
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University                                                                                            Linköpings Universitet 
SE-601 74 Norrköping, Sweden 601 74 Norrköping 

  
  
 
 

 
 
 

 
  
 
 
 
 
  

 
  
 
 
 
 
 
 

 
 

 

 

LiU-ITN-TEK-A--09/048--SE

Evaluation of ZigBee modules
for sensor networks

Tobias Jaeger

2009-08-18



LiU-ITN-TEK-A--09/048--SE

Evaluation of ZigBee modules
for sensor networks

Examensarbete utfört i Elektronikdesign
vid Tekniska Högskolan vid

Linköpings universitet

Tobias Jaeger

Handledare Allan Huynh
Handledare  Jincheng Zhang
Examinator Shaofang Gong

Norrköping 2009-08-18



Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare –
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se
förlagets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet - or its possible
replacement - for a considerable time from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for your own use and to
use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its WWW home page: http://www.ep.liu.se/

© Tobias Jaeger



I Evaluation of ZigBee modules for sensor networks 

 

Abstract 
Controlling the delicate environment in historical buildings is often problematic. The existing 
systems often require an extensive installation procedure, often including the need to modify 
the environment with for example cables. In these environments a wireless sensor system 
would be preferred. Therefore in collaboration with the University of Gotland and the Swedish 
Energy Agency, the University of Linköping has started a project to develop a wireless sensor 
system based on the newly developed Low Rate Wireless Personal Area Network (LR-WPAN) 
standard ZigBee. ZigBee hardware and software have been developed with the intended 
deployment at Skokloster castle.  

This thesis covers the evaluation of these ZigBee sensor modules concerning power 
consumption and maximum range.  

After establishing a set of test methods that can be reused in future work on these types of 
systems, the measurements were planned and executed. The result shows that the power 
consumption is very small and that the range is moderate and needs further investigation.  It 
also shows that the developed sensor network works in the intended environment and with 
the optimized duty cycle requirements the battery lifetime can be 10 years. 
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Abbreviations  
CSMA Carrier Sense Multiple Access 
DUT Device Under Test 
HA Home Automations 
FTDI Future Technology Devices International Ltd. 
IEEE Institute of Electrical and Electronics Engineers 
ITN Institute of Science and Technology 
LED Light Emitting Diode 
LIU University of Linköping 
LNA Low Noise Amplifier 
LQI Link Quality Indication 
LR-WPAN Low Rate Wireless Personal Area Network 
MAC Medium Access Control 
MCU MicroController Unit 
PA Power Amplifier 
PCB Printed Circuit Board 
PER Packet Error Rate 
RF Radio Frequency 
RSSI Received Signal Strength indication 
Rx Receive 
SMD Surface Mounted Device 
TI Texas Instruments  
Tx Transmission 
UART Universal Asynchronous Receiver/Transmitter 
USB Universal Serial Bus 
WiMax Worldwide Interoperability for Microwave Access 
WLAN Wireless Local Area Network 
WMAN Wireless Metro Area Network 
WPAN Wireless Personal Area Network 
WSN Wireless Sensor Network 
WWAN Wireless Wide Area Network 
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1 Introduction 
In sensitive environments like churches, castles and other buildings of cultural value, the need 
for wireless sensor networks is becoming prominent. Often in these environments a wired 
sensor solution is not an option since installation of such systems often needs to alter the 
sensitive interior (mounting holes, cable installations etcetera). Therefore a wireless system 
would be preferred and now there is a new operator in the world of wireless sensor systems, 
ZigBee [1]. ZigBee is growing rapidly and is fast becoming a big player in the field of wireless 
sensor systems/networks. ZigBee has captured the interest of researchers all over the world, 
including the Institute of Science and Technology (ITN) at the University of Linköping [2]. The 
institute has developed a ZigBee module for this type of application and is aiming to deploy 
this sensor network soon, but there is still much to be done. This is where this thesis comes in. 

1.1 Background 
This thesis is a part of a research project at ITN called “Control and management of indoor 
climate in culture historic buildings using wireless systems” [3]. This project is a collaboration 
between Linköping University [4], Gotland University [5] and Swedish Energy Agency [6] and 
will further on be referred to as the “culture heritage project”. The goal is to develop a wireless 
sensor network suitable for the sensitive buildings and artwork at Skokloster castle [7]. The 
wireless standard chosen for this project is ZigBee and the developed ZigBee modules are 
based on previous work in the department [2]. The hardware for the project is developed by 
Allan Huynh and the software by JingCheng Zhang.  

1.1.1 Culture heritage project description 
The project aim is to use the newly developed ZigBee modules (device for wireless short range 
communications) for the monitoring and control of indoor climate in culture historic buildings 
like churches and castles. The subject of the study is to measure and control the temperature, 
relative humidity and ventilation together with an alarm system. The monitoring system, 
which holds the wireless sensor data, shall be connected to a GPRS/3G network to allow 
remote monitoring and control of the buildings. [3] 
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1.2 Thesis definition 
The aim of this thesis is to determine the technical characteristics for ITN ZigBee modules, 
concerning signal range and power consumption.  

1.3 Delimitations 
This is a master thesis for a Masters of Science degree in Electrical Design Engineering. The 
master thesis constrains the work to 20 weeks which includes the literature study, the 
measurements, report writing and a presentation. Due to the timeframe this thesis considers 
only the star network topology. This means that the thesis does not use routers to extend the 
range. 

1.4 Method 
First a literature study was done to learn more about the standard of ZigBee and the 
organization behind it, the ZigBee Alliance [1]. The study included previous ZigBee work and 
the documents provided from Texas Instruments (TI) [8]. Then the test methods were chosen 
and the measurements were planned and executed. Finally the writing of the report and 
preparing for the oral presentation of this thesis.  
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2 Theory 

2.1 The ZigBee standard 
ZigBee is a wireless communication standard defined upon the IEEE 802.15.4 [9] radio 
standard by the ZigBee Alliance. The ZigBee alliance is an association of companies that work 
together to define the standard. The first version was issued in 2004 and among the members 
are companies like LG, Motorola and Philips. 

ZigBee is defined as a Low Rate Wireless Personal Area Network (LR-WPAN) which aims for 
short range, low power consumption and low costs. Figure 1 shows some of the wireless 
standards together with their data rate and range.  

 

Figure 1.  Range vs. Data rate for some IEEE802 standards. WWAN, WMAN and WPAN are different rage 
standards. [10] 
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2.1.1 ZigBee stack 
The ZigBee standard, as defined by the ZigBee Alliance can be divided into two parts. The first 
part is the IEEE 802.15.4 radio standard that defines the Physical- (PHY) and Medium access- 
(MAC) layers. The second part is the wireless communication definitions defined by the ZigBee 
Alliance. Figure 2 shows the ZigBee stack divided into the layers. 

 

Figure 2. ZigBee stack model. [11] 

The two bottom layers, the PHY Layer and the MAC Layer, are defined in the IEEE802.15.4 
standard. The PHY layer is responsible for turning the RF transceiver on and off. It also controls 
the access to other hardware. The MAC layer controls, as the name implies, the access to the 
RF medium. The carrier sense multiple access (CSMA) algorithm is used to see if the medium is 
ready to use. The MAC layer also controls the access to the PHY layer. The Network and 
security layer is on top of the MAC layer. This layer has all the network control functions like 
joining, leaving and routing in the ZigBee network. It also applies some security to the data 
packets. Here also the information about other network devices is handled. The Application 
Framework is where the applications objects are hosted. It can host up to 240 different 
applications objects. In the top of the ZigBee-stack, in the application profiles and application 
part, is the user area that can be user defined. The application profiles can either be the 
predefined profiles from the ZigBee Alliance (if you want your software or product to be able 
to communicate with software or products from other manufacturers) or be written specific 
for your own application. In the application part of the ZigBee stack lays the defined 
applications. This is what is making things happen in for example a remote controlled switch. 
[9] [12]  
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2.1.2 Device types 
The devices in a ZigBee based network are divided into three device types. [12] 

• ZigBee Coordinator. 
This is the center of the ZigBee network. All information is sent to the coordinator, 
which decides what to do with the information. The coordinator is the initiator of the 
network and the network cannot function without a coordinator and there can only be 
one coordinator in a network. The coordinator must be main powered due to the fact 
that it always needs to be able to listen for packets and cannot enter any sleep mode. 
 

• ZigBee Router. 
The router is a relay station for the information in a ZigBee network. The function is to 
relay information from the end devices to the coordinator if the end device is out of 
range of the coordinator. The router also must be main powered by the same reason 
as the coordinator. 
 

• ZigBee End device. 
The end device is in the edge of the ZigBee network. This device has a specialized task 
to perform. The end device can either be powered by a battery or by a main powered 
power supply, this due to the fact that has the possibility to enter sleep mode that will 
reduce the power consumption significantly. 
 

2.1.3 Network topologies 
The three device types are used to form the ZigBee network. The ZigBee standard 
automatically supports star, mesh and tree network topologies. This means that if only 
coordinator and end devices are used the network will be a star network. If later a router and 
more end devices are connected, the network will automatically change into a mesh network. 
If more than one router is used, there will be multiple paths between the routers. In this way 
the network can ensure that the messages from the end devices reach the coordinator, i.e. the 
network will be self healing. Below is a figure of the network topologies (figure 3). [12] 
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Figure 3.  Model of network topologies available on the ZigBee standard.  

 
In a star network the coordinator is in the center, and every end device communicates directly 
with it. The coordinator is completely responsible for the entire network. 

In the tree network routers are used to extend the range of the network in hierarchical stages. 
This means that the end devices only are connected to the last branch of the tree. 

The mesh network is a combination of star and tree networks. In this network topology the 
end devices can connect to either a router or to the coordinator. Still the coordinator is in the 
center controlling the network. The end devices connect to a router or the coordinator 
depending the strongest signal. When the end device is connected, it will keep the same 
connection until disconnected. [1] [12] 
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2.2 Project hardware 
There are four types of hardware developed for the culture heritage project.  

• ZigBee Sensor Module 

• ZigBee Module 

• ZigBee Module with Power Amplifier and Low Noise Amplifier (PA/LNA amplifier) 

• USB- adapters 

 These are developed by the doctoral student Allan Huynh at ITN/LIU. 

The base in the design is the CC2430 chip from TI. To connect this chip to an antenna, a balun 
is needed to convert the Tx and Rx signals to a single-ended signal for the antenna to use. Due 
to the high frequencies of ZigBee, all the inputs and outputs must be matched to each other to 
achieve the best RF performance. The difference between the ZigBee PA/LNA module and the 
ZigBee module is the PA/LNA amplifier is used between the balun and the antenna. This is to 
get a greater range. 

2.2.1 ZigBee sensor module 
The sensor module (figure 4) is intended to be powered by a battery (half AA size 3.6 V). The 
expected battery lifetime are between 1 and 10 years depending on the design of the 
application loaded, wich will be further discussed in chapter 5.1. As the block diagram  
(figure 5) shows, the module utilizes a CC2430 [13] ZigBee chip from TI, a temperature/ 
humidity sensor and an on-PCB mendered F-antenna. The sensor is a SHT1x from Sensirion 
[14] [15]. The basic operation of this module is performed by using the two pushbuttons and 
the two LED indicators. One of the pushbuttons is for reset and the other is fully 
programmable. The LED can be used to indicate low battery, ZigBee link lost or other 
information. [16] 
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Figure 4. ZigBee sensor module developed at ITN. [16] 

 

 

 

Figure 5.  Block diagram of the ZigBee sensor module developed at ITN. [16] 
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2.2.2 ZigBee module 
The block diagram (figure 7) shows that the ZigBee module (figure 6) has no sensor but has a 
30-pin connector that can connect to the environment. It has a SMD antenna from Antenova 
[17] [18]. This module has no pushbuttons, LEDs or power supply, but if this functionality is 
desired they can be connected through the 30-pin connector. The module is intended to be 
used as a coordinator or a router in the culture heritage project. 

 

Figure 6. ZigBee module developed at ITN. [19] 

 

 

 

Figure 7.  Block diagram of the ZigBee module developed at ITN. [19] 
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2.2.3 ZigBee module with PA/LNA amplifier 
The difference between the ZigBee PA/LNA module (figure 8) and the ZigBee module  
(figure 6) is that the ZigBee PA/LNA module has a PA/LNA amplifier between the balun and the 
antenna. The amplifier chip is a T7024 [20] from Atmel [21]. As shown by the block diagram 
(figure 9) there is also a bandpass filter and switches. The switches are to switch the signal 
between the Rx and Tx ports of the amplifier and the filter used to limit the signals and 
interference from the outer band. 

 

Figure 8.  ZigBee module with PA/LNA amplifier developed at ITN. [22] 

  

Figure 9.  Block diagram of the ZigBee module with PA/LNA developed at ITN. [22] 
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2.2.4 USB-adapters 
The USB-adapters (figure 10) are designed to be used as an interface to the ZigBee module and 
the ZigBee PA/LNA module. It connects to the 30-pin connector and has all the needed 
components for the host device to be used as a coordinator or a router. The first adapter 
(figure 10 left) is only a power adapter. It has a voltage regulator to regulate the 5 V from the 
USB to the 3.3 V needed to power the devices, and two pushbuttons with LEDs. The second 
adapter (figure 10 right) is a USB-UART adapter, used to connect a coordinator to a computer. 
The UART chip is an FT232BL [23]  from FTDI-Chip [24] and is a USB-to-serial (RS232) converter. 
It also has a voltage regulator and pushbuttons with LEDs 

 

 

 

 

Figure 10.  USB adapters developed at ITN. Power adapter (left) and USB-UART adapter (right). 
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3 Measurement methods 

3.1 Power consumption measurements 
The power consumption measurements are primarily done to be able to calculate the battery 
lifetime of the ZigBee sensor modules. The measurement is based on the measurement 
method presented in the Application Note AN053 [25] from TI. The test is divided into two 
main parts: Main powered and Battery Powered. The modules are then tested with three 
different ZigBee-stack applications loaded. These are: Home automation application, NO 
application and the ITN developed prototype application.  

The first goal is to duplicate the results presented in the application note AN053 [25]. To do 
this, a measurement of the power consumption on a CC2430DB [13] is needed. This to 
compare with the measurements in the application note. If the measurement from the 
application note can be verified, the test is correctly setup and it is also valid for the ITN 
developed hardware [11]. 

The test procedure can now be planed and will be as follows. 

• Battery vs. Main power measurements. 
These measurements are done to see if there is any difference, concerning power 
consumption, when the modules are powered by a main powered power supply or by 
a battery. This is done on the three ZigBee sensor modules [16]. 
 

• Home Automation Application vs. NO Application. 
The Home automation (HA) application is a demo application provided by TI and the 
NO application is a ZigBee-stack without any application loaded. This measurement is 
performed to determine if the loaded application has any influence on the power 
consumption. In other words, to conclude if the hardware is software independent. 
This measurement is also done on three different ZigBee sensor modules [16].  
In both the HA application and the NO application there are only one type of action 
that requires power (except for idle), the data request packet is sent. Data request is 
when the end device asks the coordinator if there are any new commands to perform. 
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• Power consumption measurements of the Prototype Application. 
In the prototype application there are three events that drains power (only in sensor 
modules, not coordinators); these events are Data Request, Active sensor (taking a 
temperature and humidity reading) and Sending Sensor Data. All these three events 
have to be measured to correctly calculate a battery lifetime. This again is preformed 
on three ZigBee sensor modules [16]. 
 

• Power consumption of the coordinators. 
This test aims to measure the power consumption of the ZigBee module [19] and the 
ZigBee module with PA/LNA amplifier [22]. These modules are in the culture heritage 
project used either as a coordinator or as a router. They will mostly be main powered 
but the power consumption will still be interesting. The measurements are done on 
two modules of each type.  
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3.1.1 Measurement setup and equipment 
The measurements setup is shown in figure 11 and the equipment used are: 

• Oscilloscope: Agilent 54612D [26] 

• Power supply 1: Agilent E3633A [27] with current and voltage display.  

• Power supply 2: Battery: SAFT 14259, Li-SOC2 1200mAH  

• Multimeter: Hewlett Packard 34401A [28]. 

• Resistor: 10Ω 5% (measured to 9.8Ω) 

• DUT:  ITN ZigBee Sensor Module [16], ITN ZigBee module [19] and ITN ZigBee module 
with PA/LNA amplifier [22] 

 

 

 

 

Figure 11.  Schematic view of the power consumption measurement setup. 
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3.2 Range and PER 
The main purpose of these measurements is to be able to estimate the effective range 
(distance) of the ZigBee modules developed for the culture heritage project. Each test 
examines only the link between end device and coordinator.  

The tests are divided into four parts, each with different combinations of coordinators and end 
devices (table 1). 

Table 1.  Combinations of ZigBee modules used in the range and PER tests 

Test  No End Device   Coordinator  

Test 1 ZigBee Sensor module  ZigBee  Module 

Test 2 ZigBee Sensor module  ZigBee PA/LNA Module 

Test 3 ZigBee PA/LNA Module  ZigBee  Module 

Test 4 ZigBee PA/LNA Module  ZigBee PA/LNA Module 

 

The tests are done at three different types of locations. 

• Open Field Outdoor measurements. 
This location gives the lowest noise and reflection possible and should give the 
greatest range. 
 

• Campus environment indoor. 
This is a location with lots of reflections, noise and other disturbances like wireless lan 
and Bluetooth, not optimal for range performance but a good comparison to a modern 
building.  
 

• Field test in Culture buildings. 
This is the environment that is specified in the culture ceritage project [3]. 
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The measurements at these locations are done as a two part test. The first part is the range 
test. This test aims to ascertain the maximum range of the ZigBee sensor network. The second 
part is the PER measurements. This is to find out how the PER is effected by the range. This 
test is made with a ZigBee-stack specially developed for this test. This ZigBee-stack is 
developed by ingCheng Zhang, doctoral student at ITN and it outputs the PER and mean value 
of the Link Quality Index (LQI). In this thesis the LQI has no relevance and are therefore 
discarded. The two tests are described in detail below. 

• The maximum range test is performed with the coordinator fixed. The end device is 
carried away from the coordinator until the ZigBee link is broken. The broken link is 
indicated by the LED on the end device. In this way the maximum range is found, a PER 
measurement is done and the distance measured.  
 

• The PER test is performed with both coordinator and end device stationary. The 
measurement setup consists of two ZigBee devices. One programmed as a receiver 
(coordinator) and the other as transmitter (end device). When the devices are turned 
on they will first establish a connection. After the connection is established the 
following events are executed by the ZigBee-stack:  
 

1. The transmitter will start sending 100 indexed packages at an interval of   300 ms. The 
total time for sending the packages is 30 sec + some data transmission and processing 
time. When all the 100 packages are sent, the transmitter will start flashing the LEDs 
to indicate that the sequence is finished.  
 

2. When the receiver receives the first package, it starts a timer counting 40 seconds. 
Since the total transmitting time is approximately 30 seconds, 40 seconds is long 
enough for the receiver to receive all the 100 packages. 
 

3. During these 40 second, the receiver will accumulate the number of messages 
received.  It will also accumulate the received LQI values. 
 

4. When the time is up, the SUM of LQI is divided by the number of message received 
and the result and the amount of received packets  are sent to a computer via the 
USB-UART-port to a serial communication software, for example HyperTerminal or 
PuTTY.  

 

Note that all the packages that are lost during the transmission over the air and failed 
during CRC check are considered as an error and are included in the PER calculation.  
This software is different than the software RF-studio provided by TI, which only 
considers the bad CRC check to be a lost packet. An entirely lost packet is discarded 
and not counted as a packet error. This means that it will be difficult to compare the 
collected data with the data from TI. 
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3.2.1 Open field outdoor measurement 
The purpose of these measurements is to establish the maximum range in an environment 
with as little reflections and disturbance as possible. Therefore the measurements are done 
outside on a large grass field. 

The measurement method is based on the measurements presented in the Design Note 
DN018 [29] from TI. The first idea was to repeat their measurements and then use exactly the 
same method for the ZigBee modules developed for the culture heritage project. However, 
there was a complication, the ITN developed ZigBee modules cannot be used with the RF-
studio software [30]. This is due to both hardware and software incompatibilities and 
restrictions for TI. The measurements are therefore made as close to the design note as 
possible, starting with the background mathematics. 

The goal with the mathematical calculations is to get a theoretical ground of what can be 
expected in the measurements. In the DN018 [29] they use the Friis equation [31] [29] to 
establish a link budget and then equations for horizontal and vertical transition loss due to 
polarization.  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹:   𝑃𝑃𝑅𝑅 = 𝑃𝑃𝑇𝑇
𝐺𝐺𝑇𝑇𝐺𝐺𝑅𝑅𝜆𝜆2

(4𝜋𝜋)𝑑𝑑2     

𝑃𝑃𝑅𝑅 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐹𝐹𝑎𝑎𝑎𝑎𝑃𝑃 𝑓𝑓𝐹𝐹𝑃𝑃𝑜𝑜 𝐹𝐹𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑎𝑎𝐹𝐹𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎 
𝑃𝑃𝑇𝑇 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐹𝐹𝑎𝑎𝑎𝑎𝑃𝑃 𝑓𝑓𝑃𝑃𝐹𝐹𝑜𝑜 𝑎𝑎𝐹𝐹𝑎𝑎𝑟𝑟𝐹𝐹𝑜𝑜𝐹𝐹𝑎𝑎𝑎𝑎𝐹𝐹𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎 
𝐺𝐺𝑅𝑅 = 𝐺𝐺𝑎𝑎𝐹𝐹𝑟𝑟 𝐹𝐹𝑟𝑟 𝐹𝐹𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑎𝑎𝐹𝐹𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎 
𝐺𝐺𝑇𝑇 = 𝐺𝐺𝑎𝑎𝐹𝐹𝑟𝑟 𝐹𝐹𝑟𝑟 𝑎𝑎𝐹𝐹𝑎𝑎𝑟𝑟𝐹𝐹𝑜𝑜𝐹𝐹𝑎𝑎𝑎𝑎𝐹𝐹𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎 
   𝜆𝜆 = 𝑊𝑊𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟ℎ𝑎𝑎,𝑃𝑃ℎ𝑃𝑃𝐹𝐹𝑃𝑃 𝜆𝜆 = 𝑟𝑟 𝑓𝑓⁄ , 𝑟𝑟 = 𝐹𝐹𝑠𝑠𝑃𝑃𝑃𝑃𝑑𝑑 𝑃𝑃𝑓𝑓 𝑎𝑎𝐹𝐹𝑟𝑟ℎ𝑎𝑎, 𝑓𝑓 = 𝑓𝑓𝐹𝐹𝑃𝑃𝑓𝑓𝑓𝑓𝑃𝑃𝑟𝑟𝑟𝑟𝑓𝑓 
  𝑑𝑑 = 𝑑𝑑𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑃𝑃 𝑎𝑎𝑃𝑃𝑎𝑎𝑃𝑃𝑃𝑃𝑃𝑃𝑟𝑟 𝐹𝐹𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑎𝑎𝑃𝑃𝐹𝐹 𝑎𝑎𝑟𝑟𝑑𝑑 𝑎𝑎𝐹𝐹𝑎𝑎𝑟𝑟𝐹𝐹𝑜𝑜𝐹𝐹𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹 
   𝑟𝑟 = 299.972458 ∙ 106 [𝑜𝑜 𝐹𝐹⁄ ] 
 𝑓𝑓 = 2445 [𝑀𝑀𝑀𝑀𝑀𝑀]  

Total received energy calculations: 

𝑇𝑇𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 𝐹𝐹𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑎𝑎𝑃𝑃𝑑𝑑 𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑟𝑟𝑓𝑓 [𝑑𝑑𝑎𝑎𝑜𝑜] =  10 × 𝑎𝑎𝑃𝑃𝑟𝑟10((𝑑𝑑𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑟𝑟𝑓𝑓 + 𝑠𝑠ℎ𝑎𝑎𝐹𝐹𝑃𝑃 𝑑𝑑𝐹𝐹𝑓𝑓𝑓𝑓)2|𝛤𝛤𝑥𝑥 |) × 103 

𝑠𝑠ℎ𝑎𝑎𝐹𝐹𝑃𝑃 𝑑𝑑𝐹𝐹𝑓𝑓𝑓𝑓 = 𝑟𝑟𝑃𝑃𝐹𝐹 �𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎ℎ 𝑑𝑑𝐹𝐹𝑓𝑓𝑓𝑓 ×
2𝜋𝜋
𝜆𝜆

× 𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝛤𝛤𝑥𝑥� 

𝑑𝑑𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 𝑃𝑃𝑟𝑟𝑃𝑃𝐹𝐹𝑟𝑟𝑓𝑓 =  
𝑃𝑃𝑎𝑎 × 𝐺𝐺𝑎𝑎 × 𝐺𝐺𝐹𝐹 × 𝜆𝜆2

(4𝜋𝜋 × 𝑑𝑑𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃) 

𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑎𝑎ℎ 𝑑𝑑𝐹𝐹𝑓𝑓𝑓𝑓 = 𝐹𝐹𝑃𝑃𝑓𝑓𝑎𝑎𝑃𝑃𝑟𝑟𝑎𝑎𝑃𝑃𝑑𝑑 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 − 𝑑𝑑𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 

𝐹𝐹𝑃𝑃𝑓𝑓𝑎𝑎𝑃𝑃𝑎𝑎𝑟𝑟𝑎𝑎𝑃𝑃𝑑𝑑 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 =  �𝑑𝑑2 + (𝑀𝑀𝑎𝑎 + 𝑀𝑀𝐹𝐹)2 

𝑑𝑑𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 𝑃𝑃𝑎𝑎𝑎𝑎𝑃𝑃 = �𝑑𝑑2 + |𝑀𝑀𝑎𝑎 − 𝑀𝑀𝐹𝐹 |2 
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𝐹𝐹𝐹𝐹𝑃𝑃𝐹𝐹𝑟𝑟𝑃𝑃𝑎𝑎 𝐹𝐹𝑃𝑃𝑓𝑓𝑎𝑎𝑃𝑃𝑟𝑟𝑎𝑎𝐹𝐹𝑃𝑃𝑟𝑟 𝑟𝑟𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝐹𝐹𝑟𝑟𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎𝐹𝐹 𝑓𝑓𝑃𝑃𝐹𝐹 𝑎𝑎𝑃𝑃𝐹𝐹𝑎𝑎𝐹𝐹𝑟𝑟𝑎𝑎𝑎𝑎 𝑎𝑎𝑟𝑟𝑑𝑑 ℎ𝑃𝑃𝐹𝐹𝐹𝐹𝑀𝑀𝑃𝑃𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑃𝑃𝑎𝑎𝑎𝑎𝐹𝐹𝐹𝐹𝑀𝑀𝑃𝑃𝐹𝐹 𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝐹𝐹 𝛤𝛤𝑥𝑥 ∶ 

𝛤𝛤𝑉𝑉 =
(𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆)𝐹𝐹𝐹𝐹𝑟𝑟𝜃𝜃𝐹𝐹 − �𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆 − 𝑟𝑟𝑃𝑃𝐹𝐹2(𝜃𝜃𝐹𝐹)
(𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆)𝐹𝐹𝐹𝐹𝑟𝑟𝜃𝜃𝐹𝐹 + �𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆 − 𝑟𝑟𝑃𝑃𝐹𝐹2(𝜃𝜃𝐹𝐹)

 

𝛤𝛤ℎ =
𝐹𝐹𝐹𝐹𝑟𝑟𝜃𝜃𝐹𝐹 − �𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆 − 𝑟𝑟𝑃𝑃𝐹𝐹2(𝜃𝜃𝐹𝐹)

𝐹𝐹𝐹𝐹𝑟𝑟𝜃𝜃𝐹𝐹 + �𝜀𝜀𝐹𝐹 − 𝑗𝑗60𝜎𝜎𝜆𝜆 − 𝑟𝑟𝑃𝑃𝐹𝐹2(𝜃𝜃𝐹𝐹)
 

𝜃𝜃𝐹𝐹 = 𝑎𝑎𝐹𝐹𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟(
(𝑀𝑀𝑎𝑎 + 𝑀𝑀𝐹𝐹)

𝑑𝑑
 

𝜆𝜆 = 𝑟𝑟
𝑓𝑓�  

To calculate this some data must be provided. 

Table 2.  Variables for calculation the theoretical maximum range 

Variable Normal module  PA/LNA module 

𝑀𝑀𝐹𝐹 , Receiver height over ground 1.5 m 1.5 m  

𝑀𝑀𝑎𝑎  Transmitter height over ground 1.5m 1.5 m 

𝐺𝐺𝑅𝑅 , Receiver antenna gain 0 db 10 db 

𝐺𝐺𝑇𝑇 ,𝑇𝑇ransmitter antenna gain 0 db 20 db 

𝜀𝜀𝐹𝐹 , Relative dielectric constant for   
ground material 

18 18 

𝜎𝜎, Connectivity of ground material1 0  0 

𝑑𝑑, distance between transmitter and 
receiver 

X X 

𝑟𝑟, 𝑆𝑆𝑠𝑠𝑃𝑃𝑃𝑃𝑑𝑑 𝑃𝑃𝑓𝑓 𝑎𝑎𝐹𝐹𝑟𝑟ℎ𝑎𝑎 299.974 × 106 𝑜𝑜 𝐹𝐹⁄  299.974 × 106 𝑜𝑜 𝐹𝐹⁄  
𝑓𝑓, 𝑓𝑓𝐹𝐹𝑃𝑃𝑓𝑓𝑓𝑓𝑃𝑃𝑟𝑟𝑟𝑟𝑓𝑓 2445 × 106𝑀𝑀𝑀𝑀 2445 × 106𝑀𝑀𝑀𝑀 

 

  

                                                            
1 For all dielectric constants (𝜀𝜀𝐹𝐹 )under 25 the connectivity (𝜎𝜎) can be approximated to 0 
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With the data in table 2 the following results are calculated for the test combinations listed in  
table 1. 

 

Figure 12.  Theoretically calculated range for the test combinations in table 1. 

Table 3.  Theoretically calculated maximum range for the test combinations in table 1 

Test  1  Test 2  Test 3  Test 4  

Distance  Distance  Distance  Distance  

130 m  500 m  280 m  850 m  

 

The purple line in figure 12 shows the sensitivity level of the receiver in the ZigBee module and 
if the mathematical model for the open field with ground reflection gets below this sensitivity 
level, the signal will be lost. As shown by the graphs and table 3, the test 1 link should be able 
to reach 130 m but in the test 1 graph the purple line is crossed two times one at 35 m and one 
at 130 m. This indicates that the connection will be lost at approximately 35 m only to return a 
few meters later and continue to 130 m. Test 2, test 3 and test 4 however does not have this 
problem and should retain the connection to the expected distances show in table 3. 
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3.2.2 Indoor campus environment measurements 
The indoor environment tests are done to determine how the ZigBee modules perform in an 
indoor environment. This will give information on what the performance will be like in the type 
of buildings suitable for the culture heritage project.   

These tests examine only the link from the coordinator to an end device. Therefore, the test 
combinations of devices are the same as in the open field tests listed in table 1. 

The test procedure is divided into two parts. 

• The PER test using software developed by JingCheng Zhang.  
The range and PER are then measured along the corridor at level five in Täppan at 
Campus Norrköping. Every measurement point is tested twice to verify the result.  
 

• Test of the prototype application software. 
In the test with the prototype application only test 1 and test 2 listed in table 1 could 
be preformed due to the fact that the ZigBee PA/LNA module has no sensor. No PER 
measurement data can be recorded because this software does not present that 
information. Every measurement point is tested twice to verify the result.  

3.2.3 Field test in culture buildings 
The field test in culture buildings are more of a test on the complete Wireless Sensor Network 
(WSN). This is to get information about for how the network performs in a conceivable 
environment. From this test, data that are relevant for this thesis were also recorded, as well 
as penetration of walls of different material and different reflective properties. 
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3.2.3.1 Linköping cathedral 
Linköping cathedral is one of the largest churches in Scandinavia and has the ability to accept 
up to 1500 visitors at the same time. Table 4 shows the dimensions of both the inside and 
outside of the church. Figure 13 shows a sketch of the building. Table 5 shows a list of devices 
used in the test. [32] 

Table 4.  Dimensional data of Linköping cathedral 

Outside   Inside   

Exterior length 110 m Long House length 96 m 

Maximum external width 38 m Maximum internal length 107 m 

Western Front width 35 m Long House width 27 m 

The main tower height up to the spire 104 m Ship vault height 18 m 

Spire height 3 m    

 

 

Figure 13.  Blueprint of Linköping cathedral. 

Table 5.  Devices used in test at Linköping cathedral 

Units Module Function 

1 ZigBee Receiver for PER measurement 

1 PA/LNA Receiver for PER measurement 

1 Sensor Transmitter for PER measurement 

1 PA/LNA Transmitter for PER measurement 

1 PA/LNA Coordinator to collect data 

1 PA/LNA Router to parse data between coordinator and end device 

1 Sensor Router to parse data between coordinator and end device 

5 Sensor Sense the temperature and humidity and report the result 

 
The measurements are done with different setup of devices with and without PA/LNA. Table 1 
shows the combinations of the tests performed. 
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3.2.3.2 Skokloster castle 
Skokloster castle lies between Stockholm and Uppsala. It was built during the years from 1654 
to 1668. A drawing of the ground floor is shown below (figure 14).  It has a very open 
architecture and is primarily made of thick stone. It is approximately 40 m across and has four 
floors. Skokloster is the primary deployment site for the culture heritage project [3]. Skokloster 
castle is today, apart from being a museum, a base for research in the field of climate for 
culture historic objects and architecture. [7] 

  

Figure 14.  Blueprint for the ground floor of Skokloster castle. 

The measurements at Skokloster are only made at strategic places for the future deployment 
of the WSN. Therefore PER data was not taken everywhere. Otherwise the measurements are 
very similar to the tests at Linköping cathedral. Measurements were done on the first and 
second floor, only the Sensor Module was used as an end device. As coordinator both the ITN 
ZigBee module and the ITN ZigBee PA/LNA modules were used. 
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4 Measurement results 

4.1 Power consumption measurement 
In this section the results from the power consumption measurement are presented. These 
measurements are done in the HF-lab at ITN in Norrköping. The graphs in this section are 
generated by the oscilloscope’s display and show the voltage over the resistor. The voltage is 
divided by the resistor value (Ohms Law) to get the current through the circuit. 

𝑈𝑈 = 𝑅𝑅 × 𝐼𝐼          𝑈𝑈 = 𝑉𝑉𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑃𝑃 [𝑉𝑉],𝑅𝑅 = 𝑅𝑅𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑃𝑃 [Ω], 𝐼𝐼 = 𝐶𝐶𝑓𝑓𝐹𝐹𝐹𝐹𝑃𝑃𝑟𝑟𝑎𝑎 [𝐴𝐴] 

The tables in this section show the current and duration for each part of the curve from the 
oscilloscope, the description column in the tables describes what the ZigBee modules does in 
each part of the curve.  

4.1.1 CC2430DB with Home Automation applications 
Figure 15 shows the power consumption measurement result, done accordingly to the 
application note AN053 [25]. Figure 15 shows the complete procedure when a data request 
event occurs, starting from idle-mode, marked as 1 in figure 15 and the table 6. The time base 
used in figure 15 is 1 ms/unit and the whole event can be read out to be 8.01 ms long. Several 
procedures will be executed in the module which is marked with 2-10 in figure 15 and detailed 
data are presented in table 6. After the event is processed, the module will go back to idle-
mode and wait until next event.  
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To describe the data request event, each procedure is described in detail below. 

1. Idle.  
This is the module state between the rata requests. This is also called power mode 2 
in the CC2430 documentation [13]. The device is woken by an internal sleep timer. 
 

2. Startup @ 16MHz. 
This is a part of the startup sequence of the CC2430. It is a between step on the way 
to power mode 0 (Full functional mode). 
 

3. MCU @ 32MHx. 
This is power mode 0 and the device is now completely active and running the loaded 
application. 
 

4. Rx. 
The CC2430 is in receiving mode. This means that the device is ready to receive data. 
In this case the device is using the CSMA algorithm to determine if the medium is 
ready for transition. 
 

5. Switch Rx to Tx. 
 CC2430 switches transmission off the receiver part and starts the transmitter part of 
the chip. 
 

6. Tx. 
This is when the CC2430 transmits the data (in this case the data request packet). 
 

7. Switch Tx to Rx.  
CC2430 switches off the transmitter and starts the receiver to be able to receive 
packets. 
 

8. Rx. 
Here the CC2430 waits for the acknowledgment packet from the coordinator telling 
the device that the data request packet arrived. 
 

9. Packet processing @32 MHz. 
Here the received packet is processed and the application determines what to do with 
it (in this case nothing because it is an acknowledgement). 
 

10. Shutdown @16 MHz. 
This is a part of the shutdown sequence to enter power mode 2 after the cycle is 
complete.  
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Figure 15.  Power consumption measurement result on CC2430DB with HA application. 

 

 

 

 

Table 6.  Power consumption measurement result on CC2430DB with HA application 

CC2430DB   I   

 Description Current 
[mA] 

Duration 
[μs] 

1 Idle 2.23 - 
2 Startup @ 16 MHz 11.16 850 
3 MCU @ 32 MHz 18.78 1550 
4 Rx 37.31 1920 
5 Switch Rx->Tx 23.76 190 
6 Tx 35.23 580 
7 Switch Tx->Rx 24.72 110 
8 Rx 37.31 1040 
9 Packet processing @ 32 MHz 18.78 1160 

10 Shut down              @ 16 MHz 26.47 610 

∑  214.63 
[μAs] 

8010  
[μs] 

 

  

1 1 

2 

3 

4 

5 

6 8 

7 
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4.1.2 ZigBee sensor module with NO application and HA application measurements  
Figure 16 shows the power consumption measurement results, done with the NO application 
and powered by a power supply. The values are taken three times on three different ZigBee 
sensor modules. Figure 16 shows the complete procedure when a data request event occurs, 
starting from idle-mode, marked as 1 in figure 16 and table 7. The time base used in figure 16 
is 1 ms/unit and the complete event is read out to be between 6.21 ms and 79.6 ms long. The 
difference of the event length is due to that the CSMA algorithm, marked as 4 in figure 16 and 
table 7, is active until the medium is ready for transmission, which results in different times. 
Several procedures will be executed in the module which is marked with 2-10 (same as for 
figure 15 and table 6) in figure 16 and detailed data are presented in table 7. After the event is 
processed, the module will go back to idle-mode and wait until next event.  

 

Figure 16. Representative figure of the power consumption measurement result on main powered ZigBee sensor 
module with NO application. 

Table 7.  Power consumption measurement result of main powered ZigBee sensor module with NO  
application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Idle 0.0008 - 0.0008 - 0.0008 - 

2 Startup @ 16 MHz 11.22 540 11.22 440 11.29 870 

3 MCU @ 32 MHz 28.44 1680 28.26 1920 25.57 1900 

4 Rx 44.13 320 42.76 300 42.09 1580 

5 Switch Rx->Tx 36.56 180 34.63 200 32.97 200 

6 Tx 43.37 590  42.99 580 39.92 580 

7 Tx->Rx 36.22 110 36.40 100 34.95 100 

8 Rx 44.78 1060 45.10 960 42.09 1004 

9 Packet processing  
@ 32 MHz 

28.44 1110 28.32 1110 25.41 1102 

10 Shut down  
@ 16 MHz 

9.18 620  9.18 620 9.18 620 

∑  188.84 
[μAs] 

6210  
[μs] 

187.95 
[μAs] 

6230  
[μs] 

234.08 
[μAs] 

7956  
[μs] 
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Figure 17 shows the power consumption measurement results, done with the NO application 
and powered by a battery. The values are taken three times on three different ZigBee sensor 
modules. Figure 17 shows the complete procedure when a data request event occurs, starting 
from idle-mode, marked as 1 in figure 17 and the table 8. The time base used in figure 17 is 1 
ms/unit and the complete event is read out to be between 7.43 ms and 8.76 ms long. The 
difference of the event length is due to that the CSMA algorithm, marked as 4 in figure 17 and 
table 8, is active until the medium is ready for transmission, which results in different times. 
Several procedures will be executed in the module which is marked with 2-10 (same as for 
figure 15  and table 6) in figure 17 and detailed data are presented in table 8. After the event is 
processed, the module will go back to idle-mode and wait until next event.  

 

Figure 17.  Representative figure of the power consumption measurement result on battery powered ZigBee 
sensor module with NO application. 

Table 8.  Power consumption measurement result of battery powered ZigBee sensor module with NO 
application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration
[μs] 

Current 
[mA] 

Duration
[μs] 

1 Idle 0.0008 - 0.0008 - 0.0008 - 

2 Startup @ 16 MHz 11.22 880 9.57 440 11.9 880 

3 MCU @ 32 MHz 24.23 1840 25.12 1920 23.35 1940 

4 Rx 40.24 1280 41.01 1280 38.27 2200 

5 Switch Rx->Tx 31.38 190 32.34 180 30.92 160 

6 Tx 38.40 580 38.78 590 36.93 620 

7 Switch Tx->Rx 32.92  110 33.80  100 31.83  80  

8 Rx 40.24 870 41.12 1150 38.27 1120 

9 Packet processing  
@ 32 MHz 

23.92 1200 25.12 1150 23.26 1100 

10 Shut down  
@ 16 MHz 

9.44 630 9.18 620 10.2 660 

∑  207.48 
[μAs] 

7580  
[μs] 

218.88 
[μAs] 

7430 
[μs] 

245.54 
[μAs] 

8760  
[μs] 
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Figure 18 shows the power consumption measurement results, done with the Home 
Automation application and powered by a power supply. The values are taken three times on 
three different ZigBee sensor modules. Figure 18 shows the complete procedure when a data 
request event occurs, starting from idle-mode, marked as 1 in figure 18 and the table 9. The 
time base used in figure 18 is 1 ms/unit and the complete event is read out to be between 6.49 
ms and 6.94 ms long. The difference of the event length is due to that the CSMA algorithm, 
marked as 4 in figure 18 and table 9, is active until the medium is ready for transmission, which 
results in different times. Several procedures will be executed in the module which is marked 
with 2-10 (same as for figure 15 and table 6) in figure 18 and detailed data are presented in 
table 9. After the event is processed, the module will go back to idle-mode and wait until next 
event.  

 

Figure 18.  Representative figure of the power consumption measurement result on main powered ZigBee sensor 
module with HA application. 

Table 9.  Power consumption measurement result of main powered ZigBee sensor module with HA application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Idle 0.0008 - 0.0008 - 0.0008 - 

2 Startup @ 16 MHz 10.47 880 11.42 450 11.48 880 

3 MCU @ 32 MHz 26.79 1840 29.08 1850 28.38 1840 

4 Rx 44.01 620 43.92 630 45.29 640 

5 Switch Rx->Tx 33.16 180 34.82 190 34.76 200 

6 Tx 42.09 600 43.56 580 43.37 580 

7 Switch Tx->Rx 35.23 110 36.73 120 36.67 120 

8 Rx 44.01 930 43.92 930 45.29 960 

9 Packet processing  
@32 MHz 

27.27 1120 29.08 1110 28.38 1100 

10 Shut down   
@ 16 MHz 

9.57 620 9.63 630 9.57 620 

∑  198.30 
[μAs] 

6900  
[μs] 

202.09 
[μAs] 

6490 
[μs] 

208.44 
[μAs] 

6940  
[μs] 
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4.1.3 ZigBee sensor module with prototype application measurement and battery 
lifetime calculation 
This is power consumption measurements on the ZigBee sensor module with the prototype 
application loaded. The prototype application (with difference to the HA and NO applications, 
section 4.1.2) has three operation phases that requires the module to wake up from sleep-
mode and perform some task. These are: 

• Data Request. 
This is when the end device asks the coordinator if there are any new commands to 
perform (same as in the HA and NO applications in section 4.1.2). 
 

• Active sensor. 
This is when the temperature and humidity sensor is taking a value. 
 

• Sending Sensor Data. 
This is when the module sends the temperature and humidity data to the coordinator. 

An overview of the three phases is shown in figure 19. Each of the phase’s duty cycles can be 
totally adjusted to meet either sampling time requirements or battery lifetime requirements. 

 

Figure 19.  Duty cycle overview on ZigBee sensor module with prototype application. 

  

Data Request 
Active sensor 

Sending 
Sensor Data 
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Figure 20 shows the power consumption measurement results of prototype application in the 
data request phase, powered by a power supply. The values are taken three times on three 
different ZigBee sensor modules. Figure 20 shows the complete procedure when a data 
request event occurs, starting from idle-mode, marked as 1 in figure 20 and the table 10. The 
time base used in figure 20 is 1 ms/unit and the complete event is read out to be between 6.80 
ms and 8.59 ms long. The difference of the event length is due to that the CSMA algorithm, 
marked as 4 in figure 20 and table 10, is active until the medium is ready for transmission, 
which results in different times. Several procedures will be executed in the module which is 
marked with 2-10 (same as for figure 15 and table 6) in figure 20 and detailed data are 
presented in table 10. After the event is processed, the module will go back to idle-mode and 
wait until next event.  

 

Figure 20.  Representative figure of the power consumption measurement result on data request from ZigBee 
sensor module with prototype application. 

Table 10.  Power consumption measurement result of data request in ZigBee sensor module with prototype 
application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Idle 0.0008 - 0.0008 - 0.0008 - 

2 Startup @ 16 MHz 10.91 900 9.50 720 1.10 920 

3 MCU @ 32 MHz 14.47 1980 14.06 1690 14.67 1860 

4 Rx 31.38 310 33.29 1910 33.96 1920 

5 Switch Rx->Tx 21.30 210 22.00 190 22.48 200 

6 Tx 30.92 580 30.74 590 31.57 560 

7 Switch Tx->Rx 24.55 120 23.98 110 24.55 120 

8 Rx 32.97 870 33.29 110 33.96 1180 

9 Packet processing 
@ 32 MHz 

14.47 1190 14.06 1150 14.67 1190 

10 Shut down  
@ 16 MHz 

8.99 640 9.06 640 9.24 640 

∑  125.21 
[μAs] 

6800  
[μs] 

144.77 
[μAs]  

7110  
[μs] 

182.07 
[μAs] 

8590  
[μs] 
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Figure 21 shows the power consumption measurement result of prototype application in the 
active sensor phase, powered by a power supply. The values are taken three times on three 
different ZigBee sensor modules. Figure 21 shows the complete procedure when the sensor is 
taking a temperature and humidity measurement, starting from idle-mode, marked as 1 in 
figure 21 and table 11. The time base used in figure 21 is 200 ms/unit and the complete event 
is read out to be 1.38s long. Several procedures will be executed in the module which is 
marked with 2-6 in figure 21 and detailed data are presented in table 11. After the event is 
processed, the module will go back to idle-mode and wait until next event.  

To describe the active sensor event, each procedure is described in detail below. 

1. Idle.  
This is the module state between the rata requests. This is also called power mode 2 
in the CC2430 documentation [13]. The device is woken by an internal sleep timer. 
 

2. Working @ 32 MHz. 
This is power mode 0 and the device is now completely active and running the loaded 
application. 
 

3. Sensing Humidity. 
Here the sensor is taking a value of the relative humidity. 
 

4. Working @ 32 MHz. 
 This is power mode 0 and the device is now completely active and running the loaded 
application. Here the value of relative humidity is read into the CC2430 registers. 
 

5. Sensing Temperature. 
Here the sensor is registering a value of the temperature. 
 

6. Working @ 32 MHz. 
This is power mode 0 and the device is now completely active and running the loaded 
application. Here the value of temperature is read into the CC2430 registers. 
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Figure 21.  Representative figure of the power consumption measurement result on active sensor from ZigBee 
sensor module with prototype application. 

 

 

 

Table 11.  Power consumption measurement result of active sensor in ZigBee sensor module with prototype 
application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[ms] 

Current 
[mA] 

Duration 
[ms] 

Current 
[mA] 

Duration 
[ms] 

1 Idle  0.0008 - 0.0008 - 0.0008 - 

2 Working  
@ 32 MHZ  

14.86 200 14.92 196 14.83 204 

3 Sensing 
Humidity  

27.23 200 27.04 200 26.95 196 

4 Working  
@ 32 MHZ  

14.86 624 14.92 610 14.83 632 

5 Sensing 
Temperature  

27.23 92 27.04 112 26.95 88 

6 Working  
@ 32 MHZ  

14.86 264 14.92 264 14.83 260 

∑  24.12 
[mAs] 

1380 
[ms] 

24.40 
[mAs] 

1382 
[ms] 

23.91 
[mAs] 

1380 
[ms] 
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Figure 22 shows the power consumption measurement results of prototype application in the 
sending sensor data phase, powered by a power supply. The values are taken three times on 
three different ZigBee sensor modules. Figure 22 shows the complete procedure when the 
ZigBee sensor module is sending the temperature and humidity data to the coordinator. The 
time base used in figure 22 is 1 ms/unit and the complete event is read out to be between 5.01 
ms and 6.20 ms long. Several procedures will be executed in the module which is marked with 
1-8 in figure 22 and detailed data are presented in table 12. After the event is processed, the 
module will go back to idle-mode and wait until next event.  

To describe the data sending sensor data event, each procedure is described in detail below. 

1. Working @ 32 MHz. 
This is power mode 0 and the device is now completely active and running the loaded 
application. The sending sensor data phase occurs right after the active sensor phase 
and the ZigBee sensor module has not returned to idle between the phases. 
 

2. Rx.  
The CC2430 is in receiving mode. This means that the device is ready to receive data. 
In this case the device is using the CSMA algorithm to determine if the medium is 
ready for transmission. 
 

3. Switch Rx to Tx. 
CC2430 switches off the receiver part and starts the transmitter part of the chip. 
 

4. Tx. 
This is when the CC2430 transmits the data (in this case the sensed sensor data). 
 

5. Switch Tx to Rx.  
CC2430 switches off the transmitter and starts the receiver to be able to receive 
packets. 
 

6. Rx. 
Here the CC2430 waits for the acknowledgment packet from the coordinator telling 
the device that the data request packet arrived. 
 

7. Shutdown @16 MHz. 
This is a part of the shutdown sequence to enter power mode 2 after the cycle is 
complete.  
 

8. Idle. 
This is the module state between the rata requests. This is also called Power mode 2 
in the CC2430 documentation [13].  
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Figure 22.  Representative figure of the power consumption measurement result on sending sensor data from 
ZigBee sensor module with prototype application. 

 

 

 

Table 12.  Power consumption measurement result of sending sensor data in ZigBee sensor module with 
prototype application 

Sensor Module  I   II   III   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Working  
@ 32 MHZ  

14.86 - 14.92 - 14.83 - 

2 Rx 33.16 1270 23.98 630 33.81 1920 

3 Switch Rx->Tx 21.43 210 21.94 180  22.64 200 

4 Tx 30.92 2310 30.81 2330 31.09 2300 

5 Switch Tx->Rx 27.76 130 23.56 130 24.71 120 

6 Rx 33.16 920 30.81 940 33.81 940 

7 Shut down @ 
16 MHz 

8.93 810 8.93 800  9.41 720 

8 Idle 0.0008 - 0.0008 - 0.0008 - 

∑  159.38 
[μAs] 

5650  
[μs] 

130.01 
[μAs] 

5010  
[μs] 

182.47 
[μAs] 

6200  
[μs] 
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4.1.4 Coordinator power consumption measurements 
Figure 23 shows the power consumption measurement results of prototype application used 
as a coordinator, powered by a power supply. The values are taken three times on three 
different ZigBee modules. Figure 23 shows the complete procedure when the ZigBee module is 
receiving data. The time base used in figure 23 is 1 ms/unit. Several procedures will be 
executed in the module which is marked with 1-4 in figure 23 and detailed data are presented 
in table 13. After the event is processed, the module will go back to idle-mode and wait until 
next event.  

To describe the data request event, each procedure is described in detail below. 

1. Idle.  
This is the module state between the rata requests. This is also called Power mode 2 
in the CC2430 documentation [13]. The device is woken by an internal sleep timer. 
 

2. Rx. 
The CC2430 is in receiving mode. This means that the device is ready to receive data.  
 

3. Tx. 
This is when the CC2430 transmits the data (in this case an acknowledgement packet). 

 

4. Rx. 
Here the CC2430 waits for the acknowledgment packet from the coordinator telling 
the device that the data request packet arrived. After this, the device starts to listen 
for new data 
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Figure 23.  Representative figure of the power consumption measurement result on coordinator from ZigBee 
module with  prototype application ZigBee module. 

 

 

 

Table 13.  Power consumption measurement result of coordinator on ZigBee module with  prototype application 
ZigBee module 

Coordinator   I   II   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Idle 37.14 - 35.24 - 

2 Rx 22.38 200 23.33 184 

3 Tx 35.48 340 34.76 364 

4 Rx 23.81 108 25.24 104 

1 Idle 37.14 - 36.43 - 

∑  19.11 [μAs] 648 [μs]  19.57 [μAs] 652 [μs] 
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Figure 24 shows the power consumption measurement result of prototype application used as 
a coordinator, powered by a power supply. The values are taken three times on three different 
ZigBee PA/LNA modules. Figure 24 shows the complete procedure when the ZigBee PA/LNA 
module is receiving data. The time base used in figure 24 is 1 ms/unit. Several procedures will 
be executed in the module which is marked with 1-4 (same as in figure 23 and table 13) in 
figure 24 and detailed data are presented in table 14. After the event is processed, the module 
will go back to idle-mode and wait until next event.  

 

 

Figure 24.  Representative figure of the power consumption measurement result on coordinator from ZigBee 
PA/LNA module with  prototype application. 

 

 

 

Table 14.  Power consumption measurement result of coordinator on ZigBee PA/LNA module with  prototype 
application 

PA/LNA 
coordinator 

  I   II   

 Description Current 
[mA] 

Duration 
[μs] 

Current 
[mA] 

Duration 
[μs] 

1 Idle 43.14 - 43.14 - 

2 Rx 31.24 186 31.24 190 

3 Tx 217.29 354 238.10 359 

4 Rx 35.71 106 37.19 100 

1 Idle 43.14 - 43.14 - 

∑  86.52[μAs] 646 [μs] 95,13 [μAs] 649 [μs] 
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1 1 
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4.2 Range and PER 

4.2.1 Open field measurements 
The test was done on the 21/5 2009 at Himmelstalund, on the grass soccer fields behind the 
new Stadium Arena in Norrköping. The devices were mounted on 1.5 m high wood stands to 
be at the same height as the calculated data. The aim of the test was to find the maximum 
range of the ZigBee devices and confirm the calculated distances. PER was also measured at 
max distance. Figure 25 shows the test setup and table 15 shows the range and PER 
measurement for the four different test scenarios from table 1. 

 

Figure 25.  Free line of sight at open field outdoor measurement setup. 

 

 

 

Table 15.  Result of free line of sight at open field outdoor range and PER measurements 

Test  1  Test 2  Test 3  Test 4  

PER Range PER Range PER Range PER Range 

0  78 m   92 30 m  100  172 m  1  255 m  
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4.2.2 Campus environment indoor measurements 
The indoor measurement was done on the fifth floor in Täppan, campus Norrköping. 
Measurements were done in two stages, first the PER tests and then the range test of the 
prototype application. Figure 26, table 16 and table 17 is the PER measurement, with the 
figure showing the network placement in the environment. The blue upside-down triangle 
show the position of the coordinator and the green circles is data points for the measurement.  
There are two sets of data points as show in figure 26. The first table (table 16) shows the free 
line of sight test, using the test combinations from table 1. The second table (table 17) shows 
not free line of sight using the same test combinations. In this case the obstacles are in the 
form of classroom walls that separates the data points. The tables 16 and 17 not only show the 
range between the coordinator and end device for each data point, they also shows the PER 
values for each test combination and the parenthesis means that the measurement is 
unreliable.  

 

Figure 26.  Result from range and PER tests indoor in a campus environment. 

Coordinator 

Data Point 
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Table 16.  Result from range and PER tests with free line of sight indoor in a campus environment for the test 
combinations in table 1 

Data point Distance Test 1 Test 2 Test 3 Test 4 

  [M] PER [%] PER [%] PER [%] PER [%] 

1:1 0 0 0 0 0 

1:2 13 0 0 0 0 

1:3 36 0 1 0 0 

1:4 48 0 2 1 8 

1:5 60 0 0 11 1 

1:6 67 0 0 0 0 

1:7 73 - 0 0 1 

1:8 78 - 1 0 0 

 

 

 

Table 17.  Result from range and PER tests with no free line of sight indoor in a campus environment for the test 
combinations in table 1 

Data point Distance Test 1 Test 2 Test 3 Test 4 

 [M] PER [%] PER [%] PER [%] PER [%] 

2:1 0 0 0 0 0 

2:2 11 1 1 0 1 

2:3 19 - 0 0 0 

2:4 21 - 12 - 0 

2:5 29 - 4 35 1 

2:6 32 - 6 - 0 

(2:7) (38) - - - (1) 

(2:8) (39) - - - (0) 
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Figure 27 and table 18 show the result of the range test of the prototype application with the 
ZigBee module as coordinator. The test is done on the fifth floor in Täppan, campus 
Norrköping. In figure 27 the blue triangle is the coordinator and the green circles are data 
point. The red circles however are data points with no connection, i.e. points where 
connection to the coordinator could not be established. The different test sets in figure 27 and 
table 18 are to try to find out how sensitive the range is to the environment. Table 18 shows 
the test set and the measured distance from the coordinator to the end device. 

 

 

Figure 27. Range test result of prototype application with ZigBee module as coordinator. 

Table 18.  Range test result of prototype application with ZigBee module as coordinator 

Test  
set 1 

Approx. 
Distance  

Test 
set 2 

Approx. 
Distance  

Test 
set 3 

Approx. 
Distance  

Test 
set 4 

Approx. 
Distance  

1:C  0 m  2:C  0 m  3:C  0 m  4:C  0 m  

1:1 14 m  2:1 21 m  3:1 18 m  4:1 8 m  

1:2 26 m  2:2 25 m  3:2 20 m  4:2 5 m  

1:3 49 m        4:3 6 m  

1:4 63 m           

1:5 78 m           

1:6 32 m           

1:7 40 m           

1:8 36 m           

1 floor down  5 m           
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Figure 28 and table 19 show the result of the range test of the prototype application with the 
ZigBee PA/LNA module as coordinator. The test is done on the fifth floor in Täppan, campus 
Norrköping. In figure 28 the blue triangle is the coordinator and the green circles are data 
point. The red circles however are data points with no connection, i.e. points where 
connection to the coordinator could not be established. The different test sets in figure 28 and 
table 19 are to try to find out how sensitive the range is to the environment. Table 19 shows 
the test set and the measured distance from the coordinator to the end device. 

 

 

Figure 28.  Range test result of prototype application with ZigBee PA/LNA module as coordinator. 

Table 19.  Range test result of prototype application with ZigBee PA/LNA module as coordinator 

Test  
set 1 

Approx. 
Distance  

Test 
set 2 

Approx. 
Distance  

Test 
set 3 

Approx. 
Distance  

1:C  0 m  2:C 0 m  3:C 0 m  

1:1 14 m  2:1 18 m  3:1 18 m  

1:2 26 m  2:2 33 m  3:2 20 m  

1:3 49 m  2:3 35 m 3:3 25 m 

1:4 63 m        

1:5 78 m        

1:6 32 m        

1:7 40 m        

1:8 36 m        
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4.2.3 Field test in culture buildings 

4.2.3.1 Linköping cathedral 
The tests were done on the 31/3 2009 together with the Communication Electronics research 
group at ITN. The measurements are taken in the big church room approximately 1 m above 
the floor and table 20 show the PER and range results from the measurements on the four test 
scenarios in table 1. 

 

Table 20.  Result of the field test in Linköping cathedral for the test combinations in table 1 

Test 2 With a 1.5 m thick wall in between 

PER 
[%] 

Distance 
[m] 

 

8 6  

0 6  

7 6  

 

 
 

Test 4    

PER 
[%] 

Distance 
[m] 

   

0 58    

0 58    

1 58    

0 58    

3 73    

 
  

Test 1  

PER 
[%] 

Distance 
[m] 

 

0 24  

14 40  

12 40  

0 46  

3 46  

0 48  

Test 3  

PER 
[%] 

Distance 
[m] 

 

0 58  

3 58  

63 58  

0 56  



44 Evaluation of ZigBee modules for sensor networks 

 

4.2.3.2 Skokloster castle 
Together with the Communication Electronics research group at ITN, this field test of the 
ZigBee wireless sensor network was done on the 19/5 2009 in Skokloster castle. Figure 29 and 
Table 21 shows the different test sets on the first (ground) floor. Figure 30 and table 22 shows 
the test sets on the second floor. In figures 29 and 30 the blue triangles are the positions of the 
coordinators and the green circles are the ZigBee sensor module data points. Tables 21 and 22 
shows the range results for the different test sets shown in figures 29 and 30, along with which 
type of coordinator that was used in that particular test. 

 

Figure 29.  Result of the range tests at the first (ground) floor of Skokloster castle. 

Table 21.  Result of the range tests at the first (ground) floor of Skokloster castle 

Test 
set 1 

Approx. 
Distance  

Coordinator Test 
set 2 

Approx. 
Distance  

Coordinator 

C1  0 m   C2  0 m   

1:1 21 m  Normal 2:1 45 m  Normal 

2:1 18 m  Normal    
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Figure 30.  Result of the range tests at the second floor of Skokloster castle. 

 

 

 

Table 22.  Result of the range tests at the second floor of Skokloster castle 

Test 
set 3 

Approx. 
Distance  

Coordin-
ator 

Test 
set 4 

Approx. 
Distance  

Coordin-
ator 

Test 
set 5 

Approx. 
Distance  

Coordin-
ator 

C3  0 m   C4  0 m   C5  0 m   

1:3 40 m  PA/LNA 1:4 15 m  Normal 1:5 10 m  Normal 

   2:4 One  PA/LNA 2:5 20 m  PA/LNA 

    floor up     
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5 Discussion 
In this section the measurement results will be discussed. The discussion will be divided into 
sections based on the measurements. 

5.1 Power consumption and battery lifetime 
Here the power consumption measurements will be discussed and the battery lifetime for the 
ZigBee modules calculated. 

5.1.1 CC24340DB with Home automation application 
When a comparison is done between the measurement results of the CC2430DB (figure 15, 
table 6) and the data from the Application Note AN053 [25] we can see that there is virtually 
no difference. The small difference that does exist can easily be explained as noisy signal 
and/or measurement inaccuracy. This means that the measurements is accurate and the test 
of the ITN developed ZigBee modules is valid.  

5.1.2 ZigBee sensor module with NO application and HA application measurement 
This is the measurement of main powered vs. battery powered module. A comparison 
between figures 16-17 and tables 7-8 shows that there is not much difference between the 
measurements, some of the battery tests were actually aborted due to this. The conclusion is 
therefore that there is effectively no difference between main or battery power in aspect of 
power consumption.  

Regarding the power consumptions measurements of the NO application and the Home 
Automation (HA) application. These tests are meant to test if the loaded application has any 
effect on the power consumption. There was no effect; all the tests show that there is no 
significant difference between the two loaded applications. This is shown in a comparison 
between figures 16-18 and tables 7-9. 
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5.1.3 ZigBee sensor module with prototype application measurement and battery 
lifetime calculation 
With the power consumption measurements on the three active phases of the prototype 
applications, the battery life time can be calculated. The power consumption for data request 
is shown in figure 20 and table 10, for active sensor in figure 21 and table 11, and for sending 
sensor data in figure 22 and table 12. 

One thing that all the measurement results show is that the idle current in power saving mode 
(power mode 2) is very low. This is good since the battery lifetime is greatly dependent on the 
idle power consumption.  

The equation for calculating battery lifetime is difficult to overview. First the total power 
consumption of each phase for one duty cycle ( 𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝐹𝐹  [μAs]) is calculated. Then the total 
time the device is in idle is required. This is done by summarizing the times not in idle and 
subtract that from 86400 (number of seconds per day). This shows that duty cycle 1 from 
table 23 the devices are only active for 0.8% of the time and this means that the power 
consumption in idle mode (sleep mode) will greatly affect the battery lifetime.  

The power consumption (𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶) of each operation task for one day is calculated with this 
equation: 

          𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝐹𝐹 =  
𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝐹𝐹 × (𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝐹𝐹 × 24)

3600 × 1000
 �
𝑜𝑜𝐴𝐴ℎ
𝑑𝑑𝑎𝑎𝑓𝑓

� 

𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝐹𝐹  = 𝐹𝐹𝑓𝑓𝑜𝑜 𝑃𝑃𝑓𝑓 𝑜𝑜𝑃𝑃𝑎𝑎𝐹𝐹𝑓𝑓𝐹𝐹𝑃𝑃𝑑𝑑 𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹 𝑟𝑟𝑃𝑃𝑟𝑟𝐹𝐹𝑓𝑓𝑜𝑜𝑠𝑠𝑎𝑎𝐹𝐹𝑃𝑃𝑟𝑟 [𝜇𝜇𝐴𝐴𝐹𝐹]  (𝑓𝑓𝑃𝑃𝐹𝐹𝑜𝑜 table 10, 11 𝑎𝑎𝑟𝑟𝑑𝑑 12) 
   𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝐹𝐹 = ℎ𝑃𝑃𝑃𝑃 𝑜𝑜𝑎𝑎𝑟𝑟𝑓𝑓 𝑎𝑎𝐹𝐹𝑜𝑜𝑃𝑃𝐹𝐹 𝑠𝑠𝑃𝑃𝐹𝐹 ℎ𝑃𝑃𝑓𝑓𝐹𝐹 𝑃𝑃𝑎𝑎𝑟𝑟ℎ 𝑠𝑠𝑎𝑎𝐹𝐹𝑎𝑎 𝐹𝐹𝐹𝐹 𝑃𝑃𝑥𝑥𝑃𝑃𝑟𝑟𝑓𝑓𝑎𝑎𝑃𝑃𝑑𝑑 
               𝐹𝐹 = {𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝑃𝑃𝑓𝑓𝑓𝑓𝑃𝑃𝐹𝐹𝑎𝑎,𝐴𝐴𝑟𝑟𝑎𝑎𝐹𝐹𝑎𝑎𝑃𝑃 𝑆𝑆𝑃𝑃𝑟𝑟𝐹𝐹𝑃𝑃𝐹𝐹, 𝑆𝑆𝑃𝑃𝑟𝑟𝑑𝑑𝐹𝐹𝑟𝑟𝑟𝑟 𝑆𝑆𝑃𝑃𝑟𝑟𝐹𝐹𝑃𝑃𝐹𝐹 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎} 

 

The total power consumption [mAh/day] is the sum of the power consumption for the data 
request, active sensor, sending sensor data and idle mode.  The idle power consumption for 
each module is calculated with the following equations: 

      𝑇𝑇𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃 =  �24 −�𝑇𝑇�𝐹𝐹

2

𝐹𝐹=0

� �
ℎ
𝑑𝑑𝑎𝑎𝑓𝑓

�     𝑇𝑇�𝐹𝐹 =  
𝑇𝑇𝐹𝐹 × (𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑅𝑅𝐹𝐹 × 24)

3600 × 1000
�
ℎ
𝑑𝑑𝑎𝑎𝑓𝑓

�  

           𝑇𝑇𝐹𝐹 = 𝐹𝐹𝑓𝑓𝑜𝑜 𝑃𝑃𝑓𝑓 𝑜𝑜𝑃𝑃𝑎𝑎𝐹𝐹𝑓𝑓𝐹𝐹𝑃𝑃𝑑𝑑 𝑑𝑑𝑓𝑓𝐹𝐹𝑎𝑎𝑎𝑎𝐹𝐹𝑃𝑃𝑟𝑟 [𝑜𝑜𝐹𝐹](𝑓𝑓𝑃𝑃𝐹𝐹𝑜𝑜 table 10, 11 𝑎𝑎𝑟𝑟𝑑𝑑 12) 

      𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃 = 𝑇𝑇𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃 × 𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃  �𝑜𝑜𝐴𝐴ℎ
𝑑𝑑𝑎𝑎𝑓𝑓

�  

      𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃 = 0.0008 [𝑜𝑜𝐴𝐴] (𝑓𝑓𝑃𝑃𝐹𝐹𝑜𝑜 table 10, 11 𝑎𝑎𝑟𝑟𝑑𝑑 12) 
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Now the total power consumption for one day is: 

       𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝑎𝑎𝑃𝑃𝑎𝑎 = �𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝐹𝐹

2

𝐹𝐹=0

+ 𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝐹𝐹𝑑𝑑𝑎𝑎𝑃𝑃   �
𝑜𝑜𝐴𝐴ℎ
𝑑𝑑𝑎𝑎𝑓𝑓

� 

The battery lifetime with a 1200 mAh battery will then be: 

𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓 = 1200 [𝑜𝑜𝐴𝐴ℎ] 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓 =
𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓
𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐶𝐶����������𝑎𝑎𝑃𝑃𝑎𝑎  

[𝑑𝑑𝑎𝑎𝑓𝑓] 

For the three measurements made with the ZigBee sensor module, the battery lifetime is 
calculated using the duty cycles in table 23. The result is shown in table 24. With the chosen 
duty cycles in table 23 the battery lifetime is calculated to be approximately 1 and 10 years. 

Table 23.  Duty cycles for the three phases of the prototype applications used in battery lifetime calculations 

Duty Cycle 1   

 Data request 60 times per hour 

 Active sensor 20 times per hour 

 Sending sensor data 2 times per hour 

Duty Cycle 2   

 Data request 4 times per hour 

 Active sensor 2 times per hour 

 Sending sensor data 2 times per hour 

 

Table 24.  Result from the battery lifetime calculations on the three ZigBee sensor modules sing the duty cycles 
in table 23. 

Duty Cycle 1 Sensor Module  Battery Lifetime 

 I 364 days 

 II 359.9 days 

 III 366.9 days 

Duty Cycle 2 Sensor Module Battery Lifetime 

 I 9.48 years 

 II 9.38 years 

 III 9.54 years 
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5.1.4 Coordinator power consumption measurements 
The coordinators will never run on battery power due to the fact that they are always 
connected to a computer. But if the module is used as a router, which is a plausible 
development for the future, battery power will be interesting. A problem with running the 
coordinators/routers on battery power is that the PA/LNA modules has a power usage peek of 
approximately 220 mA, while the battery used in this project only can deliver approximately  
35 mA. So another battery must be used if the PA/LNA module is going to be battery powered. 

The coordinators does not enter sleep mode (see figure 23 and figure 24). This means that the 
idle state is the Rx-mode. This is due to the fact that they need to listen for packets 
continuously. If the battery lifetime for the normal coordinator is calculated when only in idle 
mode (Rx), the battery lifetime would be (see table 13 for idle power consumption) 

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓

𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝐹𝐹𝑟𝑟𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹 × 24 � 𝑀𝑀𝑑𝑑𝑎𝑎𝑓𝑓�
=  1.35 𝑑𝑑𝑎𝑎𝑓𝑓𝐹𝐹 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹𝑓𝑓 = 1200 [𝑜𝑜𝐴𝐴ℎ] 

𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝐹𝐹𝑑𝑑𝐹𝐹𝑟𝑟𝑎𝑎𝑎𝑎𝑃𝑃𝐹𝐹 = 37 [𝑜𝑜𝐴𝐴] 

When the normal coordinator transmits, the power consumption actually lowers but only 
slightly. Although, the transmission time is so short that the battery lifetime only becomes 
marginally larger. The PA/LAN coordinator has an idle power consumption of 42 mA  
(see table 14) which gives with the same equation, as for the normal coordinator, a battery 
lifetime of 1.2 days. But the transmission power consumption is much greater than the normal 
coordinator, an extreme 220 mA. So the actual battery lifetime would be less than 1.2 days. 
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5.2 Range and PER 
In this section the range and PER measurements is discussed. 

5.2.1 Open field measurements 
If a comparison between table 3 and table 15 is made, it is oblivious that the measurements do 
not match the calculations. One theory to this is that because as the ITN developed PER 
measuring application does not match the RF-studio software, the measurement method is 
different. The theoretical calculations are from the Design Note DN018 [29] and therefore 
matching the RF-studio measurements better. A big difference between the methods is that 
the RF-studio only counts a CRC-check error as a packet error but the ITN developed software 
counts all lost packets as error, even the packets that never reach the receiver. Another issue 
is that the on-chip antenna that is processed on the sensor module printed circuit board (PCB). 
The radiation pattern of this antenna is not known and its center frequency had to be manually 
altered. This gives the possibility that the alignment of the modules is not accurate. Also, there 
is always the possibility that the modules are badly designed, or that the PA/LAN amplifier is 
not working correctly and instead of amplifying the signal, it is being distorted. 

5.2.2 Campus environment indoor measurements 
The indoor measurements were done in two stages, first the PER tests and then the range test 
of the prototype application. The PER measurements (figure 26, table 16, table 17) shows that 
if the distance between the device and coordinator is within the maximum range, the PER is 
almost always zero. This means that if the link can be established, the PER is not a problem. 
This goes for all the four tests. The indoor range tests (table 18, table 19) shows that the range 
supersedes the length of the corridor even with the normal coordinator. But the tests show 
that the connection is very sensitive to directions. The coordinators have an SMD antenna but 
the sensor module has an on-chip antenna. The radiation pattern of the on-chip antenna is not 
documented which can be one reason for the directional sensitivity. There is also a problem 
with the test through walls and floors. There are windows on the walls to the corridor near the 
roof in all class rooms, so there is a chance that the signal went through the windows instead 
of the walls. But we have earlier discovered that the signal is sensitive to direction so it is more 
likely that the signal has actually gone through the walls. It was also observed that if the 
receiver was placed close to the wall, the reception was worse than if the receiver vas just 50 
cm away from the wall.  

The measurements do however shows that the signal reach a considerable distance in the 
corridors and even penetrate walls to some extent. It also shows that line of sight are very 
important and that the signal is very sensitive to direction. Even a slight misalignment causes 
the signal to be lost. The points 7 and 8 in the prototype application test with PA/LAN as 
coordinator (table 17and table 19) is in parenthesis due to the fact that they are in the “open”, 
not inside a room and is to consider unreliable data. 
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5.2.3 Field test in culture buildings 
The field tests were primarily done to decide how to place the modules in a future sensor 
network. Not much signal data was recorded, only specific information for the placement of a 
future sensor network. But some important results were found. There was a problem with 
penetrating the thick stone walls (approximately 1.5 m of pure stone) in both the Linköping 
Cathedral and Skokloster Castle, but the thinner but yet 50 cm thick inner walls in Skokloster 
were no problem at all. Another issue was that if the receiver and transmitter were placed on 
either side off a wall there was good connection, but if the devices were misaligned, the 
connection were lost.  An explanation for this is that the longer distance through the wall was 
enough to break the connection or that the reflection inside the wall became just right, so the 
signal did not penetrate the wall and was reflected. 

5.2.3.1 Linköping cathedral 
From the results we can see that a small star network can be deployed with a radius up to 48 
meters between the transmitter and receiver. In buildings where longer distance between the 
devices are required, modules with power and low noise amplifiers can be used to extend the 
range up to 73 meters (see table 20 for data).  

5.2.3.2 Skokloster castle 
The measurements went really well, and the result was better that expected. There was no 
problem to penetrate through the second and third floors and we reached through two walls. 
There was neither any problem to reach over the courtyard on the first nor the second floor. 
See figure 29, table 21, figure 30 and table 22 for the measurement data. 

5.3 Future work 
Future work in this field is needed, especially in the range and PER measurements. For 
example the software for the PER measurement needs to be revised. It would be good if it 
could be made to match the RF-studio both in the aspect of PER measurements definition and 
the possibility to measure the RSSI (Received Signal Sensitivity Indication) value of the signal. 
This would make the comparisons with measurements from TI much easier and an analysis of 
the signal strength would be possible. It would also be a good idea to try and find out why the 
range is not even close to the theoretical calculations. A good starting point would be to try 
the measurements again and change the antennas on the ZigBee modules to one well 
documented radiation pattern. Even antennas on a cable should be tested to ensure that the 
ZigBee module itself is not a source of disturbance. 
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6 Conclusion 
In this thesis the power consumption of the different types of ZigBee modules developed for 
the culture heritage project was studied.  The chosen test method needs to be repeatable so 
the test results could be repeated and compared with measurements in future versions of the 
ZigBee modules and with measurements from TI.    

The conclusions drawn from the measurements can be summarized in the following points. 

• The hardware is independent of power source (battery or main power supply) 
 

• The Hardware is software independent, meaning that the loaded ZigBee-stack has no 
effect on the hardware 
 

• The idle power consumption is most critical to the battery lifetime 
 

• The power consumption of the prototype application can be customized according to 
either duty cycle or batter lifetime requirements 
 

• If the duty cycles from table 23 are used in the calculations of the battery lifetime, the 
battery lifetime are calculated to be 1 and 10 years 

 

This thesis also includes range performance and PER tests. The test method chosen for these 
tests needs to be repeatable to make the future comparisons easier. 

• The Range and PER tests show that the devices work like as expected, but the range is 
not as good as that from the theoretical calculations 
 

• The signal can penetrate 2-3 walls and at least one floor in a campus environment 
 

• The ZigBee sensor network can be deployed in the intended environment, but due to 
the limited module-to-module range the network might need to utilize multiple 
routers to achieve optimal area coverage. 
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