links to satisfy 2-vertex connectivity, 
i.e., F ; 

Fig. 8. Proposed 2-vertex connectivity algorithm 

VI. ALGORITHM IMPLEMENTATION AND ANALYSIS 
We discuss two implementations of the proposed 

Algorithm. The first approach is using the conventional 
adjacency list [13] and the second is using the Fibonacci heap 
[12]. We also compare and contrast the two implementations. 

A. Adjacency list Implementation 

Input: A weighted connected undirected graph G = 
(V, E), where V = {1, 2,…, n}. 

Output: The set of edges T of a minimum cost 
spanning tree for G. 

1. T � {}; X � {1}; Y � V – {1} 

2. For y � 2 to n 

3.  If y adjacent to 1 then 

4.   N[y] � 1 

5.   C[y] � c[1, y] 

6.  Else C[y] � ∞ 

7.  End if 

8. End for 

9. For j � 1 to n – 1  // find n-1 edges 

10.   Let y ∈ Y be such that C[y] is minimum 

11.   T � T ∪ {(y, N[Y])} // add edge (y, N[Y]) to X 

12.   X � X ∪ {y}  // add vertex y to X  

13.   Y � T – {y} // delete vertex y from Y 

14.   For each vertex w ∈ Y that is adjacent to y 

15.  If c[y, w] < C[w] then 

16.     N[w] � y 

17.     C[w] � c[y, w] 

18.  End if 

19.   End for 

20. End for 

Fig. 9. Algorithm implementation with adjacent list 

1) Correctness 

We prove by induction on the size of the T that (X, T) is a 
sub tree of a minimum cost spanning tree. 

Initially we have T = {} and the statement is trivially true. 
We assume that the statement is true before adding edge e=(x, 
y) in step 9 of the algorithm where x ∈ X and y ∈ Y. Let X′  = X 
∪ {y} and T′ = T ∪ {e}. We will show that G′ = (X′, T′ ) is also 
the same subset of some minimum cost spanning tree.  First we 
show that G′ is a tree. Since e is connected to exactly one 
vertex in X, namely x and since by the induction hypothesis (X, 
T) is a tree, G′  is connected and has no cycles meaning G′  is a 
tree. 

Now we show that G′  is a sub tree of minimum cost 
spanning tree. By induction hypothesis, T belongs to T′, where 
T′ is the set of edges in a minimum cost spanning tree G = (V, 
T′ ).  If T′ contains e then there is nothing to prove. Since e(x, 
y) connects one vertex in X to another vertex in Y, T′ must also 
contain another edge e′ = (w, z) such that w ∈ X and z ∈Y. If 
now we construct T″ = T′ - {e′ } ∪ {e}, we notice that T′, is a 
subset of T″. Moreover T″ is the set of edges in a minimum 
cost spanning tree since e is of minimum cost among all edges 
connecting the vertices in X with those in Y. 

2) Time Complexity 

We break the algorithm into steps and calculate the 
complexity as follows: 

• Step 1: This step costs O(n).  

• Step 3-6: These steps cost O(n). 
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• Step 8: This step searches for vertex y closest to X′ in 
O(n) per iteration. The reason is that the algorithm 
inspects each entry in the vector representing the set Y. 
Since this step is executed n - 1 times, the overall time 
taken by this step is O(n2).  

• Step 9-11: Each step costs O(1) times per iteration. This 
step executes n times which gives us a total of O(n). 

• Step 12: For loop in this step is executed 2m times, 
where m = |E|. This is because each edge (y, w) is 
inspected twice: once when y is moved to X and other 
when w is moved to X. Hence the over all time required 
by this step is O(w).  

• Step 13:  This step is executed exactly m times. 

• Step 14 & 15: These steps are executed at most m times.  

So the steps from 12 to 17 cost O(m) time. 

The above calculation follows that time complexity of the 
algorithm is O(m+n2) = O(n2). 

Finding a spanning tree of maximum degree 2 is clearly 
NP-complete, since this is identical to the Hamiltonian path 
problem. Efficient algorithms are known, however, that 
construct spanning trees whose maximum degree at most one 
more than required [12]. 

B. Fibonacci Heap Implementation: 
The adjacency list approach is a conventional and very 

widely used method. But here the focus is to reduce the overall 
working cost. If we can achieve a better run time, it will lead to 
better performance in the network. Fibonacci heap is such a 
method. In the coming section we discuss this implementation. 
The motivation for writing the paper was to pick up an 
algorithm which is used in the real world application and 
analyze the different implementations. The comparison of two 
approaches lead to a fact that with the use of proper data 
structures we can significantly reduce the overhead and 
achieve a better time complexity. 

Heap is a data structure that permits us to perform the 
following operations on a collection of H objects, each having 
associated real number called its key. The set of operations 
allowed on the heap are as follows: 

• Create-heap (H): Create an empty heap H. 

• Fin-min (H).  Find and return an object from H with the 
minimum key. 

• Insert (i, H): Insert a new object i with a predefined key 
into a collection H of objects. 

• Decrease-key (i, value, H): Reduce the key of an object 
i in H to a value, which, must be smaller than the key it 
is replacing. 

• Delete-min (i, H): Delete the object i with a minimum 
key from the collection H of objects. 

H is the collection of nodes in S and the key of a node would 
be distance label. C denotes the maximum arc cost in the graph 
G. 

Begin 

   Create-heap(H); 

   For each j ∈ N – {1} do d(j) := C +1; 

   Set d(1) := 0; and pred(1) := 0; 

   For each j ∈ N do insert( i, H ); 

   T* := ∅; 

   While �T*� < (n-1) do 

   Begin 

         Find-min ( i, H ); 

         Delete-min( i, H ); 

         T* := T*  ∪ ( pred(i), i ); 

         For each (i, j) ∈ A(i) with j ∈ H do 

 If d(j) > cij then 

 Begin 

       d(j) := cij; 

       pred(j) := i; 

       decrease-key(j, cij, H); 

 End; 

   End 

         T* is a minimum spanning tree; 

End; 

Fig. 10. Algorithm implementation with Fibonacci heap 

1) Time Complexity of the Fibonacci Heap Approach 

In Prim’s method, each node is inserted one at a time; 
hence we have a total of n insert and delete-min operations. A 
decrease is always the result of looking at an edge, so there will 
be at most m decrease operations. The following shows the run 
time of the functions in the Fibonacci heap implementation: 

• fin-min (H): O(1)  

• insert (i, H) : O(1) 

• decrease-key (i, value, H) : O(1) 

• Delete-min (i, H): O(1) 

In the Prim’s Algorithm implementation, we saw that there 
are n inserts, n find-min, n delete-mins and at most m decrease 
key operation. The time requirement for the heap 
implementation listed above implies that the algorithm requires 
O(m + nlogn) time. 
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VII. CONCLUSION AND FUTURE WORKS 
Wireless mesh network is definitely a cost efficient 

approach to provide internet in the rural regions. The use of 
IEEE 802.11equipments leads to a reduced infrastructure cost. 
It stands apart from the other devices. But a poor structuring of 
the network might lead to inefficient performances. To 
maximize the output and optimize the cost it is important to 
formulate the height of the towers and the length of the links. 
We should have minimum cost topology that covers all the 
villages in our network. 

A strong infrastructure can never produce good quality 
results in the absence of efficient algorithms.  Greedy 
algorithms cannot be trusted to give optimum results in every 
situation. But a little preprocessing of the information can lead 
us to improved results. We suggested the use of Prim’s 
algorithm for the construction of the minimum cost spanning 
tree. The use of Fibonacci Heap comes across as a better 
choice as compared to the conventional adjacency list 
approach. 

We know that in practical situations it is very easy for a 
node to fail. This might lead to the collapse of the entire 
network. We also propose 2-vertex connectivity in that ensures 
survivability in the network. It is an extension to the s-t cut and 
Prim’s s algorithm. 

There are other issues in the construction of the topology in 
the rural areas which needs to be dealt with quality of service, 
noise reduction, dynamic channel allocation depending upon 
the network traffic are a few of them. The setup must be 
adaptable to accommodate the changes in the network while 
adding or deleting a node. Also no concrete work had been 
proposed to ensure 100 % survivability in the network. Our 
paper contributes to takes a step in this area. 
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