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Abstract
Wireless sensor networks have arrived because of further developments of the 
modern Internet, and this has been considered to be one of the most important 
technologies of the 21st century. Currently, the wireless sensor network has be-
come an important technology in a variety of areas and is widely used in the 
field of national  defense,  national  security,  environmental  monitoring,  traffic 
management, anti-terrorism, anti-disaster, and so on. The majority of these ap-
plications require real-time communication as the WSNs are required to send 
the data to the data center within a specified time. In order to meet the real-time 
demand for wireless sensor networks, this work mainly focuses on the analysis 
and measurement of the end-to-end delay, including both single-hop and multi-
hop delays. This thesis first analyzes the composition of the end-to-end delay 
and then describes the end-to-end delay measurement algorithms and methods. 
The measurement is implemented in TelosB motes within TinyOS. Finally the 
report will show the evaluation of the end-to-end delay in wireless sensor net-
works.
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1 Introduction

1.1 Background and problem motivation
Based on the promotion of computer applications, the information technology, 
which is represented by the computer technology, has had a profound impact on 
human society. Mark Weiser first proposed ideas of ubiquitous computing III 
[1] in 1991, which is a computing model for the 21st century. Its basic idea is to 
make computer technology completely disappear from the user's consciousness. 
As a  typical  application  in  the  ideological  system of  ubiquitous  computing, 
WSNs (Wireless Sensor Networks) technology has been applied not only in the 
military field but also in many other areas.

The development of sensor networks can be divided into the following four 
stages:

The first generation of sensor networks involves monitoring and control sys-
tems  composed  of  conventional  sensors  with  a  simple  point-to-point  signal 
transmission function and only the initial one-way transmission of information 
was achieved;

The second generation of sensor networks involves a monitoring and control 
system composed of smart sensors and an on-site control station. Signal trans-
mission between the sensor and control station is basically the same as that for 
the first-generation sensor networks;

The  third  generation  of  sensor  networks  involves  Fieldbus-based  intelligent 
sensor networks. The continuous development of the Fieldbus and the wide use 
of smart sensor networks based on the Fieldbus communication protocol, makes 
the communication technology of intelligent sensor networks become involved 
in local monitoring and control networks.

The fourth generation of sensor networks involves a "smart" self-organization 
and control system which can complete the assigned tasks automatically ac-
cording to the environment. It is composed of a large number of tiny sensor 
nodes with communication and computing abilities, which are densely arranged 
in the unattended monitoring area.

The wireless sensor networks to be dealt with are those of the fourth generation 
of sensor networks as these have brought about a revolution in the information 
sense with their low power consumption, low cost, distribution and self-organ-
ization. A wireless sensor network is one consisting of a large number of sta-
tionary or  moving sensors.  Its  aim is  in  relation  to  sensing,  gathering,  pro-
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cessing and transmitting the monitoring information of objects within the net-
work coverage and report this back to the users.

The wireless sensor network has many distinctive features, including large-s-
cale, self-organization, limited power, limited computing ability, dynamic and 
that it is data-centric. These features are differ to those for traditional networks.

Now, wireless sensor networks are able to be used widely within the areas of 
national defense, national security, environmental monitoring, traffic manage-
ment, medical systems, manufacturing and anti-terrorism and other areas with a 
clear real-time demand. The complete study of the real-time data transmission 
technology for wireless sensor networks has great theoretical significance and 
applicable value. Since industrial wireless sensor networks require tight real-
time demand, the end-to-end delay is one of the important evaluation methods.

The network delay is one of the indicators to measure the network transmission 
capacity and real-time performance.  For applications with real-time demand, 
the delay of the network will not only affect the choice of network algorithms 
and protocols, but will also affect the efficiency of the applications.

1.2 Overall aim 
This work's overall aim is to analyze the end-to-end delay in WSNs, design the 
methods for end-to-end delay measurement and implement the methods. The 
work aims to provide an evaluation of the end-to-end delay in WSNs.

1.3 Scope
The focus of the work is on the analysis and measurement of end-to-end delay, 
including single-hop delay and multi-hop delay in  WSNs. The measurement 
will be implemented in TelosB motes within TinyOS.

1.4 Concrete and verifiable goals 
The work has an objective to complete the following goals:

(1) Analyze end-to-end delay theoretically.

(2) Design the end-to-end delay measurement algorithms and methods. 

(3) Implement the algorithms and methods in TelosB motes within TinyOS.
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(4) Evaluate the end-to-end delay in the Collection Tree Protocol.

1.5 Outline
Chapter 2 analyzes the end-to-end delay in WSNs and this will include the com-
position  of  the  delay and an analysis  of  each component.  This  chapter  also 
briefly introduces details concerning the WSN, CTP (Collection Tree Protocol), 
TelosB motes and TinyOS. Chapter 3 describes the methodology used for clock 
drift measurement and end-to-end delay measurement, including the single-hop 
and multi-hop delay measurement.Chapter 4 describes the specified design and 
implementation for end-to-end delay measurement in WSNs, including the set 
of multi-hop networks for measurement. This chapter also describes clock drift 
measurement which is implemented in order to show the results more clearly. 
Chapter 5 shows the result of all the implementations.Chapter 6 makes the con-
clusion and evaluation of the end-to-end delay in WSNs, including the single-
hop and multi-hop delay.

1.6 Contributions
This work analyzes and measured the end-to-end delay in wireless sensor net-
works. Many of the experiments were conducted so as to show how the delay 
changes under different conditions and this is of assistance for the evaluation of 
the network transmission capacity and real-time performance. 
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2 Theory

2.1 Wireless Sensor Network 
Wireless sensor network is a special case of the Ad hoc [2] network. It transmits 
the data by means of a multi-hop wireless. Therefore, achieving real-time trans-
mission in wireless sensor networks involves many difficulties which is differs 
to that for the traditional network. This section introduces the concepts, charac-
teristics and challenges of wireless sensor networks. 

2.1.1 An overview of wireless sensor networks
Currently, the wireless sensor network has become an important technology in a 
variety of areas. It can be defined as follows [3]: the wireless sensor network is 
a self-organizing wireless network consisting of a group of spatially distributed 
tiny sensors which integrates the sensors, data processing unit and the commu-
nication module. The purpose of WSNs is to sense, gather and process the in-
formation of the object within the coverage of the networks collaboratively, and 
then send this to the user. 

The user of the WSNs is the receiver and applier of the sensory information. A 
wireless sensor network can have several users, and a user can be in several 
wireless sensor networks. The user can inquire and gather the information of the 
sensors, or receive the information released by the sensor network. The user 
will observe and analyze the sensory information, and then make a decision or 
even take the appropriate action in relation to the object.

The object in WSNs is the target of interest to the user, such as a tank, army, an-
imals or harmful gases. The information is generally expressed by the value of 
physical phenomena, chemical phenomena or other phenomena, such as tem-
perature, humidity, size of the object, the speed of the object and so on. A WSN 
can sense several objects within the coverage and an object can be sensed by 
several WSNs.

Wireless sensor networks have played an important role in many applications, 
the main one being in relation to military concerns and it is the best technology 
for wireless data communications in  the digital  battlefield.  In environmental 
monitoring area, wireless sensor networks make it convenient to obtain the ran-
domized study data in the wild. For example, this could include the tracking of 
the migration of birds and insects, studying the impact of environmental change 
on crops,  and the  monitoring  of  marine,  air  and soil  composition.  Wireless 
sensor networks also provide a more convenient and faster means of technology 
for future telemedicine.
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2.1.2 Characteristics and challenges of WSNs
The wireless sensor network is a combination of sensor technology, embedded 
computing  technology,  networking and wireless  communications  technology, 
distributed information theory and so on. It can monitor, sense, and gather in-
formation about a variety of environments or objects collaboratively through 
various types of tiny sensors, process the information by using embedded sys-
tems, and send the information to the user by using multi-hop relay. 

Wireless sensor networks have many distinctive features, such as their large-s-
cale, self-organization, limited power, limited computing ability, dynamic and 
that they are data-centric. These features are different to those of traditional net-
works, and they bring many constraints in achieving network protocols and ap-
plications. They also involve a series of challenging issues[4-5]: 

1) The limited communication capabilities. The communication bandwidth of 
the sensors in wireless sensor networks is narrow and changes frequently, so the 
networks only covers a distance from a few dozen to several hundred meters. 
Communication between the sensor is  frequently disconnected,  which,  often 
leads to communication failure.

2) The limited power. The sensors in the networks often become invalid due to 
power, so the confinement of power is a serious problem which can hinder the 
application of wireless sensor networks.

3) The limited computing ability. The limited ability and capacity of embedded 
processor and memory in sensors limits its computing ability.

4) The large number and wide distribution of sensors. This feature makes it dif-
ficult or even impossible to maintain the network. Thus the hardware and soft-
ware for the wireless sensor networks must have a high robustness and fault tol-
erance.

5) The dynamics of networks. With the dynamic change of network topology, 
the path among sensors, objects and observer also changes. Wireless sensor net-
works must be reconfigurable and self-adjusting.

6) The large-scale distributed triggers. Many wireless sensor networks are re-
quired to control the objects and thus the management of thousands of dynamic 
triggers is a significant challenge.

7) The huge data stream. Each sensor in the wireless sensor networks usually 
generates a great real-time data stream. However, it is difficult for the sensors to 
handle such large real-time data streams because of the limited computing re-
sources. 
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2.2 Delay analysis of wireless sensor networks
Wireless sensor networks can monitor, sense, gather and process information 
about a variety of environments or objects collaboratively through various types 
of tiny sensors in order to obtain detailed and accurate results, and then send 
this to the user. For example, a wireless sensor network is able to provide in-
formation about an enemy beach for the force that is preparing to land, such as 
the hardness and the dry humidity of the ground. This will provide reliable ma-
terial for the development of operational plans. Therefore, it can be widely used 
in  the field of national  defense,  national  security,  environmental  monitoring, 
traffic  management,  anti-terrorism,  anti-disaster,  and so on.  The majority of 
these applications require real-time communication and they require the WSNs 
to send the data to the data center within a specified time. The data center will 
then analyze the data and present the results to the decision-makers.

There are many challenges to face when providing real-time communication in 
wireless sensor networks. Firstly, the wireless link is vulnerable to the impact of 
both the environment and noise, so that the communication delay is difficult to 
estimate; secondly, many wireless sensor network applications are required to 
work for months or even years with only battery power, which requires consid-
eration to be given as to how to simultaneously reduce the energy overhead of 
the  network;  thirdly,  different  packets  have  different  delay  requirements  in 
wireless sensor networks, the delays of packets with high-priority must be less 
than those for packets with low-priority; finally, the node resources of wireless 
sensor networks are limited, which requires consideration to be given as to how 
to reduce the communication and energy overheads when designing the corres-
ponding protocol.

Delay is one of the important indicators to measure the network transmission 
capacity and real-time performance. Delay is the time it takes for a packet to 
transmit  from the source node to the destination node.  The consideration of 
delay will affect the choice of the network algorithms and protocols (such as 
multiple  access  protocols,  routing algorithms,  flow control  algorithms,  etc.). 
Therefore it  is  important  to study the causes  and characteristics  of  delay in 
wireless sensor networks.

The delay between the sender and the receiver is called end-to-end communica-
tion delay and this is an important part in relation to constituting the informa-
tion interaction time in the entire network. It contains four parts [6-7]:

1) Processing delay: the delay between a packet arriving at the input of a node 
and the packet arriving at the output of a node;

2) Queuing delay: if there is a transmission queue at the output of the node, the 
queuing delay is the delay between a packet entering the transmission queue 
and the packet entering the actual transmission; if there is a waiting queue at the 
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input of the node, the queuing delay refers to the delay between a packet enter-
ing the waiting queue and the packet entering the node for processing;

3) Transmission delay: the time it takes for a sender to transmit from the first bit 
to the last bit;

4) Propagation delay: the time it takes for a bit to transmit from sender to re-
ceiver.

Figure 1. Decomposition of the delay in wireless sensor networks. 

The decomposition of the delay in WSNs is shown in figure 1. The processing 
delay includes both send and receiver processing, the transmission delay in-
cludes both transmission and reception. The transmission delay and propagation 
delay is constant if there is no retransmission, as they are determined by the net-
work bandwidth and the corresponding signal propagation speed.

The queuing delay includes  both  node-level  queuing and link-level  queuing 
delay.  It can be seen from the  constitution of the end-to-end communication 
delay that the queuing delay is mainly affected by the competition within the 
same node and that between different nodes. 

End-to-end delays in the networks are mainly affected by the queuing delay. 
The competition for the information within the same node can be seen as a 
node-level competition, which is the same as for traditional networks [8]. When 
the packet traffic is above the node’s ability to send, the node’s cache overflows 
which results in packet loss and queuing delay increases. Large-scale intensive 
deployment, many-to-one communication, the dynamic changes of radio link’s 
quality and topology, and sudden traffic caused by an emergency, all make it 
easy to cause the node’s cache to overflow. This may also make the Sink node 
be unable to receive any information, which seriously affects the quality of the 
network transmission service. The node-level delay is mainly determined by the 
scheduling algorithm, such as first come first served (FCFS) and the priority 
based service (PBS).

Another reason which can affect the queuing delays is the competition for in-
formation between different nodes, which can be seen as link-level competition. 
The wireless channel is a shared channel; there can be only one node among the 
adjacent nodes that is able to use the wireless channel at any given time. When 
multiple adjacent nodes simultaneously compete for the wireless channel, an 
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access violation will be generated and this is the cause of the link-level compet-
ition, which increases the service time of packets and reduces the utilization of 
the link and the throughput of the network. The link-level delay is mainly af-
fected by MAC protocols of the networks, such as free competition, time token 
and centralized control.

2.3 Collection Tree Protocol
To transmit the monitoring data to the base station (sink) is the common re-
quirement for wireless sensor network applications. An effective way of dealing 
with this is to establish at least one collecting tree, make the root node of the 
tree as the base stations,  and the other  nodes select  a parent  node from the 
neighboring nodes as next hop. On the one hand, the node itself collects data, 
while, on the other, the node forwards the data from other nodes and finally de-
livers the data to the base station through the collecting tree. When the network 
contains multiple root nodes, it becomes a collecting forest. CTP is such a tree-
based collecting protocol [9]. Some nodes in the network are set to be the root 
nodes; other nodes generate the route according to the routing gradient. It will 
finally form a collecting tree network to the root node. The nodes do not send 
data packets to the fixed root. Instead, they select the parent node as the next 
hop to select the root node implicitly. CTP provides a reliable routing mechan-
ism and because the CTP is open sourced and is able to check packet duplica-
tion, restrain transmission duplication and routing loops, the delay measurement 
in this work is implemented using CTP.

2.3.1 Assumptions and limitations
CTP is a tree-based collecting protocol. Some nodes in the network set them-
selves to be the root nodes. CTP is a protocol without addresses. The nodes do 
not send data packets to a fixed root node, but select the parent node as the next 
hop to select the root node implicitly. The nodes generate the route according to 
the routing gradient.

The CTP protocol assumes that the link layer provides the following functions:

(1) Provide valid local broadcast address;

(2) Provide acknowledgment of synchronization for unicast packets;

(3) Provide protocol dispatch field to support the high-level protocol;

(4) Has the fields of the single-hop’s source and destination’s address.

The CTP assumes that nodes have part of the link quality estimation informa-
tion of their neighboring nodes. This information provides the number of suc-
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cessfully  transmitted  unicasts  between  the  node  and  one  of  its  neighboring 
nodes.

CTP has some mechanisms to improve the transmission reliability, but it does 
not guarantee 100% reliability. 

The CTP is, in addition, designed for relatively low traffic networks.

2.3.2 The protocol
CTP uses the expected transmissions (ETX) as the routing gradient. The root’s 
ETX is 0; the other node's ETX is the ETX of its parent node plus the ETX of 
the link to the parent node. This method must assume that the nodes use the link 
layer for retransmission. To present an effective route, the CTP selects the one 
with the minimum ETX.

The routing loop is one of the problems that may appear in the CTP network 
and it usually occurs when the chosen ETX is much bigger than the original 
one, which may be caused by the loss of connectivity with the candidate node.

CTP handles the routing loop in two ways. The first is to add the current node's 
ETX to each node. If the CTP receives the data frame with an ETX smaller than 
its own ETX, then there are inconsistencies in the tree. CTP broadcasts a mes-
sage frame to solve this inconsistency, and hopes that the node sending this data 
frame has received and adjusted its routing. If part of the node is separated, they 
will form an infinite ETX loop. The second way is to ignore the routing which 
has an EXT bigger than a constant and this depends on the implementation.

Packet duplication is another problem that may occur in the CTP. When a node 
receives a data frame, it will reply with an ACK (Acknowledgment). The packet 
duplication occurs when the ACK is lost. The sender will retransmit the packet 
and the receiver will receive it again. It is disastrous in multi-hop networks, be-
cause the repetition is exponential.

Because the routing loop may allow one node to receive a package one or more 
times lawfully, it makes the repetition suppression more complex. If only the 
source address and the sequence number are used, then the packets in the rout-
ing loop may be discarded. Therefore, the CTP data frame has a field of THL 
(time has lived), which will plus one every jump. The link layer retransmission 
will have the same THL, but the packets in a routing loop will not.
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2.4 TinyOS and TelosB mote platform
Wireless sensor networks are designed mainly for low-speed, low-power wire-
less applications. A single node in WSNs is a typical resource-constrained em-
bedded system.  TinyOS has  been developed for  small  operating  systems of 
wireless sensor networks.

TinyOS is an open source operating system designed specifically for wireless 
sensor networks by the University of California, Berkeley. It uses a component-
oriented structure to ensure rapid response and implementation [10]. While re-
ducing code size, it can break through the restrictions of the sensor storage re-
sources. It runs on each sensor network node and is the premise of the upper 
layer applications and protocols. TinyOS provides a range of reusable compon-
ents; an application can connect various components by connecting the config-
uration file to complete the function it requires. TinyOS-based developers can 
choose the components from the component library which includes network 
protocols, distributed services, sensor drive and data acquisition tools. These 
components can be used as the basis for further development.

TinyOS is  a component-based architecture designed for embedded operating 
system, which is achieved by the nesC language.

TelosB is the mote platform used in the measurement. It uses the IEEE 802.15.4 
protocols and micro-controller with 10kB RAM. It collects data and programs 
via the USB interface.  This is a low power research platform and can be used 
in wireless sensor experiments. There is one aspect to be noted which is that the 
clock frequency of the TelosB is 220 ticks per second. That means that 1 tick in 
TelosB is approximately equal to 0.95  µs. Chapter 4 will  introduce how the 
measurement is implemented in TelosB motes within TinyOS.

Figure 2 below shows the TelosB motes used in the measurement.

Figure 2. TelosB motes
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3 Methodology
This work mainly focuses on the measurement of the delay. In addition, this 
work also measures the clock drift of the TelosB motes. The measurement will 
be implemented in TelosB motes within TinyOS. The methodology of this work 
can be summarized as in figure 3. 

Figure3. Methodology of the work

In order to obtain the accuracy of the delay measurement, a clock drift measure-
ment will be conducted. The single-hop delay measurement will be performed 
under different conditions to determine the impact of different factors on the 
single-hop delay. The factors considered are distance, physical environment and 
the  packet  length.(  The  physical  environment  refers  to  the  environment  in 
which the nodes are set. For example, if the nodes are in the line of sight or 
not.)  It  will  be useful for the following multi-hop delay measurements.  The 
multi-hop delay measurement will consider two more factors, namely commu-
nication environment and hops. ( The communication environment refers to the 
environment  for  the  communication.  For  example,  if  there  are  many nodes 
sending messages at the same time or not.)

After each measurement, the impact of the factor on the delay will be analyzed. 
Finally, conclusions will be made on both single-hop delay and multi-hop delay.
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4 Design
The measurement for the delay analysis is divided into three parts: clock drift 
measurement,  single-hop  delay  measurement,  and  multi-hop  delay  measure-
ment. This chapter will introduce the algorithms and methods designed for each 
measurement.

4.1 Single-hop delay measurement
The single-hop delay measurement is mainly based on the round trip time.

There are two nodes in this measurement. The assumption is that the commu-
nication between two nodes is symmetric also the two nodes used are the same 
and the channel condition can be kept the same. The measurement is shown in 
figure 4.

Figure 4. Single-hop delay measurement

It  can  be  seen  in  the  figure  that  node1  firstly  sends  a  message  to  node2. 
Secondly,  node2 sends a message back to node1 immediately it receives the 
message  from  node1  and  finally,  the  delay  can  be  calculated  from  two 
timestamps shown in figure 4. 

When the application layer of node1 starts to send the message and receives the 
message from node2, t1 and t2 are then timestamped . The delay can then be 

calculated as: delay =
t 2−t 1

2
.
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In this measurement, the interval will be set to be sufficiently large to eliminate 
the node-level delay and the link-level delay as these delays are meaningless in 
the single-hop delay. 

There is one more problem that may appear in the measurement. If a packet is 
lost in the transmission, the following result for the measurement will be af-
fected. Thus  a sequence number field is added to the message so as to avoid 
this  problem. Each pair  in relation to the round trip message must have the 
same sequence number to ensure that the result is sufficiently accurate.

The distance  between two nodes  and the  packet  length  are  changed in  this 
measurement to determine how these factors affect the single-hop delay. In ad-
dition, the measurement will be run thousands of times for each configuration 
to make it more accurate.

4.2 Clock drift measurement
A clock drift measurement will be conducted in order to provide a better analys-
is of the results and the phenomena that will appear in the delay measurement. 
The accuracy of the delay measurement can also be estimated. The method used 
to measure the clock drift is shown in figure 5.

Figure 5. Clock drift measurement

Node A is set as a broadcaster. Firstly, node A broadcasts a message which con-
tains a sequence number to node B and node C simultaneously; secondly, both 
node B and node C timestamp t_b and t_c when they receive the message from 
node A; finally, node B sends a message which contains t_b and the correspond-
ing  sequence  number  to  node  C.  The  broadcast  messages  are  sent  every  2 
seconds.

The data are collected from node C which includes two timestamps t_b and t_c. 
Each pair of t_b and t_c should have the same sequence number. Then the linear 
regression can be performed by calculating t_c-t_b. Because the clocks of the 
nodes  have  different  crystal  frequencies,  so  the  difference  between  the  two 
clocks should change in a linear fashion [11]. Linear regression is used to find a 

13



End-to-end Delay Analysis and Measurements in Wireless Sensor Networks
Hao Chen 2012-05-28

line L which approximates the data. Then the t_c-t_b-L is the drift of the node 
C's clock.

The distance between node A and B is the same as that between node A and C. 
The measurement will be run hundreds of times for each configuration to make 
the measurements more accurate.

4.3 Multi-hop delay measurement
In the multi-hop delay measurement, two methods are considered. This section 
will  introduce them both and choose the better  one for  the multi-hop delay 
measurement. 

4.3.1 Multi-hop delay measurement based on “DSF”
This is one method that can be used to measure the multi-hop delay. The “delay 
so far” means the delay that a packet has experienced so far at each node. The 
basic idea of this method is to estimate the 'delay so far' and then obtain the 
total delay at the end [12].

 Figure 6. Multi-hop delay measurement based on 'DSF'[12]

Figure  6  shows  an  example  of  multi-hop  delay  measurement  based  on  the 
“delay so far”. Assume that there are three nodes forming a two-hop network. 
Node A sends a message to node B, and finally to node C. Each message con-
tains a field called “DSF” (delay so far) which records the delay so far of this 
packet. The timestamp is taken at the MAC layer of each node when it starts to 
send or receive packets. The intra node delay can be measured as: tB = to(B) − 
ti(B), which is shown in the figure. The inter node delay can be estimated as: 
tBC = pl/r, where pl is the packet length and r is the data rate [12]. Then B can 
update the “DSF” field of this packet to: dsfB = dsf A+ tB + tBC, where dsfA  is 
equal to  tAB as shown in the figure. So finally the delay is:

DelayAC = dsfB.
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It is easy to implement this measurement. However, it does have an obvious 
shortcoming in that it is known that, due to different crystal frequencies, each 
clock of the nodes has a different frequency. Thus, if the delay is acquired from 
each node by its clock, the difference between the clocks will affect the accur-
acy of the measurement.  

4.3.2 Multi-hop delay measurement based on “RTT”
This method is based on the round trip time. The basic idea is similar to the 
single-hop delay measurement as introduced in 4.2.

Figure 7. Multi-hop delay measurement based on round trip time

In this measurement, the packets are forced to be transmitted along the path as 
shown in the previous figure. Finally the packet is transmitted back to the ori-
ginal node. It is easy to obtain the delay for N-hop network:

Delay=(t2-t1)/N.

It is also easy to implement this method. However, there is one more problem. 
The clock of the transmitter certainly has the clock drift which will be measured 
as introduced in 4.1 and this will affect the accuracy of this measurement. The 
accuracy of this measurement will be introduced later.

The second method will be used for multi-hop delay measurement since the ac-
curacy of this method is higher. Because in the first method, the different clock 
frequency will affect the measurement at each node, the accuracy may be lower 
and lower with the increasing number of hops. In the second method, the clock 
drift only affects the result of the measurement at one node. Thus it is chosen to 
be used in the multi-hop delay measurement. 
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The collection tree protocol will be used in this measurement since it is open-
source and it is able to check packet duplication, restrain transmission duplica-
tion and the routing loop. The interval will be set to 1 second and a new packet 
will not be sent until the previous packet has been received.

Following are some figures taken during the experiments.

Figure 8. TelosB motes

Figure 9. Collecting data from TelosB motes

16



End-to-end Delay Analysis and Measurements in Wireless Sensor Networks
Hao Chen 2012-05-28

5 Results
This  chapter  shows the results  of  the measurement  introduced in chapter  4, 
which includes the results of the clock drift, single-hop delay, and the multi-hop 
delay.

5.1 Single-hop delay
In the single-hop delay measurement, three factors were changed. These factors 
are the distance, packet length and physical environment. The distance between 
two nodes was changed from 1 meter to 25 meters, in an office environment. 
Two nodes were also placed on different floors; this assists in determining the 
impacts of the environment on the delay. The packet length is also changed to 
determine how it affects the delay. For each group the round trip was run at 
least  1000 times  and then  the  average  value,  standard  deviation,  maximum 
value, minimum value of the data were calculated for analysis.

Table1 shows the single-hop delay when the packet length is 22. The unit of the 
delay is ticks. As introduced in the chapter 2, 1 tick is approximately equal to 
0.95 µs.

Table1. Statistics of the single-hop delay (packet length:22)

The average delay is about 3825 ticks no matter how the distance is changed. It 
can also be seen that the delay is stable and changes little from the standard de-
viation of the data. The difference between the maximum and minimum values 
is about 40 ticks. This is mainly caused by the clock drift of the mote. So a 
clock drift measurement is added to estimate the accuracy of the delay measure-
ment. It is introduced in 4.2 and 5.2.

Figure 10 has been drawn to provide more intuitive analysis. 
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Figure 10. Single-hop delay (packet length:22)

The top of the line is the maximum value of the delay and the bottom of the line 
is the minimum value of the delay. The point marked as a triangle represents the 
average value of the delay. It can be seen in the figure that with the increase of 
distance, the delay remains almost constant. However, it is not rigorous to say 
that the distance has no effect on the delay since the accuracy of the measure-
ment is only 20 ticks. The only conclusion that can be drawn is that the distance 
has almost no effect on the delay which is because the distance between two 
nodes is too short to affect the propagation delay. The impact of the distance on 
the delay also requires a more accurate method for measurement.

Table2. Statistics of the single-hop delay (packet length:40)

When the packet length was changed to 40 bytes, the statistics calculated from 
the data are shown in the table2. In order to conduct a better analysis of the data 
they are placed in a figure as shown below. The top of the line is the maximum 
value of the delay and the bottom of the line is the minimum value of the delay. 
The point marked as a triangle represents the average value of the delay.

It can be seen in figure 11 that the average delay is almost identical when the 
distance is changed from 10 meters to 25 meters and is approximately 5920 
ticks. However, it  increases to approximately 5933 ticks when the nodes are 
placed  on  two  floors.  Although  the  distance  between  two  nodes  is  still  25 

18



End-to-end Delay Analysis and Measurements in Wireless Sensor Networks
Hao Chen 2012-05-28

meters, the environment appears to be somewhat more difficult for the commu-
nication.  

Thus a preliminary conclusion can be made: the distance is not a main factor 
that affects the delay.  However,  the environment does have an effect on the 
delay in the wireless sensor networks. The delay increases when the environ-
ment becomes more complex for the nodes to communicate and, in addition, the 
delay also become unstable when the environment is difficult.                        

Figure11. Single-hop delay (packet length:40)

Two groups of the data are placed in the same figure in order to determine the 
differences between them. One group of data is measured when the distance 
between the nodes is 25 meters in the office environment. The other group is 
measured when the distance between the nodes is also 25 meters but on differ-
ent floors. The dashed line shows the delay in a difficult environment.

Figure12. Impact of environment on the delay
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As shown in figure 12, the delay of the group in a complex environment is ob-
viously larger than that in an office environment.

Another point, which must be noted, is that the delay always goes up and down 
as shown in the figure. This is mainly because of the clock drift of the nodes.

Table3. Impact of the packet length on the delay

Finally, the effect of the packet length on the delay is shown in the table3 and it 
can  be seen that  the  delay increases  by approximately 2200 ticks  when the 
packet length is changed from 22 to 40. It is obvious that the delay increases 
with the increase of the packet length. Because the transmission delay depends 
on the packet length then, if  the packet length increases, the transmission delay 
also increases, which will affect the total delay.

In conclusion, the single-hop delay is mainly affected by the environment and 
the packet length. The distance has almost no effect on the single-hop delay.

5.2 Clock Drift
The accuracy of the delay measurement may be affected by the clock drift of 
the motes. Thus an experiment was conducted in order to measure the clock 
drift. This measurement runs for more than 500 hundred times so as to obtain 
more accurate results. The result is shown in figure 13. The t_c-t_b has been 
calculated after which a linear regression is performed.

Figure 13. Linear regression of t_c-t_b

The horizontal axis represents the time; and the vertical axis represents the t_c-
t_b and the unit is a tick. It can be seen in the figure that the clock of node B 
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runs faster than that for node C. After enlarging the figure, the phenomenon can 
be seen as shown below in figure 14.

Figure 14. Linear regression of t_c-t_b (first 40 points)

It can be seen from figure 14 that the t_c-t_b does not change in a perfectly lin-
ear fashion because of the clock drift. Thus, t_c-t_b-L is the clock drift of node 
C. (L represents the line in the figure.) Then the clock drift is transferred to fig-
ure 15 in order to provide a more intuitive approach.

Figure 15. Clock drift

The horizontal axis represents the time and the vertical axis represents the clock 
drift, with the unit being ticks. The figure above is so intensive that it cannot be 
distinguished clearly and thus points before 50 are taken out in order to clarify 
the picture.

Figure 16. Clock drift (first 50 points)
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In figure 16 it can be seen that the clock drift is mainly focussed on the zero. 
However, it sometimes goes up to about 30 and sometimes fall down to -30. 
The average of  the clock drift is 3.28028E-08 (ticks), which is almost zero and 
the maximum value is 41 (ticks), the minimum value is -43 (ticks).Another fig-
ure is made to show the distribution of the clock drift.

Figure17. Distribution of clock drift

As shown in figure 17, the clock drift is around 0 for the majority of the time. 
Sometimes it can go up to 40 ticks and sometimes fall down to -40 ticks. Al-
though the probability of clock drift is only about 8%, it will absolutely have an 
effect on the accuracy of the delay measurement. The clock drift measured is 
-43 to 41 ticks. Because the round trip time was used in the single-hop delay 
measurement, thus the accuracy of the delay measurements is about 20 ticks. As 
introduced in 2.4, 1 tick is approximately equal to 0.95 microsecond. So the ac-
curacy of the single-hop delay measurement is about 19 microseconds. The ac-
curacy of multi-hop delay measurement is the same because of the use of the 
round trip time.

The distribution of the single-hop delay measured is shown in figure 18 and it 
can be seen that the average delay is about 3830 ticks. However, this is some-
times as high as 3850 ticks and sometimes as low as 3810 ticks. Since the res-
ults will be divided by two in the delay measurement, there are two peaks at 
about 3812 ticks ans this is consistent with the distribution of the previous clock 
drift. However, there is no peek at 3850. 

 Figure18. Distribution of delay (packet length: 22)
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Thus a conclusion can be made that the clock drift of the motes is one of the 
main factors affecting the measurement of the single-hop delay. However, there 
are some other factors that can affect the measurement, including, for example, 
the fact that the communication between nodes is not exactly symmetric and 
this is a problem that should be further studied.

5.3 Multi-hop delay
The multi-hop delay measurement can be divided into five parts to determine 
the impacts of different factors on the delay. These five factors are distance, 
packet length, hops, physical environment and communication environment. All 
the measurements were conducted at least 1000 times for each configuration. 
Finally an average value was calculated for analysis.

5.3.1 Distance
The multi-hop delay measurement with different distances were performed in 
both a 3-hop and 8-hop network. The distance was changed from 5 meters to 20 
meters. In these measurements, the nodes were always kept in the line of sight. 
The figure 19 shows the result of this measurement. 

Figure 19. Multi-hop delay with different distance

The dark-colored boxes show the value of delay when the distance is 5 meters, 
while the light-colored boxes show the value of delay when the distance is 20 
meters. It can be seen from the figure that the delays are almost identical when 
the distance changes. However, there us a small increase as the distance is in-
creased. A conclusion can be made that distance between nodes are a factor that 
affect the end-to-end delay. With the increase of the distance, the delay also in-
creases. However, the distance is not a main factor because it only changes the 
delay by a minor amount. It is because the propagation rate of electromagnetic 
waves in the air is so large  that a minor change in the distance is unable to sig-
nificantly alter the time of propagation. 
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5.3.2 Packet Length
The multi-hop delay measurement with different packet lengths was performed 
in a 7-hop network. The packet length was changed from 20 bytes to 40 bytes. 
20 bytes is the minimum value of the packet length and 40 bytes is the maxim-
um value of the packet length. The result of this measurement is shown in fig-
ure 20.

Figure 20. Multi-hop delay with different packet length

It can be seen in the figure that the delay increases as the packet length in-
creases. When the packet length is 20 bytes, the 7-hop delay is about 323692 
ticks and if the packet length increases to 35 bytes, the 7-hop delay also in-
creases to about 335114 ticks. The delay will also increase to 339775 ticks if 
the packet length is 40 bytes. The change of packet length affects the transmis-
sion delay and the propagation delay. In particular, the packet length is a main 
factor in relation to the transmission delay.  Thus, the increase of the packet 
length will obviously increase the end-to-end delay.

5.3.3 Hops
There is no doubt that the increase of hops will increase the end-to-end delay. 
The number of hops was changed from 2 hops to 8 hops. The result of this 
measurement is shown in figure 21. 
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Figure 21. Multi-hop delay with different hops

In this measurement, the distance between the nodes is 20 meters and nodes are 
always in the line of sight. The packet length is 35 bytes.

It can be seen in figure 21 that the delay with different hops changes in an al-
most linear fashion. If the number of hops is increased by 1, the extra delay is  
the time a packet experiences from the previous node to the next node's network 
layer. The detail for the average delay with different hops is shown in the table. 

Table4.Multi-hop delay with different hops

It is shown that the difference between two adjacent hops is about 5400 ticks. It 
has been introduced in the 2.4, that 1 tick is approximately equal to 0.95  µs and 
thus the difference is about 5.13 ms. The data may be used for further study in 
end-to-end delay measurement.
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5.3.4 Physical Environment 
This measurement focused on the impact of the physical environment on the 
multi-hop delay. In this measurement, every two adjacent nodes are placed in 
different floors in a building. The end-to-end delay is measured from 2-hop to 
8-hop. The result is shown in the figure below. The results in the previous sec-
tion are also included in the figure.

Figure 22. Multi-hop delay in different environments

It can be seen in the figure that the delay is much higher when the physical en-
vironment is difficult. With the increase of the hops, the difference between the 
delay in a difficult environment and the delay in a normal environment becomes 
larger and larger as shown in figure 22. This is because increasing the number 
of hops increases the probability that there will be failed communication. The 
nodes will then be required to retransmit the packet, which will increase the en-
d-to-end delay.

Figure 23 shows the delay in a difficult environment within the first 20 seconds. 
It can be seen that the delay always requires some time to gradually stabilize in 
a difficult environment. It is actually the time for the nodes to find the best way 
for communication. The 2-hop delay required about 3 seconds to become stable. 
However, for 8-hop delay, 20 seconds proved to be insufficient. The more hops 
between the nodes, the more time end-to-end delay necessary in order to be-
come stable in a difficult environment.

26



End-to-end Delay Analysis and Measurements in Wireless Sensor Networks
Hao Chen 2012-05-28

  Figure23. Multi-hop delay in different environments (first 20 seconds)

5.3.5 Communication Environment
This measurement was run in a 2-hop network. The packet length was set to be 
35 bytes. The distance between two nodes is 20m. Some contenders were set 
within a circle around one of the nodes. The radius of the circle is 50 cm. The 
contenders send messages every 10 ms with the same frequency as the nodes. 
The result is shown in figure 24.

Figure 24. Multi-hop delay with contenders

It is obvious that the delay increases when the number of contenders increases. 
The trend in relation to the rising of the  delay becomes faster as the hops in-
crease. 
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There is no packet loss in this measurement, even when the number of con-
tenders is 9. This is mainly because if the MAC layer of the sender knows that 
the channel is busy, it will detect the channel again after a random backoff time 
and this makes the probability of packet loss very low. 

Some conclusions can be made through the multi-hop delay measurement. In-
creasing distance between the nodes,  hops between nodes and packet length 
will also increase the end-to-end delay. A difficult physical environment  and 
communication environment will also increase the end-to-end delay. The en-
d-to-end delay is stable in a good environment. When the hops and the packet 
length are constant, the environment become a main factor that affects the en-
d-to-end delay in wireless sensor networks.
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6 Conclusions
Wireless sensor networks are widely used in tracking, monitoring and so on. In 
such applications, the importance of the information contained in the packet is 
very different and these applications always have a real-time demand.

The end-to-end delay has been analyzed theoretically.  It contains four parts: 
processing  delay,  queueing delay,  transmission  delay and propagation  delay. 
The queueing delay is the most important part to affect the end-to-end delay in 
wireless sensor networks. Also, this work designed several methods to measure 
the single-hop delay and multi-hop delay. The best ones are chosen to be imple-
mented in TelosB motes within TinyOS.  The multi-hop delay measurement was 
performed in a Collection Tree Protocol. This work finally analyzes all the data 
obtained from the measurements and provides serveral conclusions. 

Distance between nodes, hops between nodes, packet length, physical environ-
ment and communication environment are five factors that affect the end-to-end 
delay in wireless sensor networks. Hops and packet length are usually different 
each time a message is transmitted. These are two main factors which cause the 
end-to-end delay to be different each time in the same environment. The envir-
onmental factors should be considered as when nodes are set it will affect the 
delay sustained. The distance affects the end-to-end to only a minor degree little 
when it is changed. 

The delay is mainly affected by the environment when the hops and the packet 
length are constant. If the nodes are set within the communication range, there 
is almost no packet loss, and the delay will become relatively stable after some 
time. 

This work has involved many experiments to measure the end-to-end delay in 
different conditions and it has reached the goals previously set.  The analysis 
and measurement of the end-to-end delay in wireless sensor networks are mean-
ingful for  applications with real-time demand, since the delay of the network 
will not only affect the choice of network algorithms and protocols, but will 
also affect the efficiency of applications.
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