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Abstract 
 
Geographic routing protocols for wireless sensor networks are considered. While a 
combination of greedy and face routing is a solution with a good performance well 
documented in the open literature, it requires the procedure of network graph planarization 
which is difficult to implement in real wireless networks.  
In this document, the possibilities of substituting face routing are analysed. It is assumed that 
wireless nodes have not any knowledge about the network topology. The algorithms that 
enable to recover greedy routing from local maxima failures are discussed and their 
performance is validated through computer simulations. 
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Introduction 
 
In wireless sensor networks, nodes usually need to be aware of their positions to properly 
report events or phenomena of their interest. Naturally, the information about node positions 
in a wireless network can be exploited to enhance the performance of routing protocols. This 
stands behind the idea of geographical routing: a popular approach to the routing issue in 
wireless sensor and ad hoc networks. 
 
The most straightforward concept of the geographical routing is its greedy version: if a node 
would like to send a packet to a sink (destination) which is out of its range, the node chooses 
as a forwarder its neighbour node which is closest to the sink. This extremely simple concept 
is also very effective, but only in dense networks. In [1], the opinion can be found that geo-
routing protocols performance is: (a) excellent for networks where the nodes have more than 
10 neighbours in average, (b) good for networks with 6-10 neighbours, (c) poor for the lower 
average number of neighbours. There are also some other variants of the greedy routing, an 
overview can be found e.g. in [2, 3], but all of them are not suitable for low-density networks.  
 
An algorithm that guarantees the packet delivery is face routing, first described in [4] and 
later developed in many papers, e.g. [5]. A network graph is divided into empty zones (called 
faces) surrounded by the nodes and network edges (connections between the nodes). A packet 
is routed around a zone to find a node which is the closest to a sink. Then, the packet skips to 
a next zone and the process continues. Face routing requires the network graph to be planar, 
i.e. it cannot contain any crossing links. To perform the graph planarization, each node should 
contact all its neighbours and the proper decisions should be taken which network connections 
must be switched off. Of course, when the network topology changes (e.g. because of a sensor 
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energy depletion or a wireless channel fading), the planarization procedure should be 
repeated.  
 
The motivation for our work reported in this document was to develop a geo-routing protocol 
that could work without any information about the network topology. We only assume that 
each sensor node knows its position (geographical coordinates) and the position of the nearest 
sink1. However, sensors are not aware of their neighbours, local network topology and they 
don't exchange any information between each other before they want to send data packets. 
Fulfilling these assumptions could result in minimizing the amount of exchanged packets and 
make the routing protocol more robust to topology changes.  
 
Thus, we propose azimuth routing that can substitute face routing. Azimuth routing protocol 
also uses the greedy procedure as long as it is possible. If there is a zone in the network 
without sensors and a node processing a packet hasn't any neighbours closer to a sink, the 
packet is forwarded along the borderline of the zone. However, there is neither initial 
planarization procedure, nor any faces defined. The routing protocol chooses as a forwarder 
the neighbour that has the least azimuth angle to a sink. 
 
 
 
Algorithm Description 
 
Azimuth routing protocol works in three states. In each state, a node that wants to send a 
packet chooses the best forwarder from among its neighbour nodes, according to some 
criteria. The three states can be described as: pure greedy, greedy/azimuth and pure azimuth.   
 
Pure Greedy State 
In the pure greedy state, the routing protocol proceeds like in a standard greedy routing. A 
node with the least distance to a sink is chosen as a forwarder. As long as it is feasible, pure 
greedy routing is continued. However, it may happen that an area not covered by sensors 
exists in the middle of the network. When there is no node closer to a sink then the actual 
node, the routing algorithm is switched to greedy/azimuth state. The least distance to the sink 
that has been reached during this routing state is remembered (it will be called: least distance) 
and transmitted with the packet.  
 
Greedy/Azimuth State 
In the greedy/azimuth state, the transmitted packet is forwarded along the borderline of the 
area without sensor nodes. First, when the pure greedy procedure is not possible, a node with 
the least azimuth angle relative to the direction to a sink is chosen as a forwarder. This 
first hop determines the forwarding direction of the packet (clockwise or counter-clockwise) 
around the empty area. In each next hop, there are two possibilities. The actual node can find 
a forwarder according to the greedy algorithm, but the forwarder must be located in the sector 
between the direction to the previous node and the direction to the sink (Fig. 1). If such a 
forwarder exists, the routing is switched to pure greedy state. The nodes that were potential 
forwarders in the previous hop are neglected in this phase to avoid routing loops. If a greedy 
forwarder does not exist, the algorithm looks for a forwarder which has the least azimuth 
angle to a sink and is located on the opposite side of the line connecting the transmitting 
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node and the sink in comparison to the previous node. This complicated condition is more 
simple in practice (Fig. 1) and is needed to keep the forwarding direction when transmitting 
the packet around the empty area. The greedy/azimuth state is continued until a sink is 
reached (Fig. 2). However, it can happen that there are neither greedy nor azimuth potential 
forwarders (Fig. 3). Then, the forwarding direction is changed to the opposite one and the 
procedure is continued. If the lack of forwarders appears again, i.e. after certain amount of 
hops there are again no possible forwarders (greedy and azimuth), the algorithm is switched to 
the last possible state: pure azimuth. If the distance to sink is shorter then remembered least 
distance in any moment during the greedy/azimuth state, the new value of least distance is 
remembered in the transmitted packet.  
 
 

 
Fig. 1. The node C has just received a packet from the node B. It is looking for a forwarder according to 
greedy/azimuth state. In the presented situation, the node D will be chosen as a forwarder and the routing 
algorithm will be switched to the pure greedy state. If the node D didn't exist, the node E would be chosen, 
because it would have the least azimuth angle to a sink (angle α). The nodes F and G have larger azimuth angles. 
The node H is not located in the proper sector and is not considered as a forwarder. The circle indicates the range 
of the node C. 
 
 
Pure Azimuth State 
In the pure azimuth state, the algorithm is trying to follow the borderline of the empty zone. 
The direction to the sink is of no significance. As a forwarder, a node is chosen that has the 
least azimuth angle relative to the direction to the previous node (Fig. 4). To avoid rooting 
loops, the nodes that were the potential forwarders in the previous hop and have the azimuth 
angle less than 180° in the present hop are neglected. This routing state is continued until a 
node is reached that is closer then the remembered least distance value. Then, the algorithm is 
switched to the pure greedy state.  
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Fig. 2. The packet generated in the node A is being forwarded to the node B according to the pure greedy state of 
the routing algorithm. In the node B, algorithm is switched to the greedy/azimuth state and the packet is 
forwarded to the sink. 
 
 

 
Fig. 3. The packet is being forwarded from the node B to the node C according to the greedy/azimuth state. In 
the node C, the forwarding direction is changed to the opposite one and the greedy/azimuth state is continued 
until the node D. There, there are no good forwarders again and the routing state is switched to pure azimuth. 
The node E is the first node which is closer to the sink than the best previous node (node B), so the pure greedy 
state is launched again there.  
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Fig. 4. According to the pure azimuth state, the node D is looking for a forwarder which has the least azimuth 
angle relative to the direction to the previous node C. All the nodes in the range (E, F, G and H) are considered, 
but the forwarder will be the node E.  
 
Mathematical background 
In the three routing states, distances to a sink or azimuth angles need to be compared in order 
to choose the best forwarder. Distances to sink don't need to be calculated: each node knows 
its distance to the nearest sink and equates it with the value received in the packet. Azimuth 
angles comparison requires some calculation. We propose to do it using the properties of dot 
and cross products of the vectors connecting the nodes and the sink. It could be explained as 
follows.  
A node that looks for the best forwarder in greedy/azimuth state should broadcast its own 
position and the position of its nearest sink. It is proposed that each neighbour node calculates 
the following metric: 
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where (xf, yf), (xs, ys) and (x0, y0) are the coordinates of the potential forwarder (neighbour 
node), the sink and the transmitting node, respectively. According to the definition of dot 
product:  
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where α is the azimuth angle of the potential forwarder relative to the direction to the sink. 
The square root in (2) equals to the distance from the sink to the transmitting node and is, of 
course, constant in the metrics of all the potential forwarders. Thus, the neighbour node with 
the largest metric m has the least azimuth angle.  
Each potential forwarder should also check if it is on the appropriate side of the line 
connecting the transmitting node and the sink. It can be performed calculating the following 
expression: 

( )( ) ( )( )0000 yyxxyyxxc sffs −−−−−= .    (3) 
According to the definition of cross product, the sign of the above expression gives the 
information about the position of the potential forwarder relative to the line connecting the 
transmitting node and the sink. 
The simple calculations shown above are also used in all other situations, where azimuth 
angles need to be compared or relative node positions should be checked.  
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Adverse network topologies 
There exist some adverse network topologies where the presented routing algorithm fails to 
forward a packet to a sink. An example of such a topology is shown in Fig. 5. In the next 
section the probability of such a situation is discussed.  
 

 
Fig. 5. An example of a network topology where the azimuth routing fails. The packet is generated in the node A 
and forwarded in the pure greedy state to the node B. There, the routing is switched to the greedy/azimuth state 
and the packet is forwarded to the node C where the forwarding direction is changed and the packet is sent back 
until the node D. In the node D, the routing state is switched to pure azimuth state and the packet starts to 
circulate in the loop. The only exit is the node E that never won't be reached.  
 
 
Information that needs to be transmitted 
The proposed azimuth routing protocol requires some specific data to be transmitted in each 
packet. It is an overhead introduced by the routing protocol. Here, this data is listed: 

a. the position of the transmitting node, 
b. the position of the nearest sink, 
c. the position of the previous node, 
d. the forwarding direction (a single bit), 
e. the information if the forwarding direction has been already changed (a single bit), 
f. the least distance value. 

 
MAC Algorithm 
The medium access control scheme that each node needs to choose the best forwarder is out 
of scope of this paper. However, the azimuth routing should cooperate well with BLR [6] and 
GeRaF [7, 8]. The main idea of these protocols is to construct a smart time division multiple 
access scheme where the best greedy forwarder occupies the first time slot and stops other 
nodes from transmitting. This concept can be also generalized for the azimuth routing. 
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Algorithm Performance 
 
The proposed azimuth routing protocol was implemented in C++ and some initial computer 
simulations were performed. The transmission power of all sensors were the same and the 
channel model without fadings was assumed, i.e. all the sensors had equal circle ranges (so 
called unit disk graph model). With these assumptions, the whole network topology can be 
scaled up or down to obtain the sensor range equal to 1, so the transmission power and the 
path loss are not important. The network topology was generated randomly, with 2-
dimensional uniform distribution of the nodes and sinks in the square area. We analyzed 
mainly the influence of the network density (average number of neighbours). Basically, the 
network consists of 300 nodes and 3 sinks. We were changing the area where the nodes were 
distributed in order to obtain different average number of neighbours. But, the number of 
neighbours were calculated for the connected nodes, only. In the case of low-density 
networks, the most of the nodes were not connected, i.e. there was no path between them and 
the sink. Thus, the simulation parameters (average number of neighbours, percent of nodes 
with successful routing) were calculated only for the connected nodes.  
 
In Fig. 6, the performance of the azimuth routing is illustrated and it is compared with the 
case when only the greedy routing is applied. It should be stressed that for all cases, there is a 
probability that azimuth routing will fail. These failure probabilities for azimuth routing were 
shown additionally in Fig. 7 (values from Fig. 2 added to values of upper curve from Fig. 1 
sum up to 100%). The worst failure values occur for mid-density networks (about 5 
neighbours in average) and do not exceed 1%. We suppose the failure probabilities can be 
larger if channel fadings are taken into account, as a fading makes the topology exemplified in 
Fig. 5 more probable. We plan to investigate this issue in our future work.  
 

 
Fig. 6. The percentage of the nodes that can deliver their packets to a sink.  

The greedy and azimuth routing algorithms are compared. 
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However, it is questionable if the issue of routing failures does matter in practice. If wireless 
sensors are deployed randomly or quasi-randomly (e.g. by an airplane or a helicopter) there is 
a significant percentage of the not connected nodes (Fig. 8), unless the network density is very 
large. A small percentage of routing failures seems to be not important, when 20 % of nodes 
are not connected. On the other hand, if the network topology is planned (not random), the 
adverse cases can be avoided.  
 
As a comment to Fig. 6, it should be also noted that the good performance of greedy routing 
for very small network density is misleading. If a low-density wireless network is generated 
randomly, the most of the nodes are not connected (Fig. 8).  
 

 
Fig. 7. The percentage of the nodes that cannot deliver their packets to a sink in azimuth routing. 

 
 

 
Fig. 8. The percentage of the connected nodes in the randomly deployed network. 
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The algorithm cost of azimuth routing is shown in Fig. 9. The cost of routing is defined as the 
average number of hops that the protocol does to reach the sink divided by the average 
number of hops in the shortest possible path [5]. Obviously, the algorithm cost is largest for 
the mid-density networks, where greedy routing has a large probability to fail and 
greedy/azimuth and pure azimuth states are required. The similar curve for the face routing 
can be found in [5], also for the networks modeled with unit disk graph assumption. The 
algorithm cost for face routing is a little worse: it exceeds 3 for mid-density networks, while 
the maximum cost of azimuth routing is 2.7. However, face routing guarantees the packet 
delivery.   
 

 
Fig. 9. The algorithm cost for the azimuth routing. 

 
Finally, in Fig. 10 the probability of azimuth routing failure is shown as a function of number 
of nodes in the network. The number of sinks is increasing proportionally with one sink for 
each 100 nodes. The network density is kept constant: the average number of neighbours is 
equal to 5. The failure probability is increasing with the number of nodes, but it doesn't 
exceed 1% even for 1000 nodes. It can be explained by the fact that, as the sinks are also 
located randomly, the average number of hops to a sink is slightly increasing. Thus, it results 
with the larger probability of adverse network topologies.  
 
 
 
Conclusions 
 
The new algorithm called azimuth routing was proposed. It is a geo-routing protocol that 
doesn't require any knowledge about network topology. Also, wireless nodes don't need to be 
aware of the neighbours in their vicinity. The algorithm performance was validated through 
the computer simulations for the simplified propagation model and the good results were 
obtained. In the future work, it is planned to verify the algorithm in more diverse propagation 
environment and, if it is promising, to integrate it with the medium access control protocol.  
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Fig. 10. The percentage of the nodes that cannot deliver their packets to a sink in azimuth routing  

as a function of number of nodes in the network. 
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