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 One of the most important roles of the wireless sensor networks (WSN) is to avoid wiring 
costs, be self-sustainable and be able to function for several years.  However, due to the 
slow progress in battery technology, power continues to be a limited resource in wireless 
sensor communication and electric energy storage remains to be an important issue.  On 
the other hand, if batteries must be replaced often, many remote sensing applications may 
become impractical.  Therefore, batteries with long life on the order of several years are 
needed.  This paper is an extension of work originally presented in The 5th International 
Conference on Electronic Devices, Systems and Applications to investigate further the 
power requirements for wireless data transfer between two nodes using batteries with 
different capacities (55 mAh, 550 mAh and 5500 mAh).  In particular, the effect of a 
propagation medium such as air, distilled water and engine oil on the wireless 
communication inside a one meter long metallic pipe was investigated.  Our first result 
shows a successful transmission of wireless signal through air, distilled water and oil 
medium with very low transmission losses.  The second result shows that an increase in the 
battery capacity will increase the two-node wireless sensor operation time even in different 
propagation medium.  This result can be used to determine the required battery capacity 
for extending the WSN operation time. 
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1. Introduction 

Pipelines in oil and gas industries constitute generally the most 
economical way to transport large quantities of oil, refined oil 
products or natural gas.  The management of oil and gas transport 
in a pipeline is a challenging task with the rapid growth of the 
required length of pipelines.  Challenges such as oil and gas leaks, 
pipeline corrosion, wax precipitation and environmental pollution 
are treated with highest priority in oil industries.  Hence, the most 
common and important applications of WSN in oil industry are 
related to real-time monitoring of the production performance 
through process control, safety, and rigorous maintenance 
operations [1, 2]. 

Because of its crucial importance, the continuous operation of 
a WSN is essential and must be maintained at all time.  The lifetime 

of a WSN can be defined as the life of the shortest living node in 
the network.  However, depending on the application, the density 
of the network, and the possibilities of the network reconfiguration, 
it can also be defined as the life of some other (main or critical) 
nodes [2].  In order to prolong a WSN life, it is required to reduce 
the energy consumption of the nodes as much as possible [3]. 

However, for many important WSN applications, such energy 
option is not feasible, and specific power-management strategies 
are necessary for WSN nodes that are powered by non-
rechargeable batteries. Energy consumption still remains one of 
the main obstacles to the development of WSN technology, 
especially in cases where long and reliable network operation is 
required [3]. 

In most cases once the WSN has been deployed, it is impossible 
to replace each and every battery present in the network after 
discharge.  One important challenge in the design of a large WSN 
is energy efficiency where the design of a WSN should extend its 
life without sacrificing its reliability [4]. 
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To reduce the overall energy consumption of the network, one 
should use some power management (PM) techniques at the level 
of the sensing, communication, or processing unit.  Another option 
is to consider using some energy harvesting techniques to extend 
the WSN operation time [5]. 

The main goal of this paper is to study the power consumption 
of a two-node wireless sensor communication for batteries with 
different capacities.  Two experiments were considered for this 
study.  The first one was the free space wireless communication in 
open air without metallic pipe and the second one was the wireless 
communication inside a metallic oil pipe acting as a waveguide. 
The measurement results showed that the data can be transmitted 
successfully through air inside a pipe with very low transmission 
loss.  It was also shown that an increase in the battery capacity 
increases the two-node wireless sensor operation time.  This result 
can be used to determine the required battery capacity for 
extending the wireless sensor system life time. 

2. Linear Network 

The architecture and proposed work for a general WSN may 
not be suitable for linear WSN applications such as monitoring 
pipelines. This requires a good review and a thorough study of the 
applications needing linear WSN to determine the specific design 
requirements for it.  

There are several advantages for using linear alignment of 
nodes to provide protection and monitoring of linear topology such 
as oil, water, and gas pipelines.  Some of these advantages include 
faster and less costly network deployment in addition to the ability 
to introduce flexible multi-hop routing which can overcome 
intermediate node failures. 

In a linear distributed detection system, an initial sensor starts 
the detection process and make decisions then transmit both the 
data and the decisions to its neighbor as shown in Figure 1.  Based 
on the received decisions from their predecessors, the succeeding 
sensors again form decisions and transmit them together with the 
data until the final sensor or gateway node is reached [6]. 

 
Figure 1.Linear structure of wireless sensor network. 

 Since the pipeline network extends generally along a line, it is 
important for the network to be continuously connected to collect 
and transfer information from the sensor nodes distributed over the 
pipeline to the control station.  It will also be required to transfer 
control commands to the actor and sensor nodes, which are often 
located inside the pipeline.  The sensor network architectures 
generally used for reliable communication in pipeline systems are 
based on wired networks, wireless networks, or a combination of 

both.  Typical applications [7, 8], include the case of sensors 
embedded in the outer surface of a pipeline.  This linear sensor 
arrangement is the result of their linear topology.   
 Linear WSN is a special category of WSN where the nodes are 
placed in a linear form.  Kevin et al., [9] gave two different 
definitions for the network topology model of a linear WSN.  The 
first definition describes it as a connected non-cyclic diagram 
where each node has exactly one or two distinct neighbors.  The 
two nodes with only one neighbor are referred to as the endpoints 
of the network. While the second definition presents it as a linear 
network topology containing N nodes where each node can 
communicate with other nodes up to a number M of hops [10, 11]. 

Lin et al., [12] have proposed an application of linear network 
in power transmission lines.  In this case, they used a clustering 
algorithm to balance energy consumption and leverage hybrid 
media access control for monitoring the power transmission lines. 
This proposed technique makes the system complex to implement 
and less responsive.  Akbar et al. [13], in their contribution to linear 
WSNs, proposed another technique.  This consists of mobile sinks, 
and courier nodes that work underwater in a 3-D linear formation 
which minimizes energy consumption as well as accurately 
computing required routing information. Such 3-D linear system 
is, though accurate in routing, yet also too complex for real-time 
sensing and monitoring.  This is especially the case for the 
implementation in mission critical applications such as pipeline 
monitoring.  

Linear WSNs may be simplistic in topology but the decision of 
routing and deployment of nodes to conserve resources is not as 
simple as it may seem to be.  A detailed hierarchical and 
topological classification and implementation of linear sensor 
networks is provided by Jawhar et al., and Liu et al., [14, 15].  In 
both cases it is difficult to implement in pipeline monitoring due to 
the surrounding harsh environment.  Therefore, certain design 
requirements and research issues need to be addressed and 
investigated, given that few research papers have discussed the 
special requirements for linear WSN.  These requirements have 
strong impact on the network performance.  

On the other hand, extending the network lifetime is still a 
critical issue in many WSN cases.  Different research groups have 
discussed this issue [16, 17], from the point of view of network 
power management software and protocol but not in terms of 
extending battery lifetime. 

In this paper, we investigate the wireless transmission between 
two consecutive nodes to address the issues related to wireless 
communication in a linear WSN for long pipelines.  The results of 
this work are very useful and can be extended to a multi-node 
linear system in the future.   

3. Battery life 

The two most important properties of a battery are its voltage 
level and its capacity (expressed in Ampere-hour, Ah) which 
represents the amount of energy stored in a battery.  For an ideal 
battery, the voltage stays constant over time until the moment 
when it is completely discharged.  Ideally, the battery’s capacity 
remains the same for any load.  However, in a real situation, the 
voltage of a battery drops during the discharging phase and the 
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effective capacity of a real battery is lower under a higher load.  In 
this case, the high current draw decreases the battery capacity in a 
nonlinear behavior.  In the case of an ideal battery, it would be 
easier to calculate the battery life L in the case of a constant load 
as follows [18, 19]. 

L = C
I
                    (1) 

Where C is the battery capacity and I is the load current. 

The above simple relation does not hold for predicting the life 
of a real battery due to the various nonlinear effects neglected.  A 
better and still simple approximation for the battery life calculation 
under constant load can be obtained from Peukert’s law.  The later 
gives an expression for the capacity of a battery in terms of the rate 
of discharging.  As a result, when the rate of discharging increases, 
the battery's available capacity decreases.  The formula for 
Peukert's law can be expressed in different forms with the most 
common one used is shown below [19, 20]: 

L = H � C
IH
�
k
                        (2) 

Where; 

L – The time, in hours, that the battery will last for a given rate of 
discharge. 

H – The discharge time in hours. 
C – The battery capacity in Amp-hours based on a specified 

discharge time. 
I – Current in Amp. 
k – Peukert exponent parameter which is a unique number for 

each battery.  
 

4. Experimental setup 

4.1. Wireless communication experiment 

The wireless transmission experimental setup is shown in 
Figure 2.  This setup consists of two wireless communication 
nodes using a fixed digital data set provided by an analog input 
voltage.  The two nodes are standard ZigBee terminals powered by 
a lithium battery and communicating in the frequency range 2.4-
2.5 GHz.  The digital data is transmitted by the transmitter terminal 
and received by the receiver terminal which is interfaced to a PC 
through a National Instrument NI-ELVIS DAQ.  An IP Modem 
Configure-F8114 and the SScom32E software were used for 
collecting data on the computer.  The principle of operation is that 
the PC sends a command to the wireless ZigBee terminal F8114 
connected through RS232 to a PC to communicate with wireless 
terminal F8914 and read its digital output data. The 
communication was established via simple dipole antennas to 
ensure unidirectional transmission between the two terminals. 
These directional antennas help reduce the effects of interference 
as well as extend the communication range between the two 
terminals.   The dipole antennas have an impedance of 50 Ω, a gain 
of 3 dB and a length of 125 mm.  The data is then processed by the 
PC which is connected as shown in Figure 2.  

 
Figure 2. Wireless communication setup 

The transmitter/receiver terminal uses the standard ZigBee 
communication protocol which is based on offset quadrature phase 
shift keying to transmit digital data [21].  The acquired data was in 
hexadecimal (HEX) format which was then converted to decimal 
(DEC) format.  The corresponding value was then calculated, as 
described in the manual of the F8914 ZigBee Terminal.  

For the study of the effect of a different medium on the wireless 
communication, we used a one meter long hollow metallic pipe 
made of iron as shown in Figures (3a) and (3b).  We have also used 
the pipe as a waveguide for transmitting and receiving data 
wirelessly between the two dipole antennas driven by the two 
ZigBee terminals.  The diameter and the thickness of the pipe were 
respectively 0.1 m and 0.003 m.  The metallic pipe was placed 
between the two antennas and filled, alternatively, with distilled 
water or engine oil.  The initially analog voltage data was 
transformed to ZigBee format and sent through these different 
mediums.  The received values for air, distilled water, and oil 
mediums were recorded and compared to the transmitted values as 
will be shown later in Figure 5.  The temperature was also kept 
constant at approximately 21±0.5 °C throughout the experiment. 

 

 
(a) 

 

 

(b) 

Figure 3. Experimental setup for wireless communication in a mettalic pipe as a 
diagram (a) and the actual laboratory setup (b). 
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4.2. Wireless node power requirement experiment 

A common way of specifying the energy capacity of the 
wireless sensor is to provide the battery capacity as a function of 
elapsed time until it is fully discharged.  The experimental setup 
used in this part is shown in Figure 4.   

 

Figure 4. The battery voltage measurement setup. 

In this case, we maintained a good communication between the 
transmitter and receiver terminals but measured the load voltage of 
the battery connected to the transmitter as a function of the elapsed 
time.  Three different batteries with different nominal capacities 
(55 mAh, 550 mAh and 5500 mAh) were used in our experiment.  
The power level of the transceivers was kept constant at 2.82 mW 
and the distance between the transmitter and receiver was fixed to 
either 1 m or 9 m. 

The analog voltage value was converted to digital value first 
then transmitted wirelessly. The transmission was done 
continuously and after each transmission the battery voltage was 
recorded. The battery voltage level measurements were conducted 
at regular time intervals at the transmitter side.  The 
communication between the emitter and the receiver was 
maintained and checked before each measurement to make sure it 
is successful. 

5. Results and discussions 

5.1. Two-nodes communication in different mediums 

The results from the wireless communication experiment 
described earlier are shown in Figure 5.  This experiment was 
conducted to establish wireless communication and compare the 
transmitted and received data between the two ZigBee terminals.  
From the figure it can be clearly seen that the voltage data was 
successfully transmitted through the three different mediums 
namely air, distilled water and engine oil with very low relative 
transmission losses.  It can also be seen from Figure 5 that the 
wireless transmission is independent of the medium inside the pipe 
and the digital data was well received as expected and confirmed.  
This is a good confirmation that digital data transmission has 
experienced practically no losses even through a wide range of 
different propagation mediums such as air, distilled water and 
engine oil.  

In oil wells, we are always monitoring the temperature and the 
pressure downhole as the most critical parameters.  In general, the 
temperature is high and can easily reach 150 °C.  In order to 
validate the above results, we have adjusted the previous 
experimental setup to transmit and receive real measured 
temperature data.  The experimental setup used is shown in Figure 
6 with wireless transmission through the 1 meter metallic pipe. In 
this case we have replaced the constant voltage value by a 
temperature sensor immerged in a variable temperature water bath.   

The temperature sensor used is a type K thermocouple 
(Chromel/Alumel) with a temperature range of -30 °C to 300 °C 
and an output voltage range of -6.4 mV to 54.9 mV. 

 
Figure 5. Comparison between the wirelessly transmitted and received voltage 

in a 1 meter long mettallic pipe for the different cases indicated. 

The multimeter used is capable of measuring very low voltages 
across the two wires of the thermocouple as shown in Figure 6.  
The measured voltage was multiplied by the Seebeck constant to 
get the corresponding temperature [22]. This temperature was 
recorded as the input temperature.  Since the thermocouple voltage 
was very low, it was fed to an AD620 instrumentation amplifier 
before the wireless transmittion and further processing.  The 
received wireless signal is transformed back to temperature data 
and the results are shown in Figure 7.  

  
Figure 6. Wireless communication setup with Temperature sensor 

(Thermocouple K) 

 

Figure 7. Comparison between the wirelessly transmitted and received 
temperature data in a 1 meter long mettallic pipe for the different cases indicated. 

 From Figure 7, it can be seen that the temperature data is 
successfully transmitted through air, distilled water and oil 
mediums with very low transmission loss.   The maximum 
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temperature limit of 100 oC is due to water evaporation 
temperature.  Higher temperatures could be reached with other  
fluids such as oil if needed.    From the graph we can estimate the 
error on the transmitted temperature to be about 0.7 % at 100 oC. 
This is very close to the expected K-type thermocouple uncertainty 
of 0.75 % at the same temperature.    In comparison with the 
previous experiment, using constant voltage, where the error was 
negligible, we can conclude that the observed error in transmitting 
temperature data was mainly introduced by the thermocouple.  

5.2. Battery life measurements 

For the power requirement and battery life study, we consider 
the first results using a single battery B1 with a nominal capacity 
of 55 mAh.  Figure 8 shows a comparison between the battery 
voltage level as a function of continuous wireless transmission 
time and distance between the nodes for the battery B1.  The 
wireless transmission was conducted in air with and without a 
metallic pipe.  Using the Terminal ZigBee powered by B1 with a 
distance of 1 m between the transmitter and receiver, we observed 
that the battery B1 had lasted for about 79 hours of continuous 
transmission.  This is in good agreement with the value of 81 
hours listed by the manufacturer. This is due to the special cutoff 
voltage of 8.8 V below which this battery is considered to be non-
reliable. 

 
Figure 8. Comparison between the battery voltage level as a function of 
continuous wireless transmission time and distance between the nodes for the 
battery B1 with 55 mAh  nominal capacity . The transmission was conducted in 
air with and without a metallic pipe. 

It is also observed from Figure 8 that the distance between the 
nodes has an important effect on the data transmission.  From the 
figure we can see that when the distance was changed from 9 m 
to 1 m without using the metallic pipe, the battery lasted for about 
250 hours as opposed to 79 hours with the 9 m distance.  This 
increases the battery life by a factor of 3.  On the other hand, we 
noticed that using the metallic pipe as a cylindrical waveguide has 
also enhanced the battery life. This is due to the reduced 
attenuation effect from the open environment and the 
enhancement due to the waveguide effect making the 
transmission more directional.  In this case according to Figure 8, 
the battery life measured for the wireless transmission in the 
metallic pipe under the same conditions was about 300 hours. 
Comparing the two results we can see that we have achieved a 
battery life enhancement of at least 20 % for this particular case.  
This is quite encouraging and will be investigated and optimized 
further in our future work.   

In order to investigate further the battery life as a function of 
its capacity, we have chosen to conduct additional experiments 
with two other batteries B2 and B3 with higher nominal capacities 
of 550 mAh and 5500 mAh respectively.  These experiments were 
conducted in open air for batteries B1, B2, and B3 as indicated in 
Table 1.  The temperature of the environment was kept the same at 
around 21±0.5 °C and the distance between the transmitter and 
receiver was fixed to 9 m. 

Table 1.  Battery life measured at the cutoff voltage of 8.8V with B4 and 
B5 as indicated. 

Battery Nominal capacity (Ah) Battery life (years) 
B1 0.055 0.009 
B2 0.55 0.02 
B3 5.5 0.16 

B4 [23] 34 1 
B5 [24] 700 20 

 

The battery voltage level measurements at the wireless 
transmission node were recorded as a function of the continuous 
transmission time for the three different batteries B1, B2, and B3.  
The results are shown in Figure 9 with a cutoff voltage of 8.8 V as 
discussed earlier.  From the graph we immediately notice that the 
battery life was longer for the higher capacity batteries as expected 
and confirmed by our measurements.  We also notice that the 
measured battery voltage decreases more slowly for the batteries 
with larger capacities (B2 and B3) hence providing longer battery 
life according to the indicated cutoff voltage of 8.8 V.  

 
Figure 9. Comparison between the battery voltage level as a function of 
continuous wireless transmission time for the batteries B1, B2, and B3 with 
nominal capacities 55, 550, and 5500 mAh respectively, in open air for a fixed 
distance of 9 m between the two nodes. 

For the battery B2 with nominal capacity 550 mAh, it’s 
observed that the life of transmission is about twice greater than 
that of the battery B1 with nominal capacity 55 mAh. In addition, 
we found that the battery B2 lasted for about 170 hours of 
continuously transmitting data before reaching the minimum 
required cutoff voltage of 8.8V.  For the third battery B3 with the 
nominal capacity of 5500 mAh, it was observed that after 1400 
hours, the transmitter has consumed only 17 % of the battery’s 
capacity.  In Table 1 we report the measured battery lives of the 
three different batteries obtained from Figure 9 at the cutoff 
voltage of 8.8 V. 

The results in Table 1 were used to obtain the very useful 
graph shown in Figure 10.  Note that the data for batteries B4 and 
B5 were obtained from the literature [23, 24].  The curve in Figure 
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10 is obtained from Equation (2) with I = 2.3 mA and k = 1.25 as 
the average value for most lead acid batteries [25].  Notice the 
good agreement between the measured and calculated battery life. 

The graph in Figure 10 can be used to predict and estimate the 
remaining battery life at any moment in time during battery 
operation.  This is quite useful for WSNs that require long-term 
operation with single batteries.  As shown in Figure 10, the 
requirement for a specific battery life can also be determined.  For 
example, a 15 years operation time can be reached with a 500 Ah 
capacity battery while a 10 years operation time requires a 320 Ah 
capacity battery as shown in the figure below.  From the literature 
review and the available products in the market, these battery 
lifetimes are now accessible and currently used in certain 
applications.   This, certainly, makes our predictions very useful 
to the users of these batteries.   With our plot in Figure 10, one 
can estimate the remaining time for these long-life batteries and 
plan the required battery replacements. 

 
Figure 10. A plot of the different battery capacities as a function of their 
corresponding life.  The line is a theretical curve fit as discussed in the text. 

In summary, we conclude that the transmitting WSN nodes 
will perform well with long life batteries and small discharge time 
such as the case of the high capacity batteries.  Also, from the 
measurement results, the digital data is successfully transmitted 
through air, distilled water, and engine oil mediums with very low 
transmission loss relative to air.  We can conclude and confirm that 
the wireless transmission is well established and was not affected 
much by the two different mediums considered in our study which 
are distilled water and engine oil compared to air.  We have also 
shown that the wireless transmission in a metallic pipe contributed 
at least 20 % more to the battery life of the wireless transmitter 
according to our current experimental setup.  On the other hand, 
our results are more general and could be adapted to different types 
of wireless sensor networks to predict and monitor the required 
battery power.   

 
6. Conclusion 

In this paper, we have presented the study of a two-node 
wireless communication considering both the medium of 
propagation and the power requirements.  The two terminals used 
were ZigBee terminals with dipole antennas placed at the ends of 
a metallic pipe filled with air, distilled water or engine oil.  Our 
experimental results showed that efficient communication 
between the two wireless nodes was well established in air, 
distilled water and engine oil at the standard communication band 
of 2.4-2.5 GHz. 

We have also presented the wireless sensor power requirement 
study and the required battery life for sustained wireless 
communication of a continuously transmitting node.  The study 
of the battery life allowed us to estimate the required battery 
capacity for a specific long-term wireless sensor operation.  For 
example, for a 15 years operation time one needs a battery of at 
least 500 Ah capacity.  This estimation can be conducted for any 
specific wireless node power requirement.  This study enables 
predictions concerning the service life for long-term use of 
batteries.  The experimental results showed that the rate of energy 
discharge varies from one battery to another and can be quite long 
for large capacity batteries.  When the battery capacity is large, it 
ensures good life of the wireless sensor transmission and the WSN. 

This work is the first phase of a big project that will be 
continued and implemented.  We would expect to extend our work 
in the future to include other components such as temperature 
sensors, pressure sensors, gateways and other models for wireless 
sensor networks.  This will be mainly targeting the oil pipeline 
monitoring for addressing specific flow assurance challenges. We 
will also investigate further the 20 % battery life enhancement 
observed in the case of the guided wave conditions that we setup 
in the metallic pipe. 
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