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Abstract 
Jobs, M. 2013. Design and Performance of Diversity based Wireless Interfaces for Sensor 
Network Nodes. Institutionen för teknikvetenskaper. 96 pp. Uppsala. 
 
The main focus of the work presented in this licentiate thesis concerns antenna design, adap-
tive antenna control and investigation on how the performance of small wireless nodes can be 
increased by inclusion of multiple antennas. In order to provide an end-user suitable solution 
for wireless nodes the devices require both small form factor and good performance in order 
to be competitive on the marked and thus the main part of this thesis focuses on techniques 
developed to achieve these goals. Two prototype systems have been developed where one has 
been used by National Defence Research Agency (FOI) to successfully monitor a test-subject 
moving in an outdoor terrain. The other prototype system shows the overall performance gain 
achievable in a wireless sensor node when multiple antennas and antenna beam steering is 
used. As an example of how to include multiple antennas in a wireless node the concept of 
using dual conformal patch antennas for wireless nodes is presented. The proposed antenna 
showed an excess of 10 dB gain when using a single driven antenna element as would be the 
case in a system utilizing antenna selection combining. When used as a 2-element phased 
array, up to 19 dB gain was obtained in a multiscattering environment. Using the second order 
resonance the proposed antenna structure achieves low mutual coupling and a reflection coef-
ficient lower than -15 dB. The presented antenna design shows how a dual antenna wireless 
node can be designed using discrete phase control with passive matching which provides a 
good adaptive antenna solution usable for wireless sensor networks. The inclusion of discrete 
phase sweep diversity in a wireless node has been evaluated and shown to provide a signifi-
cant diversity gain. The diversity gain of a discrete phase sweep diversity based system was 
measured in both a reverberation chamber and a real life office environment. The former 
environment showed between 5.5 to 10.3 dB diversity gain depending on the detector archi-
tecture and the latter showed a diversity gain ranging from 1 to 5.4 dB. Also the performance 
of nodes designed to be placed in a high temperature and multiscattering environment (the fan 
stage of a jet engine) has been evaluated. The work was carried out in order to verify that a 
wireless sensor network is able to operate in such a multiscattering environment. It was shown 
that the wireless nodes are able to operate in an emulated turbine environment based on real-
life measured turbine fading data. The tested sensor network was able to transmit 32 byte 
packages using cyclic redundancy check at 2 Mbps at an engine speed of 13.000 rpm. 
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1. Introduction 

One could argue that the first wireless device was constructed be Heinrich 
Hertz in the end of the 19th century. Although David Hughes had demon-
strated a wireless devices a few years earlier the device by Hertz was the 
first device that could be conclusively proven to generate propagating elec-
tromagnetic waves. This was an important step as it proved a means of 
propagation distinctively different from inductive coupling. 

Ever since these first steps the theory and applications of wireless devices 
has exploded. The extensive advances in fabrication processes and design 
tools meant that at the beginning of the 21th century there is numerous wire-
less devices, such as wireless phones, wireless transmission of media (audio 
and visual), wireless data transfer in the form of wireless networks etc. This 
text intends to focus on the development and design of wireless devices 
which are restriced to a) small (in an electromagnetic sense) size and b) self-
substained, with main focus on the rf-front end, antenna design and node to 
node communication. It should also be noted that wireless devices in the 
sense used in this text is confined to devices based on electromagnetic (EM) 
mode of communication.  

An electrically small device is a wireless device in which the physical di-
mension is small compared to the operating wavelength [1]. As will be ex-
plained in later chapters an electrically small devices suffers from additional 
constraints when being designed compared to (electrically) large devices. 
Selfsubstained is defined in this text as having an independent power supply. 
This could be in the form of example battery or other energy generating 
sources such as solar, thermal, vibration etc. 

There are numerous wireless sensors and devices in research and on mar-
ket today. It is not uncommon to find restaurants that use wireless trans-
ponders to notify customers that their food is ready or wireless fitness-gear 
that lets users monitor variables such as heartbeat and steps taken by com-
munication between worn devices and their mobile phone. All these devices 
are examples of wireless sensors. Another field where one can find wireless 
sensors are in building monitoring. From an engineering standpoint there are 
a few key challenges of great interested, how does one design such a system 
to be both robust and maintain minimal maintenance? Apart from providing 
insight in the work and research that has been done in this area this text also 
intends to provide information for designers stepping into the realm of wire-
less embedded system design by pointing out some common challenges and 
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solutions that one might face when designing these kinds of systems. Addi-
tional information about some rudimentary key-features for designing and 
implementing a wireless sensor network can be found in appendix. 

1.1 WISENET 
A large part of the work presented within this text has been carried out 
within the Uppsala VINN Excellence Centre for Wireless Sensor Networks 
(WISENET [2]) which is a joint project between Uppsala University and 
commercial entities. The WISENET project is a 10 year project aiming at 
providing both top end research results and well as commercialisation oppor-
tunities for involved enterprises. The research is carried out in a total of 7 
research groups each with a specific area of research. The work presented 
within has been carried out within the Wireless Body Area Network 
(WBAN) and Transport clusters. The WBAN cluster focuses on enhancing 
the performance of on-body communication. The Transport cluster focuses 
on developing and advancing technologies for wireless monitoring of struc-
tural parameters on trains.  

1.2 WISEJET 
The WISEJET project is a joint project between Uppsala University, ÅAC 
Microtec AB and GKN Aerospace Sweden AB (formerly Volvo Aero) on 
design, manufacture and test a wireless telemetry system for jet turbine per-
formance evaluation. The project was initiated with the intent to provide a 
substitute solution for the current wired telemetry systems used for final 
testing of jet turbine performance before delivery to end customers. By pro-
viding a wireless solution the cost of mounting the test system can be re-
duced considerably thus saving both time and money. As the environment 
inside a jet turbine provides considerate challenges for wireless propagation 
the Microwave Group within Uppsala University has been involved for solv-
ing both antenna and wireless propagation issues within the project. 

1.3 Other Work 
Included in this text is also various work and results done within the depart-
ment either as freestanding work, minor project with other research 
groups/companies and previously unpublished work that was omitted from 
papers due to size constraints. These results are included to provide the 
reader with more thorough information and insight in various design and 
verification steps undertaken. 
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2. Wireless Sensor Networks 

Wireless Sensor Networks (WSNs) and especially wireless devices are the 
main focus of the presented work. It therefore serves the purpose to provide 
a general overview of wireless networks, devices and the typical characteris-
tics and considerations that should be done when designing a wireless sen-
sor.  

2.1 Types of Wireless Networks 

2.1.1 Introduction 
Wireless Sensor Networks can be divided into multiple categories. The cate-
gories presented and discusses within the scope of this text is mainly Wire-
less Personal Area Networks (WPANs) and Wireless Body Area Networks 
(WBANs). Although the total span of WSN categories are not limited solely 
to WBAN and WPAN the basic principles included in both WPAN and 
WBAN design is applicable in other types of wireless networks as well. One 
of the major differences from the types of networks considered here to other 
categories is the requirement of self-sustained devices, whereas other catego-
ries could be considered parts of a fixed installation and thereby having ac-
cess to a centralized power source.  

As the area of wireless networks is a very much alive field of both re-
search and enterprise there are several standards governing the development 
within the field. One of the major standards is defined within the scope of 
the IEEE 802[3]. This includes several subcategorises governing wireless 
equipment with the intent of providing a baseline ensuring device interop-
erability as well as financial and technological feasibility, among other 
things. Although very well defined standards exists it should be pointed out 
that there exist numerous solutions and products as well that do not adhere to 
these standards. These could have come into existence as initial in-house 
solutions that developed into products as well as designs with intent to solve 
a problem where the designers considered the standard solutions and/or de-
signs to be ill-suited for the intended application. 

It is not the intent of this paper to make a judgement of which route is 
most suitable, a purely standard oriented solution or a more in-house solu-
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tion. The purpose is simply to note the advantages in example interoperabil-
ity and verified proof of concept provided by standards as well as admitting 
that for some special case devices and situations a non standard solution may 
or may not be advantageous. The standards should be seen as a evolving 
entity in the sense that additional improvements being included meaning that 
these to should (in the authors view) not be considered as the definitely best 
solution performancewise for all applications but rather a good way of ensur-
ing a competitive product on the market.  

2.1.2 Wireless Personal Area Networks 
Wireless Personal Area Networks have been defined within the scope of the 
IEEE workgroup 802.15 where it is defined as  
 
“Wireless personal area networks (WPANs) are used to convey information 
over short distances among a private, intimate group of participant de-
vices.”[4] 
 

One example could be communication between a pulse monitoring de-
vice, a pedometer and a smartphone. This group is, in fact, quite broad and 
covers most wireless network devices. This area has been of special interest 
in recent research as it includes several research topics covering, among 
others, both miniaturization and performance increase. 

2.1.3 Wireless Body Area Networks 
Wireless Body Area Networks (WBANs) could be considered as a subgroup 
of WPANs. A WBAN is a wireless network operating directly on or inside 
the body. In fact, the previous example of a pulsewatch, pedometer and mo-
bile phone could be considered a body area network. Unlike a WPAN a pure 
body area network does not include fixed devices in the surrounding envi-
ronment, if such a device/sensor were to be included the network would be 
classed as a WPAN rather than a WBAN.  

Wireless Body Area Networks have additional performance challenges as 
they can be assumed to be in a mobile environment. As such, the perform-
ance of a body area network can change as the user moves through different 
surroundings or simple changes the pose, thus affecting factors such as path 
of propagation and nearby structures coupling to the wireless device. Al-
though an environment for a WPAN can change as well most cases could be 
assumed to have a relatively slow changing environment. 

Due to the potentially fast changing environmental conditions in WBANs 
special interest has been given by several research communities [5,6] to in-
vestigate the impact on radio link quality in these types of networks.  
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2.2 Current State of Art 
A considerate amount of work has been and is being carried out in the field 
of wireless sensor networks. In this section a small recap of current state of 
research at time of writing is made. 

2.2.1 Devices 
Several wireless devices exist on the market, these can be divided into two 
groups; commercial, which are found on the market in existing applications 
and research modules which are designed to be used by industrial and aca-
demic research groups. The latter category is commonly used in much of the 
literature and papers published in the field of wireless sensor networks. 
Some of the most common research nodes used at the time of writing are the 
Mica, Telos and TMote Sky platforms.  

Mica and later on Telos nodes were developed by the University of Cali-
fornia at Berkley. In 2005 the TMote Sky platform was released funded by 
the company Moteiv which was a spinoff company from Berkley. Moteiv 
was relaunched as Sentilla in 2007[7].All these nodes can be readily found in 
published papers focused on wireless networks. The TMote Sky provided an 
IEEE 802.15.4 standardized solution with a built in USB connection making 
it easy to use and popular among researchers. 

Several commercial nodes exists but these are more rarely found in re-
search papers as they represent a more closed solution and access to modify 
hardware and software in not as readily available. 
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3. Implemented Wireless Sensor Networks 

 
Figure 1. Wireless Sensor Network prototype development 

 
Wireless Sensor Network (WSN) platforms contain several key parameters 
that need to be engineered properly in order to obtain acceptable perform-
ance and reliability. This section covers the development and contributions 
made by the author within the WISENET project in order to develop a sen-
sor platform that could be used as a base for system component and per-
formance evaluation.  

3.1 Introduction 
In order to fully tests and evaluate various RF-front end electronics and an-
tenna solutions it was deemed that the sensornodes available on the market 
(Telos, TMote etc) was ill suited for this as proper inclusion of front end 
electronics required substantial changes to the layout of the nodes printed 
circuit board (PCB). A customized sensor platform was therefore developed 
drawing on the experiences continuously gained during this work. The de-
velopment of in house sensor platforms was considered a valuable step in 
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gaining insight in the design of wireless nodes and how such systems can be 
improved to increase the overall performance 

Using a top down approach the node platform was determined to include 
the following requirements 

 
• A programmable microcontroller (uC) 
• A operating system capable of running multi-thread applications 
• A controllable front-end supporting multiple antennas 
• A non-volatile memory for data-logs 
• A PC interface for debugging and/or PC communication 
• A “pure” wireless transceiver not running any predesigned proto-

col 
• Low power consumption 
• Small form factor 
• Inclusion of additional front end electronics outside the trans-

ceiver IC capable of evaluating the performance gain of using a 
multi-antenna system. 

 
The hardware was developed fully in-house at Uppsala University by the 

author and after a few iterations an operational system with acceptable per-
formance was obtained.  

Within this section two WSN system architectures are presented. These 
systems were designed iteratively starting with a crude system and going 
further and further towards fulfilling the listed requirements. It should be 
noted that the previously listed specifications were not fully developed dur-
ing the first iterations. As the prototype iterations progressed increasing 
knowledge was gained which helped refine the desired specifications.  The 
first was an initial prototype system developed to provide an overview of the 
capabilities of wireless sensor networks. Many parts of the initial prototype 
system was scrapped in the progress of developing a newer, more thorough 
platform.  

3.2 First Iteration of Wireless Body Area Network 

3.2.1 Introduction 
An initial WBAN prototype system was designed within the WISENET 
project to evaluate the feasibility of using such a system for civilian and 
military monitoring of personnel [8]. The system was developed as a col-
laborative project between different WISENET partners including the Swed-
ish Defence Research Agency (FOI), Hectronic AB and Uppsala University. 
The system hardware was developed at Uppsala University with parts of the 
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system supplied by Hectronic AB. FOI was responsible for field testing the 
system and developing a user interface. The sections below give information 
about the setup and results from this system. The initial results and designs 
of the system was first presented in the initial master work thesis work [9] 
but as there was also some continuation of this system (which includes the 
data presented at conferences and FOIs report) this will be discussed in the 
following sections. It serves to give an introduction of a crude first genera-
tion WBAN network compared to similar work presented in several other 
research groups[10, 11]. As an overall description of the system was given in 
[8,12] only a limited description is given in the following sections describing 
the overall system and results obtained after previous publications 

3.2.2 System Overview 
The system was designed around several ZigBee based wireless sensors de-
veloped at Uppsala university using three-axial accelerometers and tempera-
ture sensors coupled to a kinematic model of the human body. Location 
tracking was also implemented using a GPS receiver and data uploaded 
through a GPRS connection to a remote server. This work was presented at 
IET conference of Antennas And Wireless Propagation in 2009 London, 
England as well as the Personalized Health (pHealth) conference 2009 Oslo, 
Norway. The Swedish Defence Research Agency also presented their appli-
cation results based on the developed hardware and user interface in a user 
report at end of 2010 [13].  

Based on known positioning of the sensors and using inverse kinematics 
the body-position of the user could be extracted [9]. The interface developed 
by FOI could be used for determining soldier positioning using a probabilis-
tic approach based on the various sensor data received. Received data was 
visualized using both a Matlab script at Uppsala University and using FOIs 
developed software for soldier monitoring. 

3.2.3 System Hardware 
The initial prototype system was based on in-house ZigBee based sensors 
using 3-axis accelerometers and temperature sensors. The sensor hardware 
was embedded in a silicone filled plastic housing together with the energy 
source (batteries) and used magnetic switches embedded in the hardware for 
remote activation while still providing a completely watertight, shock proof 
and robust housing.  

The sensors connected to a GPRS gateway developed by Hectronic AB. 
The gateway was also fitted with a GPS module for position monitoring. 
Using the ZigBee link accelerometer and temperature data was collected by 
the gateway and uploaded to a remote server. This allowed for realtime 
monitoring of userdata.  
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3.2.4 System Firmware 
Due to the simplicity of the system and time constraints the design of the 
system software no standard realtime operating system was used but rather a 
small set of custom firmware dedicated to read out analog accelerometer and 
temperature data and some basic setup of the ZigBee hardware. The data was 
fed using a standard SPI interface to the ZigBee IC which in turn uploaded it 
to the gateway.  

3.2.5 Data Processing 
The low-level nodes included only minimal processing capabilities to handle 
conversion of acceleration and temperature data combined with transceiver 
interface. No dedicated operating system was used. The gateway had in-
creased capabilities running an embedded Linux server with GPRS and GPS 
capabilities. This enabled the gateway to remotely upload data to an ftp 
server. On the serverside a running Matlab script handled the inverse kine-
matic calculations in order to evaluate the motion of the monitored subject. 

3.2.6 System Performance Testing 
Initial system performance testing is presented in [8,12]. Following these 
publications further system testing was carried out by FOI presented in [13].  

3.2.7 System Conclusions 
Several conclusions regarding the performance of the initial prototype sys-
tem was drawn. Due to the requirement of streaming accelerometer data the 
use of ZigBee proved an ill choice due to the substantial overhead in sending 
data-packages. Although the ZigBee support of adding and removing nodes 
from the network proved useful for fast alteration of the body-area network 
the lack of RF-front end configurability and dedicated antenna solutions 
impaired the performance of the overall network. 

3.3 Second Iteration Wireless Nodes 

3.3.1 Introduction 
Drawing on the experienced gained in Section 3.2 more refined nodes were 
developed. The goal of this system was to fulfill the requirements listed in 
Section 3.1. The resulting second iteration system is seen in Fig. 2 shown as 
a freestanding board before being embedded in a dedicated system package. 
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The system includes a uC, flash memory, USB interface, standalone FSK 
transceiver, front-end electronics and dual antenna outputs. Also included 
were two monopole-type antennas in order to enable quick debugging before 
final packaging. 

 
 

 

 
Figure 2. Dual antenna wireless node 

3.3.2 System Overview 

A schematic view of the prototype setup is given in Fig. 3. The main 
focus on this iteration was to provide a controllable RF output which 
supported antenna switching and phase control when using simultane-
ous antenna exitation. The system was designed to provide four dif-
ferent relative phase shift combinations: 0o, 90o, 180o and 270o. This 
enables the node to evaluate both the performance of the individual 
antennas and the performance when using both antennas as a two-
element phase controlled array. The resulting antenna patterns when 
using as a two element array is dependant on the choice of antennas. 
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Figure 3. Node schematic 

3.3.3 System Hardware 
The expansion header was included to provide both standard IO pins, analog 
input pins and SPI interface to external sensors. This allows the node to be 
used in multiple applications if so desired. The USB interface is a standard 
serial com emulator to provide a PC interface to the included serial based 
node terminal. Supply voltage to the transceiver, phase control and flash 
memory is controlled by the microcontroller in order to ensure minimum 
power usage when blocks are placed in standby.  

3.3.4 System Layout 
Fig. 4 shows the layout of the board. The analog components were parti-
tioned to the upper-right side of the board to reduce interference between 
analog and digital components. Analog and digital grounds were separated 
by component partitioning. The board was designed as a 4-layer FR4 board 
with dedicated ground, signal and power planes. All components were sur-
facemounted with single side placement. The smallest component sizes were 
0201 used in the matching network at the RF-front end. 
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Figure 4. Physical layout topology 

3.3.5 System Firmware 
The prototype node runs a custom firmware. There are no particular reasons 
for the choice of using a custom firmware but it is rather a result of the con-
tinuous addition of firmware additions as additional requirements were 
added during the work. The requirement to handle individual threads was 
included as the systems needed to handle more simultaneous tasks. The task 
included serial console, main application handling and MAC layer. The sys-
tem uses preemptive context switching and simple mutual exclusion of 
hardware related functions. As the setup of system firmware was not a pri-
mary focus of the work the overall firmware was kept as simple as possible 
while still being able to perform all required tasks.   

3.3.6 Data Processing 
During initial development pure dummy data was used to evaluate the per-
formance of the nodes wireless communication and the performance impact 
of dynamic antenna control. As such there is no particular data processing 
apart from message handling. However, due to the current setup of the basic 
firmware data processing can be easily included, preferably within the main 
application handling or as a separate thread. 
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Figure 5. Prototype packaging 

3.7 System Packaging 
Fig. 5 shows the sensor platform embedded in the prototype housing. The 
housing includes two conformal patch antennas described in detail in Section 
4. The resulting package provides a compact sensor platform. The major 
drawback with the current design is the CNC-machined housing which has 
raises the overall manufacturing cost of the platform, however, as the system 
is used as a proof of concept the unitprice is disregarded in the current phase. 

3.3.8 System Conclusions 
The second iteration of the prototype system provides a better platform for 
evaluating different antenna configurations and their impact on overall sys-
tem performance. The system supports the use of four different antenna con-
figurations and data logging which, together with the choice of using exter-
nal expansion boards, provide a good platform for node performance re-
search. 
 



 31 

3.4 Sensor-networks for turbine environments 

3.4.1 Introduction 
As part of the WISEJET (Wireless Sensor Networks for Jet Turbines) project 
a complete wireless system was developed in a cooperative work between 
Uppsala University, ÅAC Microtec AB and GKN Aerospace Sweden AB 
(formerly Volvo Aero). The purpose of the system is to measure and evalu-
ate the performance of the fan and turbine blades inside the engine. The 
blades themselves rotate inside the engine and wired connections are both 
difficult and costly to install. Using a wireless evaluation system installation 
cost can be reduced considerably. 

As part of the WISEJET project Uppsala University was involved in key-
component evaluation, environment characterisation and development of 
node antennas. The development work was done in close cooperation with 
ÅAC Microtec AB.   

3.4.2 Turbine Environment 
The engine environment was characterised in a cooperative work by re-
searchers at Uppsala University, including the author [14, 15]. Due to the 
large number of metallic parts, limited space and rapidly moving parts the 
turbine environment exhibits substantial fading. More extensive information 
can be found in the references but a typical case of the pathloss variations 
between a wireless transmitter and receiver can be seen in Fig. 6.  

 

 
Figure 6. Characteristic fading in turbine environment 
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3.4.3 Measurements & Evaluation 

As part of the development work for the WISEJET wireless node 
temperature dependence evaluations were performed. When develop-
ing sensornodes operating in a wide range of temperatures care must 
be given to validate the hardware performance. One important pa-
rameter which affects the node performance is the temperature drift of 
the crystal reference oscillator. As the crystal is used by the trans-
ceiver this couples to a frequency drift of the output signal. Fig. 7 and 
Fig. 8 show a measured example of frequency drift of a typical trans-
ceiver circuit as the operating temperature is changed from room tem-
perature to a high temperature around the maximum rated IC tempera-
ture. As can be seen the output frequency drifts almost 40 kHz as a 
function of temperature. The resulting mismatch between transmitter 
and receiver will deteriorate quality of the communication link.  
 
 
 

 
Figure 7. Centre frequency of 2.45 GHz FSK transceiver at room tempera-
ture with 10 kHz per division 
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Figure 8. Frequency detuning due to high temperature with 10 kHz per divi-
sion 

 
The expected performance of the designed node under the fading conditions 
experienced within the turbine environment were evaluated by superposi-
tioning the measured fading characteristics with the recorded packages sent 
by the node. The packages were recorded using a Keithley 2810 spectrum 
analyzer and modified in Matlab. The modified packages were then sent 
using a Keithley 2820A signal generator and can be seen in Fig. 9. Using 
this setup some rough performance evaluations of the prototype node were 
possible. One limiting factor of the evaluation system was the fact that the 
packet data was saved using 16-bit integers. Due to large packet variations in 
signal strength sections the low amplitude sections of the recorded and re-
transmitted packet suffers increased discretization which contributes to 
packet degeneration. Regardless, the evaluation setup allows for prototype 
testing of worst case scenario performance of the final system. 
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Figure 9. Original data modulated by recorded environmental fading and 
retransmitted using a signal generator 

 
Typical performance of an off-the-shelf 2Mbps 2.45GHz FSK transceiver 
under turbine conditions can be seen in Fig. 10. As can be seen in a typical 
turbine scenario the dynamic range of the transceiver is significantly degen-
erated when taking fading into account. Two major factors affect the per-
formance, one being the fading nulls taking the received signal strength into 
the noisefloor of the transceiver, and the other being that the quick variations 
in amplitude puts large requirements on the transceiver gain control.    
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Figure 10. Dropped packages in real receiver reading emulated turbine data 

3.4.4 System Conclusions 
Substantial testing has been performed at Uppsala University to evaluate the 
feasibility of using standard off-the-shelf components in turbine environ-
ments as well as characterising the environment [14, 15]. The data obtained 
show both the restrictions on expected performance due to the environment 
as well as key-points that has to be taken into account when designing such a 
system. Evaluation tests show that a wireless network system can be ex-
pected to function inside a turbine environment but that care has to be taken 
when designing the system and non- negligible performance degeneration 
can be expected. 
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4. Wireless Network Antenna Design 

4.1 Introduction 
In order to maximize the performance of a wireless node great care 
must be taken to make a properly designed and matched antenna sys-
tem. The considerable size constraints on wireless nodes induce a 
number of tradeoffs in the design-work of such an antenna. In this 
section work is presented on developing good node antennas together 
with some general physical limitations on electrically small antennas. 

4.3 Electrically Small Antennas 

4.3.1 Introduction 
The design of electrically small antennas puts additional limitations on what 
kind of performance that can be expected from the antenna. An antenna is 
considered electrically small when the physical size of the radiating structure 
is small compared to the wavelength. It is important here to note that the 
actual radiating structure can be much larger than one might initially suspect. 
Most antennas used in conjunction with commercial wireless transceivers in 
wireless nodes are unbalanced antennas, this means that the electromagnetic 
field propagates between the groundplane and the microstrip line. This also 
means that the groundplane is just as important for the antenna performance 
as the “antenna” itself. Fact is, both these are two parts of the total antenna. 
By example, a monopole antenna, the groundplane is just as important for 
the performance of the antenna as the monopole “whip” itself.  

The relationship between groundplane size and antenna performance be-
comes critical when designing an antenna for a wireless sensor as the overall 
size of the sensor is generally desired to be as small as possible, this means 
that the total groundplane for the antenna decreases and, as will be seen in 
the coming sections, the antenna either becomes less efficient or increasingly 
narrowbanded. One of the key-points for this section in highlighting the im-
portance of the antenna design in wireless sensors as well as provide some 
advices important for the antenna design for wireless sensors. This informa-
tion is important not only for the engineer designing the actual antenna for a 
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wireless sensor but also for anyone using wireless sensornodes as the behav-
iour of the antenna can affect both data-transmission as well as how the node 
should be handled and placed in the environment.  

A good starting point to get an overall grasp of the functioning and per-
formance of antennas in wireless nodes is to be aware of the fact that an 
electrically small antenna can generally be considered as a RLC resonance 
circuit. Fig. 11 shows a basic series and a parallel resonant circuit providing 
a simplified model of an antenna as modelled by Wheeler[1]. Two simple 
models are presented, the first one describes a small magnetic (loop) antenna 
and the other a small electric antenna.  

 

 
Figure 11. Simple model of magnetic and electric antenna 

 
In order to provide a brief introduction to the behaviour of an antenna and 
explain a few parameters which are important when considering antennas for 
small wireless sensornodes a short introduction to the RLC circuit is given. 
In Fig. 11 three components are used to model the antenna. The reactances 
XC and XL are the capacitive and inductive parts and stems from the antenna 
geometry and structure. The resistive contribution comes from the energy 
being radiated from the antenna, known as Radiation Resistance (RR). A 
lossy antenna also has a Loss Resistance (RL) stemming from various struc-
ture-related losses, such as losses in non-ideal conductors, dielectric losses 
etc. As will be presented in the following sections the loss resistance RL de-
creases the efficiency of the antenna as well as increasing the antenna band-
width. 
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The capacitive and inductive parts of the antenna will store energy in 
electric and magnetic fields, just like a capacitor and/or coil. If the antenna 
has good performance over a wide bandwidth the radiated power should be 
large compared to the average energy stored in the electric and magnetic 
fields close to the antenna structure. The average electric and magnetic en-
ergy stored as a function of capacitance and inductance are given as [16] 
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Both series and parallel RLC circuits have a resonance frequency at the 

frequency when the average electric energy We is equal to the average mag-
netic energy Wm.  

4.3.2 Chu-Harrington 
Some of the most well known works published concerning the physical limi-
tations of small antennas were done by L. J. Chu [17] and R. F. Harring-
ton [18], their work focused on setting an upper physical limit of how good a 
small antenna of a certain size could be. Their work was later summaries by 
R. C. Hansen [19] and modified slightly by Mclean [20] in order to provide a 
more accurate expression. It should be noted, however, that much of their 
work are a continuation of the observations made by Wheeler [1]. 

In the work presented by these authors the performance of the antennas 
are given in the form of the Q-value of the antenna. The Q-value is defined 
as 
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Where Wm and We is the average magnetic and electric energy and Prad is 

the power radiated. In the case of most small antennas the average stored 
energy can be assumed to be either electric or magnetic depending on the 
type of antenna investigated. It is important to note here that if the structure 
contains lossy structures Prad would need to be replaced with a total Ploss con-
taining both radiated and other losses. However, in this case the main inter-
est is the optimum performance achievable by any antenna structure and 
therefore the total structure is assumed to be lossless.  
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In the work presented by Chu the total volume considered was taken as 
the smallest imaginary sphere which contains the antenna. Using this defini-
tion of the antenna volume an expression describing the lowest possible Q-
value was derived. The lower the Q value of a lossless antenna structure the 
more power is radiated compared to the average stored energy. The final 
expressions which gives the minimum Q value for a linearly polarized an-
tenna, also including some slight modifications performed by Mclean[20], is 
given as: 
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Where k is the wavenumber, a is the radius of the smallest possible sphere 

that contains the entire antenna structure and λ is the wavelength. Note that 
this is for a linearly polarized antenna, if the antenna structure is circularly 
polarized the minimum achievable Q value effectively drops to half that of 
the linear case. As can be seen from (4) the minimum Q-value as a function 
of wavelength and radius a rises steeply when the physical dimensions of the 
antenna gets small compared to the wavelength. 

So far there has been no discussion on how the Q value of the antenna 
will affect the actual performance. The relationship between a low Q value 
and higher radiated power compared to the average stored energy has been 
described but know not how the inherently high Q value of a small antenna 
will affect the final efficiency and sensitivity (in a sense of antenna place-
ment) of a chosen antenna structure.  

4.3.3 Bandwidth vs. Q-value 
Any antenna structure has a certain bandwidth in which the received power 
is accepted and radiated. Fig. 12 shows the reflection coefficient of a typical 
loop antenna. As can be seen the antenna is very narrowbanded. There is two 
important key-points to remember here; the first being that, in most cases, 
the designed antenna should exhibit a reasonable bandwidth whilst still 
keeping the reflected power low and the second being that although the re-
flected power is low this does not necessarily mean that all the power ac-
cepted by the antenna is actually radiated into freespace. The latter means 
that the antenna should both be well matched and have good efficiency. 
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Figure 12. Typical loop antenna showing the narrowbanded resonance fre-
quency 

 
As previously mentioned the electrically small antenna can be approximately 
modelled as a RLC circuit, and just as a RLC circuit the antenna will behave 
similarly to a bandpass filter. At resonance the total input reactance will be 
effectively zero and the antenna will be well matched but when the fre-
quency is moved away from the resonance frequency the reactive compo-
nents starts to re-emerge thus lowering the performance. If the antenna is 
very narrowband the performance will quickly deteriorate if the operating 
frequency is moved away from the resonance frequency. As long as the Q-
value of the antenna is moderately high (Q>2) the approximation of model-
ling the antenna as a RLC network holds and the relation between the Q 
value and bandwidth can be described as[16] 
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As can be seen there is a direct relation between an increased Q-value and 

a decreased bandwidth. Remembering that the minimum Q-value for any 
design is limited by the total physical dimension of the antenna gives a cor-
responding limitation of the bandwidth. If an antenna is designed as electri-
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cally small then the bandwidth must be narrow if the efficiency is to be kept 
high. Just as in standard RLC networks an increase in losses will broaden the 
bandwidth of the circuit at a cost of efficiency, nonetheless the introduction 
of losses may be required in order to achieve the required bandwidth, this 
will be discussed in a separate section. 

At first glance the drawbacks of decreased bandwidth as an effect of de-
creasing the antenna size may seem miniscule but in reality several effects 
will start to emerge that will severely limit the antennas performance. The 
most obvious drawback is if the bandwidth of the antenna starts to decrease 
to below that of the allocated frequency band used for transmission thus 
limiting the number of channels that can be used, and in the extreme case, 
not supporting the using of even a single channel (the bandwidth of the chan-
nel is directly dependant on the data-rate and is not only a single frequency).  

Equation (4) can be used to find the minimum radius a for any arbitrary 
antenna structure that fulfils the bandwidth requirements of the intended 
application [21]. Fig. 13 shows the realizable area for a lossless 22MHz 
bandwidth Wi-Fi antenna using (4). This puts a very real and straightforward 
limit on how small an antenna can be expected to be. In reality, however, an 
antenna design very rarely manages to push the performance close to the 
Chu-limit. 

 

 
Figure 13. Minimum achievable Q value of antenna and upper limit set by 
bandwidth requirements of transceiver 

 
Further illustrations between the minimum radius a and the required band-
width is given in Fig. 14. In the figure two limits are given for an antenna 
having 2 and 20 MHz bandwidth. This helps illustrate the minimum size that 
can be expected for an antenna designed for these bandwidths. 
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Figure 14. Example of minimum size of antenna volume as a function of 
operating frequency and bandwidth requirements 

 
Even if the bandwidth is wide enough to accommodate the desired commu-
nication channel other limiting effects also starts to take place. One effect is 
the sensitivity of the antenna and effect of detuning, which will be addressed 
in a separate section. Another is the link between a high Q value and antenna 
losses, i.e. can the antenna remain highly efficient as the size decreases?  

4.3.4 Antenna Efficiency 
Antenna efficiency is a way of defining how much of the power supplied to 
the antenna is actually radiating and how much is lost. An antennas radiation 
efficiency can be defined as 
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Where Rrad is the radiation resistance and Rloss is loss resistance in the an-

tenna. In the previous section the minimum achievable Q value of any an-
tenna was defined and its relation to the bandwidth. However, the Q value 
does not directly give any information of how good the antenna can be at a 
single frequency. In theory, could the Q and hence the bandwidth be allowed 
to take on extreme values in order to make an arbitrary small antenna? In 
order to shed light on this question the radiation behaviour of an antenna 
must be considered.  

The antennas ability to radiate electromagnetic waves is directly related to 
the radiation resistance. The purpose of the following section is to give a 
description of the physical interpretation of an antennas radiation resistance 
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and thereafter relate the radiation resistance of an electrically small antenna 
to the performance that can be achieved. If the antenna is made as ideal as 
possible is it possible to produce an arbitrary small antenna if we simply 
make it extremely narrowband?   

Consider the source of electromagnetic waves, these waves are basically 
formed from oscillating electric charges. As the charges oscillates they give 
rise to propagating waves, the more charges that oscillate the more energy in 
the propagating waves are generated. Looking from the input of the antenna, 
decreasing the total size (thus decreasing the number of oscillating charges) 
means that the power radiated by the antenna decreases. As resistance is 
basically a way to describe how “easy” charges flow through the system 
decreasing number of oscillating charges radiating power in the system 
causes the total resistance of the antenna to decrease. This is a critically im-
portant point for small antennas, if we reduce the size we also reduce the 
radiation resistance. 

As the radiation resistance of the antenna decreases in conjunction with 
the size it gets increasingly difficult to provide the same amount of power to 
the antenna. For maximum power transfer the the output impedance of the 
generator feeding the antenna must be conjugate matched to the antenna. As 
the antenna is made smaller and smaller it gets harder to match the output of 
the generator to the antenna.  

Assuming that the generator could be matched to an arbitrary low resis-
tance load the total power consumed by the antenna can be described as 
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Where Ptot is the total power consumed by the antenna, I is the current fed to 
the antenna, Rrad is the radiation resistance and Rloss is loss resistance in the 
system. Regardless of how well engineered the antenna structure is there will 
always be losses. This means that regardless of how narrowband the antenna 
is allowed to be there will always be a point where the energy consumed by 
the radiating charges will get smaller than the energy lost in other parts of 
the antenna. At this point there is no longer any solution that can be used to 
save the performance of the antenna. The only thing that can be done is to 
try to prevent the losses in the system from taking precedence before the 
bandwidth of the antenna has been reduced to the target specification.   

Fig. 15 illustrates the issue of finite conductivity vs size for an electrically 
small loop antenna operating at 433 MHz. In this example the loss resistance 
due to finite conductivity equals the radiation resistance at a radius of 2 cm 
(corresponding to a ka factor of approximately 0.2). At this point the antenna 
has -3dB efficiency and regardless of the matching network feeding the an-
tenna it is not possible to raise this value.  
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Figure 15. Efficiency limit of small loop antenna due to finite conductivity 

 
In order to provide an example of the effect of loss-resistance in a coil the 
following case is investigated; Consider a loop antenna made of copper with 
a loop radius of 5 cm. The loss resistance is given by [22] as 
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Where a is the radius of the loop, b is the radius of the wire, w is the an-

gular frequency, σ is the conductivity of copper and M is the number of 
turns. The radiation resistance of the same loop is given by [22] as  
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Where c is the speed of light. Consider a 433MHz loop antenna with a ra-

dius of 4 cm and a wire radius of 0.5 mm. The conductivity of copper is 
taken as σ = 5.7x107.  This gives RL ≈ 0.22 Ohm and Rr ≈ 0.21 Ohm. As can 
be seen, due to the finite conductivity of copper, the total efficiency is 
η ≈ 0.21/0.22 ≈ 49%. As the loop gets smaller the radiation efficiency con-
tinues to decrease due to the losses in the copper. This provides a good ex-
ample of the very real physical limitations that appears as the antenna de-
creases in size. 
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The reader could at this time point out that using larger wire diameters, 
increasing the conductivity etc could remedy the problem. This of course 
true and when designing an electrically small antenna all these parameters 
would be optimized, even so, at some point the design reaches a maximum 
where further improvements become impossible. 

Another interesting parameter affecting the antenna performance is tem-
perature. Research has been done on the temperature dependence of anten-
nas [23] and a short example of the impact of ambient temperature on an-
tenna efficiency will be given in order to provide the reader with some basic 
description of the temperature dependence of antenna. Note that the very real 
impact on temperature on the antenna signal to noise ratio is not discussed. 

The conductivity of a metal due to temperature can be crudely modeled as 
[24] 
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Where ρ is the resistivity, ρ0 the resistivity at reference temperature T0, T 

the ambient temperature and α the temperature coefficient. Combining (9) 
and (11) the loss resistance is given as 
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Using this expression for the loss-resistance the efficiency can be plotted 

as a function of temperature. In Fig. 16 the efficiency vs. temperature is plot-
ted for a loop with radius a = 2 cm, f = 433MHz and a wire radius of 0.5mm. 
The resistivity ρ0 of copper is 1.67x10-10 Ohm*m at T0 = 300 K and α = 
4.33x10-3[24].  



 47 

 
Figure 16. Loop antenna efficiency of finite conductivity material as a func-
tion of temperature 

 
The overall behavior corresponds with published articles [23]. As can be 
seen, the performance of electrically small antennas can be improved by 
lowering the antenna temperature. In general this sort of performance boost 
is too cumbersome to be practical in most applications, and definitely in 
wireless sensors, however, as was presented in [14, 15] a wireless node 
might be placed in a high temperature environment. A high temperature en-
vironment such as a jet engine will affect the efficiency of the antenna sys-
tem which lowers the obtainable efficiency of such a system compared to a 
system operating at room temperature. 

4.3.5 Antenna Detuning 
Antennas can be strongly affected by the inclusion of additional structures in 
the near field reactive area of the antenna. This causes the antenna to detune 
and change resonance frequency. The amount and behaviour of detuning 
depends on the antenna design as well as the structures. Measured examples 
of how the packaging and nearby structures affects the resonant frequency of 
various types of antennas can be found in appendix. 

4.3.6 Multiple Antennas 
Wireless sensor devices are frequently set-up in indoor environments, in 
these kinds of setups there are usually many objects obstructing and reflect-
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ing the transmitted signals. Due to the large amount of obstruction and scat-
tered signals numerous propagation paths exists between the transmitter and 
receiver which can causes large variation of signal strength depending of 
node placement. If the environment can be considered static the wireless 
device may incorporate multiple antennas in order to modify the characteris-
tics of the received signals.  

One of the main reasons to include multiple antennas is because they may 
provide the system with multiple uncorrelated signal paths to choose from. If 
this is the case a system experiencing a bad quality communications channel 
may be able increase the performance by switching to another antenna con-
figuration. The notation of may is important here, using multiple antennas 
does not necessarily provide a “magic bullet” which automatically increase 
the performance of the system in all cases. If the signal received by all an-
tenna elements is correlated, the signal on the output antennas will still be 
correlated, regardless of how low the antenna correlations are. However, if 
the antenna configurations themselves are uncorrelated they will preserve 
two received, uncorrelated signals uncorrelated. In essence a well designed 
multiple antenna system will neither improve nor degrade the correlation 
between the individual incoming signals.  

The correlation between two antenna elements can be described as [25] 
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Where the S-parameters are the respective reflection and transmission co-

efficient of the two antennas and ρc is the correlation coefficient. It should be 
noted that the formula presented above assumes lossless antenna structures, 
if the antenna is lossy the correlation coefficient equation needs to be modi-
fied slightly [26]. As can be seen from (13) the correlation coefficient is 
directly dependant on the antenna coupling described by S12 and S21. In order 
to obtain a low correlation coefficient the antenna coupling also needs to be 
low. 

If a low cost wireless device are to include multiple antennas in order to 
provide a more robust and reliable platform it is not uncommon that the de-
vice simply uses simple antenna switching to improve performance. How-
ever, in theory a wireless device could use two of more antennas simultane-
ous in order to provide an even larger number of possible antenna configura-
tions. As soon as a wireless device starts using multiple simultaneously ex-
ited antenna elements the amount of engineering effort required to achieve 
the desired performance increases. In the following sections the behaviour of 
such a system and design steps required to construct such a system is ex-
plained. 
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4.3.7 Antenna Coupling 
In order to have a good antenna efficiency the antenna coupling to freespace 
must be maximized and reflected power kept low. As was discusses in the 
previous section this can be achieved by having the correct matching be-
tween the antenna element and the generator/load. The first key-point to 
understand is the fact that if there is a coupling between two antennas used 
in the sensor platform and both elements are used at the same time a current 
on one element will induce a current on the other element. This will cause 
the input impedance of that element to change. This means that the antenna 
element that was once perfectly matched is no longer matched because the 
current induced by neighbouring antennas caused the input impedance of the 
matched element to change. In order to prevent this effect from severely 
reducing the performance of the system the change needs to be characterised 
the system adjusted to take this phenomenon into account. 

 In order to be able to understand how the antenna interaction works the 
concept of mutual coupling and thus mutual impedance between elements 
must be understood. Fig. 17 shows a schematic view of two antenna ele-
ments and the mutual impedance between the elements. In a system consist-
ing of k elements the mutual impedance between two elements is  
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Where Vi is the voltage on element i induced by the current Ij on element j 

and Ik is the current on the k element. For example, Z12 describes how large 
the voltage induced on element 1 is as a function of the current driven on 
element 2. 
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Figure 17. Model of two coupled antenna elements 

 
If the mutual impedance between two elements is known the engineer can 
predict how a current (signal) induced on one element affect the other. The 
voltage induced on antenna element 1 can be described as [27] 

 

2121111 IZIZV +=        ( 15 ) 

 
Where Z11 is the input impedance of the antenna with no other exitations 

active on neighbouring elements and Z12 is the mutual impedance between 
element 1 and 2. This allows the antenna drive impedance to be defined as 
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If the amplitudes of the currents induced on both elements are assumed to 

be equal the behaviour of drive impedance as a function of the induced cur-
rents can be expressed as 
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Where φ1 and φ2 is the phase of the induced currents. As can be seen the 

total drive impedance for signal matching to is a function of the phase differ-
ence between the two antennas. This has a couple of implications, the first 
one being that if the antenna system is to be used as a simple two element 
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phased array to give a controllable radiation pattern the matching to the an-
tenna is going to vary as the phases varies. Using a single linear passive 
matching network is thus unable to prove a perfect match over all phase 
configurations [28]. If passive matching is used the node is going to have a 
drive impedance that varies as a function of the relative phase fed to the ele-
ments. 

The issue with mutual coupling affecting the drive impedance of a two 
antenna element system can ideally be remedied by making sure the mutual 
impedance between the two elements are kept at a minimum. This can, how-
ever, be difficult if the total volume allocated is limited. In this case a trade-
off has to be performed between the simplicity of the matching network 
(passive versus adaptive matching), the variation of the reflection coefficient 
and the total transmitted power of the device. If the mutual impedance and 
the self impedance of the elements is known the drive impedance can, in 
most cases, be matched to provide a constant reflection coefficient over all 
phase angles if the magnitude of the reflection coefficient is not requires to 
be 0. This makes sure that the power supplied to the antennas are kept con-
stant.  

It should be noted here that even if the antennas are matched in such a 
way that the reflection coefficient is kept constant under all different feeding 
phases this does not provide a constant radiated power from the system. This 
can easily be seen by considering the real part of (16). The real part of (16), 
assuming a lossless system, can be described as 
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Where Rrad is the radiation resistance of the antenna element. The total ef-

ficiency of antenna 1 then becomes 
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As can be seen the total efficiency of element 1 will be a function of the 

relative phase between the two feeding currents. This means that even if the 
system is matched in such a way that the antenna elements always accepts 
the same amount of power from the generator the total radiated power is 
going to vary as a function of the relative phases. 

As was described in section 4.3.3 the antenna becomes inherently nar-
rowband if the total antenna volume is small compared to the wavelength. 
As the mutual coupling between the elements increases when the separation 
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distances decreases the performance of a two element system under severe 
size restrictions degenerates quickly.  

4.3.8 Commercial Chip Antennas 
A number of commercial chip antennas are readily available on the market. 
These are small surface mount antennas, usually constructed of a small an-
tenna structure embedded in a dielectric. From a designers point of view 
these small antennas provide a fast and cheap way of adding an antenna to a 
wireless devices. There are, however, a number of pitfalls one should be 
aware of when using these antennas.  

As the chip antennas are electrically small antennas these follows the 
same rules as presented in Section 4.3.2. As they are inherently narrowband 
they are easily affected by detuning like any other electrically small antenna 
(ESA). Also, most chip antennas are unbalanced antennas and as such are 
strongly affected by the layout of the device groundplane and any other 
nearby structures to which coupling can occur. The strong dependence on 
board layout and location/size of the groundplane means that the antenna 
will easily detune. This means that it is rarely enough to simply place a chip 
antenna on the board and expect it to perform well without further matching.  

Achieving good performance with a chip antenna requires much the same 
strategy as any antenna design and both careful placement and matching 
must be carried out to achieve the desired performance. Good performance 
can be achieved using chip antennas but only once the antenna has been 
properly matched, chip antennas should not be considered a “magic bullet” 
that automatically solves all the challenges of antenna design. Some addi-
tional information regarding antenna matching can be found in Appendix. 

4.3.9 Conformal Antennas 
Conformal antennas are defined in then IEEE Standard Definitions of Terms 
for Antennas [29] as 

“2.74 conformal antenna [conformal array]. An antenna [an array] that 
conforms to a surface whose shape is determined by considerations other 
than electromagnetic; for example, aerodynamic or hydrodynamic.” 

 
In the applications of wireless sensor nodes one of the key characteristics 

are limited form factor. As such the antenna is limited to the surface of the 
sensornode with the actual geometry defined by the desired application and 
form-factor. In such a package it is favourable to place the antenna on the 
surface of the device in order to dedicate as large volume as possible for the 
antenna. Using the surface of the node for the antenna does come with limi-
tations where one can be considered to be the fact that the device becomes 
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sensitive to touch. As the antenna is assumed narrowband due to the limited 
size any material in proximity of the antenna may detune the antenna. How-
ever, considering nodes having a fixed surrounding in the nearfield this in-
fluence can, to some extent, be predicted and included in the design. 

A number of conformal antennas for various applications has been pro-
vided by researchers [30, 31]. On common denominator for many conformal 
antennas is the lack of analytic expressions of the antenna parameters. Due 
to the often complex geometries in conformal antennas finding an exact ana-
lytic expression can be difficult. The basic operation of conformal antennas 
can be predicted roughly by considering similar antenna designs which have 
well known analytic descriptions but for most of the time simulation tools 
needs to be used to provide an accurate modelling of the proposed system. 

4.4 Conformal Dual Patch Antenna 
This section describes the work performed in developing a conformal dual 
patch antenna for wireless sensor devices. It is intended to provide an an-
tenna solution that improves the node performance in multiscattering envi-
ronments. The proposed antenna could be considered an extreme form of 
conformal patch antenna where the patch conforms to the underlying struc-
ture using sharp edge-transitions. As the size of the proposed antenna struc-
ture is still in order of a quarter of a wavelength both good efficiency and 
reasonable bandwidth is can be expected.   

The antenna was embedded in the sensor housing in order to provide as 
large antenna volume as possible. As was discussed in section 4.3.2 the Q-
value of an antenna gives information about the ratio between energy stored 
in the antenna and the energy radiated/lost. If the antenna can be assumed to 
be losses a low Q value means that most of the energy supplied to the an-
tenna is lost through radiation, i.e. it’s a good antenna. 

4.4.1 Introduction 
Including multiple antennas in an electrically small volume is a challenging 
task with a number of tradeoffs included. In order to provide a solution that 
provides a dual antenna system designed for a small wireless node a node 
design including two conformal patch antennas is presented. The require-
ment for the conformal antennas in this case was a shape that permitted the 
placement of the antennas on the surface electronic housing. 
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4.4.2 Previous Work 
Previous publications exist on a number of cuboid style antennas [32, 33]. 
However, none of the previous antennas was deemed suitable when adding 
the constraint of embedding the electronics inside the housing. The main 
motivation for this was the fact that many of the previous cuboid antennas 
assume a hollow interior. Although these antennas themselves exhibit excel-
lent performance the inclusion of hardware inside the structure can be ex-
pected to deteriorate or change the performance of the proposed structures.  

4.4.3 Prototype Design 
Work was carried out to design a dual element antenna based on two crite-
rias; 1) The elements should provide good efficiency of an acceptable band-
width and 2) the elements should exhibit low mutual impedance. The pro-
posed design was drafted while considering how to include dual antennas for 
the node cirucitboard. In order to achieve a low coupling between the anten-
nas the induced RF currents on the ground plane were separated as much as 
possible which is one of the reasons why ceramic chip antennas were not 
used. Also, in order to reduce noise the enclosure was decided to be shielded 
which meant that the antennas needed to be placed outside the main cir-
cuitry. A antenna design based on conformal patches were chosen because of 
the advantage of having the antennas placed conformally on the board hous-
ing/shielding and the reduced coupling to underlaying structures. Simple 
meandered monopole designs were considered but these experiences a sub-
stantial coupling to underlaying materials whiles the groundplane of the 
patch antennas help shield the antenna structures from detuning due to these 
sources. The patches were placed along the diagonal of the casing in order to 
have the lower edges of the patches orthogonal in an attempt to reduce the 
mutual coupling.  

The final proposed design shown in an exploded view can be seen in Fig. 
18. The dual patches are integrated on a metal housing, in this case made out 
of aluminium with both PCB and power-source (coincell battery) embedded 
within the housing. Two minor slots are integrated at the edge of the enclo-
sure providing a connection between the RF-front end and the dual antennas. 
Fully sealed and coated this provides a shielded and rugged enclosure able to 
withstand harsh environments. 

The initial prototype was designed in both ProEngineer (rereleased as 
Creo Parametric in 2011) and CST Microwave Studio. The ProEngineer 
model was used in manufacturing of the antenna structure and CST Micro-
wave Studio was used for EM-simulations of the proposed structure. 
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Figure 18. CAD model of sensornode with conformal antenna embedded in 
the node housing 

 

4.4.4 Simulations 
The prototype design was simulated using CST Microwave Studio. Fig. 19-
21 shows both an isometric view, top view and side view of the proposed 
design. This was the model used for simulations performed in CST Micro-
wave Studio. 

The antenna operates very similar to a standard patch antenna with the ra-
diated field being exited by edge currents of the patch. As will be shown in 
the following sections the exitation mode determines the distribution of these 
currents and the purpose was to achieve a current distribution concentrated 
along the lower outer edges of the patch whilst using the total volume of the 
patch to help reduce the required size. As will be shown the second reso-
nance mode achieves the desired current distribution.  
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Figure 19. 3D view of proposed housing 

 
Figure 20. Top-view of housing 

 
Figure 21. Side-view of housing 
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The following parameters impact on resonance frequency and bandwidth 
were investigated; thickness of dielectric “tDiel”, distance from edge to en-
closure “Dd”, width of divider  “Wd”, height of inner cube “H”, location of 
Feeding Point “FAlign”, linear scaling “Scale”. 

4.4.4.1 Thickness of Dielectric 
As can be seen in Fig. 22 an increase in substrate thickness raises the reso-
nance frequency of the first modes by a small amount. It can also be seen 
that the antenna experiences minor changes in resonance frequency, corre-
sponding well with the known behavior of patch antennas with the overall 
resonance frequency having a relatively weak dependence of substrate thick-
ness. 

 
Figure 22. Resonance frequency of different resonant modes as function of 
dielectric thickness 

 
Figure 23. Reflection coefficient as a function of dielectric thickness 
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Figure 24. Mutual coupling as a function of dielectric thickness 

 

4.4.4.2.Distance From Edge to Enclosure 
The simulated change in resonance when changing the distance between the 
patch edges and the underlying structure can be seen in Fig. 25-27. The un-
derlying structure is kept at a constant size while decreasing the overall size 
of the patches. The resonance, as expected, increases and the coupling de-
creases. As the basic structure is a patch antenna the size of the patches is 
expected to have the most significant impact on antenna resonance fre-
quency. 

 

 
Figure 25. Resonance frequency as function of airgap between edge of patch 
and metallic housing 
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Figure 26. Reflection coefficient as function of airgap between edge of patch 
and metallic housing 

 

 
Figure 27. Mutual coupling as function of airgap between edge of patch and 
metallic housing 

 

4.4.4.3 Width of Divider 
The simulations in Fig. 28-30 shows the behavior of the antenna as the width 
of the diagonal divider is increased while keeping the overall size constant. 
As can be seen in Fig. 28 the resonance frequency increase due to a decrease 
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in overall patch size. In Fig. 29 it can see that the odd resonance frequencies 
experiences a significant decrease in coupling as the width of the divider 
increases. This is due to the fact that these modes has the strongest current 
density along the top edge of the patch whereas the coupling of the even 
modes which has stronger currents along the lower edges of the patch and 
are thus moderately affected. 
 
 

 
Figure 28. Resonance frequency as function of the width of the top divider 
between the two patches 

 
Figure 29. Reflection coefficient as function of the width of the top divider 
between the two patches 
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Figure 30. Mutual coupling as function of the width of the top divider be-
tween the two patches 

 

4.4.4.4 Height of Inner Cube 
Change in resonance frequency as a function of the total height of the inner 
cube upon which the top dielectric rests was simulated. The results can be 
seen in Fig. 31. As can be seen the results indicate that increasing the height 
decreases the separation of the second and third resonance frequencies with a 
minimum distance when the height is half the length of the side of the cube 
at 10 mm. Simulations indicate that a height of 10 mm or 13 mm gives good 
matching as can be seen in Fig. 32. Adjusting this separation distance can be 
useful for a dual band antenna. Simulations of internal H-field for the third 
resonance frequency indicates that at around 10 mm the field distribution 
changes and becomes almost indistinguishable to the second resonance fre-
quency. 
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Figure 31. Resonance frequency as a function of the height of the inner me-
tallic housing 

 

 
Figure 32. Reflection coefficient as a function of the height of the inner me-
tallic housing 
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Figure 33. Mutual coupling as a function of the height of the inner metallic 
housing 

 
 

4.4.4.5 Location of feeding point 
Several different feeding points along the lower edge of the antenna were 
simulated. The results can be seen in Fig. 34-36 with the height of the inner 
cube set to 6 mm. The location of the antenna feed has a strong impact on 
the antenna matching. When the antenna is fed at inner corner of the patch, 
next to the diagonal divider, all modes are supported to some extent. If the 
feed point is located 4/9 towards the outer edge of the patch the input imped-
ance of the second TM mode of the antenna is purely imaginary. At a feed 
point 5/9 the second TM mode is very well matched and provides input im-
pedance close to 50 Ohm. Placing the feed-point at 6/9 provides a moder-
ately good matching to all lower modes. At the outer edge at feed point 9/9 
the first resonance frequency has an imaginary input impedance and does not 
radiate. 
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Figure 34. Impedance of first resonance mode as a function of relative feed 
distance measured from edge of patch 

 

 
Figure 35. Impedance of second resonance mode as a function of relative 
feed distance measured from edge of patch 
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Figure 36. Impedance of third resonance mode as a function of relative feed 
distance measured from edge of patch 

 
Figure 37. Reflection coefficient as a function of relative feed distance 
measured from edge of patch 

4.4.4.6 Linear scaling of overall structure 
Fig. 38 shows the simulated results when scaling the overall structure by 
changing the size of the inner cube. As can be seen in Fig. 38 the resonance 
frequency drops as the square of the length which is as expected as the total 
area of the patches increase as the square of the linear scaling. The change in 
area is being used here rather than the volume as the antennas are viewed as 
a conformal two-dimensional structure with the main behavior given by the 
total patch area. 
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Figure 38. Resonance frequency as a function of the size of the metallic 
housing 

4.4.4.7 Magnetic Field of 1st Resonance Frequency 
The first order mode has the H- field directed perpendicular to the diagonal 
divider and upper edge. This can be seen represented in Fig. 39. In this mode 
the maximum dimension of the cube is used. A rough approximation of the 
resonance frequency for this mode would be taking length Dd as the longest 
resonating structure which should equal to roughly a half wavelength. As 
can be seen in Fig. 39 the upper edges has the strongest currents and this 
creates strong coupling between the antennas causing strong correlations 
between the received signals and limits its use in this application. 
 

 
Figure 39. Magnetic field of first resonance mode 
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4.4.4.8 Magnetic Field of 2nd Resonance Frequency 
The second order mode resonates in a circular pattern with an epicentre at 
the outer corner of the cube, seen if Fig. 40. The longest resonating structure 
in this mode is the outer sides. As can be seen in Fig. 40 this resonance 
modes have strong currents along the lower, outer edges of the cube. This 
lowers the coupling between the patches and provides lower mutual imped-
ance. As such the second mode shows promise for usage in the proposed 
dual antenna system. 

 
Figure 40. Magnetic field of second resonance mode 

 

4.4.4.9 Magnetic Field of 3d Resonance Frequency 
The third order mode resonates in a circular pattern very similar to the sec-
ond mode but with its epicentre in the centre of the cube-structure. The long-
est resonating structure in this case will be determined by half the length Dd. 
As can be seen in Fig. 41 this mode creates strong coupling to the second 
patch basically creating one large radiating structure of both patches. This 
creates a very strong coupling between the antennas and does not render this 
mode very suitable in a the intended application. 
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Figure 41. Magnetic field of third resonance mode 

4.4.5 Manufactured Design 
The prototype designed was constructed using 10 mm aluminum base mate-
rial and milled out using a small 3-axial milling machine. The manufacturing 
setup can be seen in Fig. 42. Although using a milled out structure implies 
higher manufacturing costs the design should also be manufacturable using 
sheet metal stamping. Due to the higher initial cost of metal stamping 
equipment and the need for quick iteration of prototype design milling was 
the manufacturing process of choice. 
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Figure 42. Manufacturing setup used for antenna prototype 

 
The prototype drawings can be seen in Fig. 43 and Fig. 44. The overall di-
mensions are 26.5x26.5x10 mm determined by the size of the embedded 
electronics and battery.  
 
 

 
Figure 43. Top view with the corresponding dimensions of the inner and 
outer lengths. 
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Figure 44. Side view showing the height parameters of the proposed design. 

 
The final manufactured prototype used for antenna measurements can be 
seen in Fig. 45. The prototype used a solid core inside the inner shell which 
was later replaced with the proper hollowed shell once the electronics was 
embedded. As the inner shell is made of a good conducting metallic material 
this does not affect the measured antenna performance. 

 
Figure 45. Picture of initial prototype antenna 

4.4.6 Measurements 

The manufactured antenna structure were measured and evaluated for 
a number of applications. Two different versions of the proposed an-
tenna were evaluated, one operating at 3.55 GHz and one at 2.45 GHz. 
 

4.4.6.1 S-Parameters 
Using the manufactured antenna prototype S-parameter and efficiency 
measurements were carried out using an Agilent E8364B PNA. A full S-
parameter sweep was made from 0.1 to 6GHz and can be seen in Fig. 46 and 
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47. The initial prototype exhibited higher resonant frequency than the simu-
lated one. However, this way due to a thin layer of adhesive between the 
dielectric and inner shell, accounting for the same thin layer in simulations 
generated matching results. The initial prototype was still useful though as 
the radiated fields of the different modes remain the same if the structure is 
scaled in frequency. 

 
Figure 46. Measured reflection coefficient of initial prototype antenna 

 
Figure 47. Measured transmission coefficient of initial prototype antenna 

 

4.4.6.2 Efficiency 
The antenna efficiency was measured using a reverberation chamber. The 
chamber used two broadband PICA-antennas as reference antennas. During 
reference measurements and antenna measurements both reference antennas 
and DUT was present inside the chamber and all antenna connections con-
nected to 50 Ohm loads. The sweep duration was set to 20 seconds with two 
independent mode stirrers. The measured radiation efficiency can be seen in 
Table I. 
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Table I – Efficiency Measurements 

Resonance Mode FREQUENCY Radiation Efficiency 
First 2.54GHz -4.1dB 
Second 3.81GHz -4.3dB 
Third 4.27GHz -7.9dB 

 

4.4.6.3 Radiation pattern 
The radiation pattern of the proposed antenna was measured and evaluated 
for both singlefed antenna elements and for dual feed of the antenna ele-
ments. The radiation pattern for the AUT was evaluated in an anechoic 
chamber for all four phase configurations. The AUT was placed on the 
chamber turntable connected to a signal generator and was fed using a 
broadband splitter coupled to two phase shifters between the splitter and 
antenna inputs. A standard gain horn connected to a spectrum analyzer was 
used to record the antenna radiation pattern. 

The radiation pattern for the single fed elements can be seen in Fig. 48-
49. In this figure a single element was driven and the passive element termi-
nated with a 50 Ohm load. As can be seen in the figure show the main lobe 
is directed outwards from the path when plotted along the Phi direction. Both 
simulated and measured radiation pattern can be seen in the figure. 
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Figure 48. Radiation pattern of antenna along the x-z plane 
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Figure 49. Radiation pattern along the x-y plane 

 
When used as a two element phased array the antenna exhibits a very differ-
ent radiation pattern. The simulated radiation pattern can be seen in Fig 50-
51 and the measured one is seen in Fig. 52-53. By adjusting the relative 
phase between the elements in steps of of 0o, 90o, 180o and 270o degrees the 
radiation pattern can be controlled in four distinct steps. This allows the an-
tenna to increase the probability of obtaining a good signalstrength between 
transmitter and receiver in a multiscattering environment. 
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Figure 50. Simulated radiation pattern for dual fed antenna elements along 
the x-y plane 

 

Figure 51. Simulated radiation pattern for dual fed antenna elements along 
the x-y plane 
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Figure 52. Measured radiation pattern for dual fed antenna elements along 
the x-y plane 

 
Figure 53. Measured radiation pattern for dual fed antenna elements along 
the x-y plane 
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4.4.6.4 Performance Gain Evaluation 
The performance gain of the proposed antenna structure was measured in an 
office environment by placing the AUT at a fixed location and connected to 
a signal generator. The antenna used was designed for 4 different antenna 
configurations achieved by varying the phase of the two antenna feeds. The 
differential phase shifts evaluated was 0o, 90o, 180o and 270o using the same 
setup as was used for radiation pattern measurements. The topology and 
measured locations can be seen in Fig. 54. 

 

 
Figure 54. Topology of environment used for antenna performance gain 
evaluation 

 
The amplitude of the received signal in these points was measured for each 
of the four individual antenna configurations. For the receiver antenna a 
vertically placed PICA antenna connected to a spectrum analyzer was used. 
The initial locations of the nodes were randomly placed to give a default 
unknown pathloss between transmitter and receiver. 

The measured data can be seen in Table II. The data in the table was nor-
malized to the single highest received signal in order to make the perform-
ance of the antenna easy to read. As can be seen from Table II no single 
antenna configuration was found to be consistently superior which is a 
strong indicator of the expected advantage of using a system based on multi-
ple antennas in a multi-scattering environment. A maximum gain of 19 dB 
was recorded for location 2. The minimum gain recorded was 4 dB at loca-
tion 3. This was most likely due to the close distance to the transmitter giv-
ing a strong line-of-sight component. 
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TABLE II.  MEASURED DATA 

Normalized Signal Strength 
Location 

0o 90o 180o 270o 
1 -16dB -27dB -17dB -12dB 
2 -11dB -13dB -8dB -27dB 
3 -1dB -5dB 0dB -5dB 
4 -13dB -12dB -17dB -16dB 
5 -7dB -8dB -22dB -6dB 
6 -21dB -15dB -27dB -17dB 

 

 

Figure 55. Measured received signal strength along a linear spatial sweep 
measured at location 6 

 

In order to further validate the multiscattering behavior of the environment 
and the performance gain of the proposed antenna several linear spatial 
sweeps were made. The receiving vertical PICA antenna was moved along 
an 18 cm linear track and the received signal strength recorded once every 
centimeter. The fixture used for the measurements can be seen in Fig.55.  
The received signal strength as a function of location for each of the four 
phase shift combinations was measured. The resulting data can be seen in 
Fig. 55. As can be seen from the collected data the environment exhibits the 
characteristics of a multipath environment where the signal strength varies 
strongly over displacements in the wavelength scale. The data show an ap-
proximate distance between fading null and nearest peak of 4 to 9 cm corre-
sponding to 0.5 - 1 λ. The data also shows that each of the four different 
antenna radiation patterns experienced a different spatial fading along the 
measured track. This data shows that by selecting the proper setting of the 
antenna feeds can significantly increase the performance of the node under 
multiscattering conditions. 
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5. Diversity Combining 

This sections covers work done in the field on diversity combining for wire-
less nodes. The type of diversity combining covered in this section includes 
the techniques used to include multiple antennas in a wireless node and the 
required electronics for signal combination.   

5.1 Introduction 
The area of diversity combining techniques is a broad and well known area 
used to improve the robustness and performance of wireless transceivers. 
Simple forms of diversity combining included in wireless devices can com-
monly be found in standard wireless routers. The reason for using multiple 
antennas is simple, if additional number of uncorrelated transmit-
ting/receiving elements are used the probability increases that at least one 
propagation path possess acceptable performance. 

As was previously discussed in section 4.3.6 most wireless environments 
can be seen as multipath environment with multiple propagation paths be-
tween transmitter/receiver. The received signal will be a combination of 
these paths which, depending on the environment, could cause negative ef-
fects such as variable signal strength. This means that there is some probabil-
ity of the transmitted signal experiences substantial attenuation due to de-
structive interference at the receiver end. As the destructive interference is 
an effect of the combined signals at the receiving point the signal strength 
can be increased if the received signals are modified in such a way that the 
total combination of signals does not, or at least to a lesser degree, exhibits 
destructive interference.  

If an antenna is subject to a spatial displacement (spatial antenna diver-
sity), a different radiation pattern (pattern diversity) or different current dis-
tribution (polarization and/or pattern diversity) the propagation paths be-
tween transmitter and receiver elements change and thereby the also the 
received signals. It is important here to point out that the antenna elements 
themselves does not make the signals uncorrelated, if both received signals 
are correlated before the antenna elements they will still be correlated after 
the antenna elements regardless of how uncoupled the antenna elements are.  

Although diversity can be implemented on both transmitting and receiver 
side it is most commonly found on the receiver side in the form of diversity 
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combiners. This is due to the fact that many diversity schemes requires in-
formation about the variation of signal strength as a function of hardware 
settings, this is only possible on the transmitter side if information is fed 
back from the receiver.  

5.2 Diversity Combining Schemes 
Several standard and well know diversity combining schemes exists and in 
this section a general overview of the most common ones will be given. As 
will be seen there is a general tradeoff between complexity of the combiner 
electronics and the performance gain. To obtain uncorrelated signals in a 
multiscattering environment several different methods can be used such as 
spatial diversity antennas, frequency diversity or pattern diversity, in either 
case the combining schemes themselves remain the same. 

Selection Combining represents one of the simplest forms of diversity 
combining schemes. The basic principle is minimalistic, check the received 
signal strength on the various branches and select the one with the highest 
signal strength. The required electronics would only be a power-detector, a 
decision circuit and a switch. A schematic block view of a selection com-
biner can be seen in Fig. 56. In normal circumstances the input power is 
continuously monitored and the correct receiving branch selected. A variant 
of the Selection Combiner could be constructed by only letting the combiner 
to switch the receiver branch if the received power drops below a predefined 
value, such a scheme is generally called Switched Combining.   

 

 
Figure 56. Schematic view of diversity selection combiner 

 
The performance of the selection combiner presented above could be im-
proved if, instead of selecting only one receiver branch, the received signals 
were to be combined in phase. This would cause constructive interference 
and give a signal with higher signal strength than any of the individual 
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branches. This type of combiner is called an Equal Gain Combiner. The 
term “Equal Gain“ stems from the fact that all branches have the same 
amount of amplification, regardless of signal strength. However, adding this 
type of functionality requires the combiner to include some form of phase 
detection as well as a phase shifter in each receiver branch. Fig. 57 shows a 
schematic view of an Equal Gain Combiner. 

 

 
Figure 57. Schematic view of diversity equal gain combiner 

 
The combiner could be further improved by adjusting the amplification of 
each receiver branch in such a way that all the signals with high amplitude 
(i.e high SNR) are amplified and signals with low amplitudes (and low SNR) 
are attenuated. This forms the basic concept of Maximum-Ratio Combining. 
The advantage of such a combiner scheme is that it keeps the signals with 
low noise while rejecting the noisy signals, thus keeping the SNR high. A 
schematic view of a Maximum-Ratio Combiner can be seen in Fig. 58.   

 

 
Figure 58. Schematic view of diversity maximum-ratio combiner 
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5.3 Opportunistic Diversity Combining 

5.3.1 Introduction 
This section focuses on the work initially presented in [34]. The work pre-
sented is in essence a discrete form of Phase Sweep Transmit Diversity 
(PSTD) which has been previously considered by multiple authors [35, 36]. 
The first paper presenting the basic concept of phase sweep diversity com-
biners found by the author is the work presented by S. Kazel [36] in which 
the advantage of using phase modulation two reduce the average interference 
was discussed . The work in the referred paper is directly related to the addi-
tional work presented herein, although when the first prototype and system 
was developed and tested by the author and colleges this paper had not yet 
been found. The basic concept presented by Withers is very similar as for the 
proposed system, using a varying phase sweep to change the signal fed to the 
combiner. The major differences by the work proposed in this text compared 
to the previous work found is as follows; 1) The change from using a con-
stant linear phase sweep to using a limited set of discrete phase shifts, 2) 
Implementation of a modified phase sweep combiner for wireless sensor 
nodes, 3) Investigation and correction for the influence of non-zero mutual 
coupling between antenna elements and its influence on matching/power 
supplied to antenna elements and a function of phase shifter settings and 
finally 4) Implementation and actual performance testing in a real world 
sensor node. 

5.3.2 Initial Prototype 
Data for the first prototype system designed was presented by the author at 
the European Microwave Week in 2009, Barcelona. This paper proposes the 
use of multiple phase shifted signal combinations per symbol without a 
feedback network, in order to facilitate a minimum component diversity 
switching technique The effect of both a peak detector system and a system 
with an averaging detector were investigated. Simulations and measurements 
in both reverberation chamber and office environment were presented that 
supporting the use of the proposed technique in ASK systems. 

The initial prototype was designed for 433 MHz, the reason to design the 
prototype for a fairly low operating frequency (compared to the many exist-
ing systems operating on 2.45 GHz) was mainly to relax the design require-
ments needed to ensure that the system could be considered electrically 
small and thus reducing the need to take into consideration the effect of 
transmission line lengths between subcomponents. A simplified schematic of 
the switch can be seen in Fig. 59. 
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Figure 59. Schematic view of phase sweep diversity combiner 

 

Designed as a proof of concept there was a few important assumptions that 
were made to this design, mainly; 1) The two antenna elements was assumed 
to have zero mutual coupling, relaxing the requirements of having to take 
into account the effect of antenna detuning due to mutually induced currents 
on the elements, 2) The power requirements of the prototype switch was not 
of primary concern, 3) The switching noise was not considered and 4) The 
potential spectral broadening due to the high switching speed did not matter. 
All these assumptions simplified the prototype design but needs to be kept in 
mind when considering the complete system. 

When designing the system three types of RF switches were considered, 
PIN diodes, MEMS switches and FET based switches. Considering the types 
of switches appropriate for the combiner design the use of MEMS switches 
was deemed less suitable. The reason not to use MEMS switches in the de-
sign was due to the high switching speeds required. As the system needs to 
switch through the various phase-shift combinations faster than the symbol 
rate of the system using hot-switching (switching while the RF-power is 
turned on) the rated life expectancy for a MEMS switch is quickly reached. 
For example, at the time of writing Omron supplies a miniature SMD 
MEMS switch with a rated life expectancy of 108 operations. If a system 
would have a moderate symbolrate of 250 kBd the diversity combiner would 
need to be switching at a minimal of 500 000 switches per second. At this 
rate the life expectancy of the MEMS switch would be reached in a little 
over 3 minutes of continuous operating time making the system barely us-
able. Using limited transmission of data and duty cycling of the device the 
life expectancy of the system could be increased but it is still the authors 
opinion that the performance of the MEMS switches currently available is ill 
suited for this type of operation. 
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The prototype system was designed using PIN diode switches, the main 
reason was the good switching speed of the PIN diodes and the possibility to 
adjust the series resistance as a function of drive current. PIN-diode switches 
was designed with a biasing network using inductive lumped components 
and dc-blocking capacitors to provide a simple way to control the switch 
using an external power source. The final prototype can be seen in Fig. 60. 
 

 
Figure 60. Initial prototype of  discrete phase sweep diversity module 

 
The performance of the prototype system was evaluated in both a perfectly 
Rayleigh distributed environment (large reverberation chamber) and an of-
fice environment. As was presented in [34] the system performance in an 
ideal Rayleigh environment can be seen in Fig. 61. Two received power 
levels were recorded and the corresponding output powers for two different 
types of detector architectures were calculated. The two types of detectors 
considered was peak detection (always taking the switch configuration that 
provided the highest input power to the receiving system) and average detec-
tion (using the average power of all switch-configurations during the re-
ceived symbol). As can be seen in Fig. 61 both type of detector schemes 
would yield a significantly more reliable received signal.  
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Figure 61. Measured signal strength in reverberation chamber and average 
and peak signal obtainable if using discrete phase sweep diversity 

 
In order to uphold the assumption of having low antenna coupling spatial 
diversity was used for the receiving antennas using two inverted-F antennas 
(IFAs).  The individual signals at the receiving antennas during reverberation 
chamber measurements can be seen in Fig. 62. The correlation coefficient of 
the antennas was calculated to |ρc|=0.21.   
 

 
Figure 62. Measured signal strength of the two antenna elements along a 
linear spatial sweep 
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The prototype system was also evaluated in a multiscattering office envi-
ronment. The variation in signal strength from both the individual antenna 
configurations and the average signal can be seen in Fig. 63. Even though 
the environment could not be expected to posses the same perfect Rayleigh 
distributed signal as the reverberation chamber the office environment still 
exhibited large variation in signal strength both as a function of time (spatial 
displacement) and antenna configuration.  

 
Figure 63. Four measured input signals and plotted average signal 

Data for a window of roughly 13 transmitted symbols can be seen in Fig. 64. 
Four distinct signal levels can be seen with one of the configurations enter-
ing a fading dip and experiencing a fast change in signal strength. 
 

 
Figure 64. Inpur signal obtained from four step discrete phase sweep diver-
sity module 
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The signal strength as the system moved around the office environment was 
measured and the received signal using both average and peak detection was 
calculated. The data can be seen in Fig. 65. Unlike the reverberation cham-
ber environment a slow-fading component can also be seen in the measure-
ment. Both average and peak detector yielded a significantly more reliable 
system compared to using the system without any form of diversity com-
biner. 

 
Figure 65. Measured signal strength in indoor office environment and aver-
age and peak signal obtainable if using discrete phase sweep diversity 

 
The initial results from the prototype design were considered promising and 
motivated the need to include and test the proposed design in an fully em-
bedded wireless sensor architecture. 
 

5.3.3 Environment Evaluation 
In order to optimise the system for the intended application the nature of the 
environment needs to be characterised. Measurements were performed to get 
additional insight in the intended environment. The topology of the meas-
urement environment can be seen in Fig. 66. In the figure is also marked the 
six measurement points used. The environment is a typical indoor office-
space environment expected to yield significant location-based fading be-
havior. The environment was measured at night-time with no other personnel 
present and was considered a good example of a typical wireless network 
deployment area.  
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Figure 66. Topology of indoor office envrionment used for testing 

 

The multipath behavior of the environment the signal strength at location six 
was evaluated in a 3.55 x 2.84 λ grid with a resolution of 0.355 λ. The meas-
urement setup was based on a gridded antenna holder made of dry wood 
with no metallic parts. The receiving antenna consisted of a PICA antenna 
placed co-polarized in relation to the transmitting antenna (if no multiscatter-
ing effects would have been present). The resulting signal strength variation 
as a function of antenna displacement can be seen in Fig. 67. The maximum 
variation was 19 dB. In order to further visualize the measured fading char-
acteristic an interpolated plot using cubic interpolation is shown in Fig. 68. 
 

 

 
Figure 67. Measured normalized received signal strength as a function of 
antenna position 
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Figure 68. Interpolated data of measured signal strength variation 

 

Measurements from the test environment show that the nodes experience 
strong multiscattering effects and spatial fading. Data show a strong varia-
tion of 19 dB over a distance of only a fraction wavelength. These measure-
ments further validates that the environment used for testing can be consid-
ered a good example of a typical multiscattering environment in which an 
indoor sensor-network might be deployed. 

5.3.4 System Design 
A first iteration of an embedded application of the proposed system was 
designed as a simple wireless sensor board. In this design the diversity 
switch was adapted to be tested using a FSK based system operating at 2.45 
GHz. The designed was based around a TRC104 commercial BFSK trans-
ceiver with a configurable bitrate of 250 kbps and 1 Mbps. The first design 
iteration can be seen in Fig. 69. with FET based switches marked by a grey 
square. The system can also be seen included in Fig. 5. Finally an updated 
standalone module is shown in Fig. 70. 
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Figure 69. Prototype sensor with embedded discrete phase sweep diversity 

 

 
Figure 70. Updated discrete phase sweep diversity module 
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6. Conclusions 

As has been presented in the previous sections there are several important 
variables concerning the construction of multi-antenna based wireless nodes. 
The limited size requires careful design of several node parameters like the 
mutual coupling between antenna elements which affects both the correla-
tion between the antenna elements or varying impedance as a function of the 
relative phase and amplitude of the antenna elements. An introduction to the 
designed, manufactured and evaluated WBAN system has been given in 
Section 3. Using a completely in-house designed sensor platform has al-
lowed for a higher degree of freedom for evaluating antenna and diversity 
techniques for WSN as well as overall system performance. 

Design examples of node antenna designs for a dual patch antenna sensor 
package has been given and characterised in Section 4. The usage of in-
house sensor hardware and custom designed node antenna has been used to 
show the performance gain possible with such a system whilst keeping a 
rugged packaging suitable for a wireless network. 

The total achievable bandwidth of minitaturized antennas designed for 
wireless nodes follows well known physical limitations which were covered 
in Section 4. The bandwidth vs. size requirements on wireless node antennas 
limits the performance that can be expected from a system of known modu-
lation, datarate and operating frequency. Emphasize has been given to this 
fact which are meant to help the designer of a node for a wireless sensor 
network to more properly predict a reasonable total size achievable of the 
proposed system. In a typical indoor environment the proposed antenna sys-
tem performs well and gives a typical gain 5-19 dB node-to-node by using 
and adaptive antenna system. 

Inclusion of discrete phase sweep diversity in the system in order to im-
prove the overall system performance has been investigated and presented. 
As was shown in Section 5 the use of discrete phase sweep diversity in a 
wireless node shows promise as a simply way to improve the performance of 
the system. The major challenges for inclusion of discrete phase sweep di-
versity in a wireless node is switch-distortion, spectrum broadening and an-
tenna performance. 

Additional supplement information given in appendix is intended as a 
small introduction to various topics which concerns the design of wireless 
nodes for a WSN.  
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Appendix 

 

A.1 Basic Transceiver Operation 
A very simple transceiver is described schematically in Fig. A.1. Although 
simplified some of the basic building blocks of a transceiver are shown here 
to give the reader some basic understanding of the construction of a wireless 
transceiver. 

The original low frequency datastream is referred to as the baseband 
signal. In the baseband the data is transferred at the original bitrate, for 
example 1Mbps. The baseband signal is assumed to have been preprocessed 
to include error-correcting, encryption etc depending on the requirements of 
the application. Once the baseband signal is properly formatted it is fed 
through a mixer together with a local oscillator signal. The mixer uses a 
reference signal to convert the frequency of the baseband signal to a higher 
frequency. This is known as an up-converting mixer as it increases the 
frequency of the signal.  The resulting frequency can be described as 

 

basebandoscRF fff ±=        ( A.1 ) 

 
Where fbaseband is the frequency of the baseband signal, fosc is the frequency 

of the reference oscillator and fRF is the frequency of the resulting signal.  
Once the signal has been converted to the desired frequency band the 

output is amplified by a power amplifier (PA) before it is transmitted using 
an antenna. This amplification is necessary because the output signal from 
the mixer is often quite weak. The antenna is responsible for taking the high 
frequency signal and couple it into freespace.  
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Figure A. 1. Simplified transceiver architecture 

 
When receiving a signal the receiver chain is very similar to the transmit 
chain. The antenna couples the freespace signal back into the receiver. 
Instead of using a PA the receiver uses a low noise amplifier (LNA). This is 
necessary because the received signal is very weak, a PA is optimized to 
have a very high gain but it also adds noise to the signal. As the received 
signal is very weak adding noise to it will have a huge impact on the signal-
to-noise ratio (SNR) and can cause information to be lost. Once the received 
signal has been received it is fed to a down-converting mixer. This mixer 
functions much in the same way as the up-converting mixer, it uses a 
reference oscillator and down-converts the signal either directly back into 
the baseband (homodyne receiver) or through an intermediate frequency 
(heterodyne receiver). The down-conversion allows the device to read the 
data at the intended rate, in the previous example 1 Mbps. Finally it is 
processed in the baseband (error-checks, deencryption, packet handling etc). 

In any commercial transceiver there are several additional components 
like filtering, gain control, different modulations etc but Fig. A.1 describes 
the basic components in a very simple transceiver system.  

A.1.1 Modulation 
When the system transfers information using a RF signal the first step is to 
determine is how this information should be sent and how the receiver is 
going to be able to determine which information was actually sent. The 
waveform corresponding to a specific symbol is described by the systems 
modulation. The modulation determines how the signal is altered (or 
modulated) so that the receiver can determine the state of each symbol 
transmitted. It is not the purpose of this text to give an in-depth explanation 
of signal processing but rather to give the reader a simple overview of how 
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the type of modulation plays into the design of a wireless system. For an in 
depth analysis several good texts have been written [1] which goes far 
beyond the scope of what is presented here. 

A symbol could be viewed as a certain waveform that corresponds to a 
value of 1 or more binary bits. One example is the standard logical signal on 
a circuitboard, in this case a high voltage corresponds to a 1 and a low 
voltage corresponds to a 0. This system would have a symbol in the form of 
a pulse with a predefined length and two states, high and low, which 
corresponds to 1 and 0. 

In the following sections a few basic modulation types are described 
which are commonly found in wireless transceivers. The different types of 
modulation have their own strength and weaknesses and it is good to have 
some basic understanding of how they work as this will help the designer 
when choosing a fitting type of transceiver for the intended project. 

It is important to realize that except for the modulation itself the system 
also needs to have a time dependence. In morse code, for example, it is 
important to distinguish “long” and “short” beeps, otherwise it would be 
impossible to convey information. The same is true for digital serial 
transmissions, the system needs to have information about the symbol-rate to 
be able to read the data. Therefore all transmitted symbols have an 
associated symbol duration time. By knowing the symbol duration time 
chains of transmitted signals can be interpreted and properly received.  

When talking about wireless transmission there a few key notations that 
the user needs to be aware of in order to compare different modulation types 
and wireless transmission in general. These include the concepts of 
Bandwidth, Channel and Center frequency. These can be seen in Fig. A.2. 
The center frequency can be described as the target frequency on which the 
system operates. Idealy (in a non-physical world) the system would operate 
on this and only this frequency but when transmitting data in reality requires 
a certain bandwidth. The bandwidth is defined as the span between a lower 
frequency and an upper frequency usually taken where the power of the 
received signal has fallen by 3 dB. Usually the frequency spectrum is 
divided into segments called channels, defined in a similar way to bandwidth 
using a start and stop frequency. Using separate channels means that two 
systems can operate simultaneously by operating on different frequencies.  

In 1928 Nyquist presented a paper named “Certain Topics in Telegraph 
Transmission Theory” [2]. In this paper Nyquist defined the relationship 
between the symbolrate and the required bandwidth. By looking at the 
fourier transform of an arbritrary signal Nyquist concluded that any signal 
could be described by a number of sinusoidal components and wrote [2] 

  
“It is concluded that full knowledge of N/2 sinusoidal components is 

necessary to determine the wave completely” 
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 Nyquist then proceeded to show that this number was also sufficient. In 
simple mathematical terms the Nyquist rate can be described as 

 

BWf p 2≤        (A.2 ) 

 
Where fp is the symbol rate and BW is the bandwidth. As this is based on 

the sum of components making up the waveform it is true regardless of the 
shape of the wave form. This means that as soon as data is transmitted a 
certain minimum bandwidth is required. If the symbolrate is increased the 
required bandwidth increases in direct proportion to this. This is also the 
reason to why not all system operates at a few MHz, if a channel is defined 
as, for example, 1% of the center frequency (arbitrary chosen number to 
show the concept) then moving to a higher center frequency means that the 
bandwidth defined in Hz gets wider and the rate at which the system is 
capable of transmitting symbols within the defined percentual bandwidth 
increases. As the bandwidth is dependant on the total symbolrate of the 
system using a better modulation scheme can reduce the required bandwidth. 

 

 
Figure A. 2.  Channel, bandwidth and centre frequency of a theoretical signal 
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A.1.1.1 Amplitude Modulation 
The first major application of wireless transmission was in enabling wireless 
telegraphy [3]. The discussion given in [3] written by G. Marconi himself is 
a highly reccomended read as it describes in detail the work that went into 
setting up the some of the first wireless systems and their impact on long 
distance communications. At the end of the 19th century and in the early 20th 
century much work was done in developing the first primitive radio 
transceivers. These systems had one of the most basic forms transmitted data 
imaginable, simple morse code sent wirelessly. By defining the presence of a 
RF-signal as 1 and the absence as 0 information could be sent by switching 
the transmitter on and off. 

This way of modulating data is generally known as amplitude modulation, 
as the name implies amplitude modulation is based around the idea that 
various signal levels have different meaning. It is important to mention here 
that this type of modulation is in no way restricted to the crude way of 
having the system switching between on and off states. One could also 
imagine several discrete levels which conveys different bits of information. 
In Fig. A.3 a simple example of amplitude modulation is shown. 

 

 
Figure A. 3. Amplitude modulation, On Off Keying (OOK) 

 

On-Off Keying (OOK) is the proper name for the most basic form of 
amplitude modulation, simply switching the signal on or off and was the 
principle used in the first wireless telegraphs. The only major difference 
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between OOK today and the early telegraphs is the fact that data is sent only 
on different center frequencies and using separate channels.  

One of the reasons OOK is still present in modern radios is that it is a 
very simple modulation scheme and have lower requirements on hardware. 
This makes it possible to create small and cheap transceivers. However, 
OOK can have problems when there are other signals interfering with the 
actual signal. In an application note by RFM[4] OOK was compared to two 
other simple modulation schemes and showed that as long as no interfering 
signal was present the difference to receive an errendus bit was 
approximatively equal but as soon as an interfereing signal was present OOK 
suffered worse. However, it was also found that ASK performs equally good 
to FSK in the presence of an interfering signal when considering 
implemented transceiver architectures[4]. 

If the intended application is supposed to be very simple and cost is a 
major concern a transceiver using OOK could be considered. However, with 
many other types of transceivers constantly decreasing in price this tradeoff 
is not always obvious. One final advantage of OOK that should be 
considered is that as the zeros are actually transmitted as the absence of a 
signal OOK has a lower total power consumption than other modulation 
schemes simply because the transceiver is only outputting an RF signal for 
50% of the time, if a balanced signal with equal number of high and low bits 
is assumed [5]. 

 

A.1.1.2 Frequency Modulation 
In the previous section the use of a varying amplitude was presented as a 
way to convey information. Another way to convey information could be to 
let the sent signal alter between two or more different frequencies. In this 
way the signal frequency is modulated and is generally referred to as 
Frequensy Shift Keying (FSK). In Fig. A.4 a frequency modulated signal can 
be seen. 

One advantage of using FSK instead of amplitude based modulation 
comes from the fact that the actual signal power is kept constant while 
switching the frequency. A FSK based system can still be designed with a 
relatively simple architecture which enables cheap transceivers. Many low 
cost transceivers at the time of writing are based on simple FSK 
architectures. It should be noted that the change in frequency is very small 
compared to the carrier frequency. At 2.45GHz the difference could be a, as 
an example, 50 – 100 kHz. 

Although a FSK based transceiver can be more insensitive to interfereing 
signals than an OOK based system it can prove more temperature sensitive 
[4]. Most commercial transceivers use a crystal reference oscillator to 
provide the correct baseband frequencies. However, crystals do experience a 
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temperature dependant drift which can affect the relatively close distance 
between the frequencies, causing a transmitted signal to be interpreted 
incorrectly at the receiver side. In normal temperature conditions this is 
usually not a problem but the designer should be aware of this if and proper 
care taken if large temperature variations are expected. In section 3.4.3 an 
evaluation of a commercial FSK transceiver performance under varying 
temperature is made. 
 

 
Figure A. 4. Frequency modulated signal 

Binary Frequency Shift Keying (BFSK) is the simplest form of FSK. It uses 
two different frequencies (hence binary) to convey information. BFSK 
transceivers are generally quite noise tolerant and combined with low costs 
they can be desirable to use in simple systems. In a simple FSK transceiver 
the system receives the signal after which it determines which of the two 
available frequencies were most likely to be correct and reads either a 0 or 1.  

In the same way as an amplitude modulated system is not bound to only 
two amplitude levels a FSK system is also not bound to only two 
frequencies, in theory any number of frequencies could be used to transmit 
symbols with more than 1 bit. In most commercial systems, however, BFSK 
is the most common one. As with ASK systems a BFSK system is simpler to 
design than a FSK system using more frequency shifts. 

A.1.1.3 Phase Modulation 
The third type of modulation possible is by altering the phase of the 
transmitted signal. This is referred to as Phase Shift Keying (PSK). In pure 
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PSK different symbols are transmitted on the same frequency and using the 
same amplitude. Several different phase-shi steps can be used, similar to 
different amplitudes and frequency shifts used in ASK and FSK. The 
simplest form is Binary Phase Shift Keying (BPSK) in which two symbols 
are transmitted with a phase difference of 180 degrees.   
 

 
Figure A. 5. Phase modulated signal, using Binary Phase Shift Keying 
(BPSK) 

A.1.2 Channels 
As was mentioned in previous sections a transceiver is usually allocated a 
certain channel on which to operate. It is important here to clarify the 
distinction between channels and bands. A band generally refers to an 
allocated frequency span which can be used by devices of a certain class. 
The most common bands to be used by smaller systems are the Industrial 
Scientific and Medical (ISM) bands. These bands are free to any user and as 
such are quite popular. Some common ISM bands are listed below 
 
Table A.I – ISM Frequencies 

Europe US 
433.05–434.79MHz 433.05–434.79MHz 

866-870MHz 902-928MHz 
2.4–2.5GHz 2.4–2.5GHz 

5.725-5.875GHz 5.725–5.875GHz 
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These frequencies were relevant at time of writing but it should be noted 

that these numbers can very well be subject to change and it is the 
responsible of the designer to make sure that the device operate within an 
appropriate band. It should also be noted here that not all ISM bands are 
international and could differ from one location to another.  

Most bands on other frequencies are licensed bands which mean that in 
order to operate on those frequencies the devices require proper licensing to 
be legal. One example is the GSM bands used by mobile phones and it is 
understandable why no other devices should be allowed to operate on the 
same frequency as this would interfere with the performance of nearby 
cellphones. 

As can be seen in Fig. A.6 the 2.45GHz band has been divided into 
specific sections, aka channels. The important distinction to be aware of here 
is the fact that these channels are defined depending on the protocol used. 
This means that two transceivers operating on the same frequency band may 
have different channels available depending on the protocol.  

As one example the 802.15.4 standard requires a 5MHz channels while a 
small FSK transceiver without a fixed protocol could provide, for example, 1 
MHz channels. As was presented in Section A.1.1 the required bandwidth is 
directly proportional to the symbolrate which means that devices 
transmitting at higher symbolrates can be expected to require larger channel 
bandwidths.   
 

 
Figure A. 6. The 2.45 GHz ISM band divided into N channels 
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A.2 Communication Layers 
Once the actual hardware of the transceiver has been determined the system 
needs to determine how to actually use this hardware to send and receive 
data. This can be a daunting task as there a numerous things to consider, how 
should a package be sent from a node to another? How can nodes be 
prevented to send at the same time? How should data be routed in the 
network? Should there be some form of error correction? Synchronization? 
The list of considerations quickly grows to almost staggering proportions. 
The definition, setup and management of the node network goes far beyond 
the scope of what is covered here and more information can be found in 
other references[6, 7]. In this section the overall architecture of the device 
network will simply be mentioned and further information regarding this 
topic is left to the reader. 

In order to provide a manageable way to approach the problem of 
managing data transfer between the systems can be divided up into layers. In 
Fig. A.7 a model known as Open Systems Interconnection (OSI) model can 
be seen. This model divides the system into seven layers divided into two 
groups. The three upper layers are known as the upper layers. In these layers 
the firmware never sees the way the data transfer is handled but rather puts 
the focus on the actual transfer of information. The remaining layers are 
grouped in the lower levels which are responsible for the way the data is 
actually encoded, routed and physically sent between devices.  
 

 
Figure A. 7. OSI model layers 
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The amount of effort the designer needs to put into setting up the 
workings of the lower layers depends to a large extent on the type of 
transceiver chosen. Wireless transceivers can generally be bought in two 
forms, either with some form of predefined protocol embedded in the 
transceiver or as a “pure” transceiver with some form of data modulation. In 
the latter case all the protocols required will have to be included in the 
device firmware. 

A.2.1 MAC 
The medium access control (MAC) is part of the Data Link Layer and 
determines how data should be sent and received between transceivers. 
There are many different strategies used in the MAC layer and some 
common ones will be discussed in the following sections. In the case of 
wireless sensor nodes there have been a virtual explosion of different MAC 
layers that are designed to be energy efficient and adapted to wireless nodes.  

Much research has been done in order to investigate good solutions on the 
types of protocols suitable for wireless sensor networks. Although a myriad 
of proposed protocol solutions exists there is a few that has had higher 
impact on the market of wireless sensor networks. A few of the most 
common and well known at the market today is ZigBee, Bluetooth Low 
Energy, Ant and WirelessHART. Other protocols exists as well but the 
growing desire of interoperability between wireless devices has led to the 
condensation of a few protocols that are readily available on the market. All 
previously mentioned protocols can be found in commercial devices with, 
for example, both Ant and Bluetooth Low Energy being supported in 
smartphones on the market today. Most protocols used, however, has its 
roots in a few basic protocol concepts that have been in place for quite some 
time. 

 

A.2.1.1 ALOHA 

ALOHA was one of the first communication protocols developed to 
be used in a wireless network. It was implemented in ALOHAnet in 
1971 and used a very simple form of medium access control. The 
initial rules for ALOHA (called Pure ALOHA) was stated as [8]; 1) If 
there is data, send it 2) If data collided, try resending it again after a  random 
time period. 

The random time period is required to prevent a deadlock between two 
nodes. A deadlock could otherwise occur if two nodes tries to send data but 
it collides, so they wait the same time and send again which causes another 
collision and so forth. Even when using a random wait period ALOHA will 
suffer when trying to maximize the amount of data sent, as soon as more 
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than one node is present there is a chance of collision which increases with 
the number of nodes and the amount of data sent. 

Pure ALOHA has some advantages that could motivate its use, it very 
easy to implement and it gives relatively good performance when the 
transmitters sends data at random time intervals. Unfortunately it suffer 
when trying to maximize the amount of data sent. To increase the throughput 
of pure ALOHA an alternative known as Slotted ALOHA was developed. 

Slotted ALOHA works very similar to Pure ALOHA, the only difference 
is that time is divided into timeslots. This increases the maximum throughput 
of the system but requires the system to keep a time-synchronization 
between all nodes. Keeping a good time-synchronization improves the 
complexity of the system and as such it requires a larger engineering effort 
to implement. 

 

A.2.1.2 CSMA 
Another common way to share a wireless medium is by using a protocol 
known as Carrier Sense Multiple Access (CSMA). As the name implies this 
technique relies on the ability to listen to the channel before sending data to 
determine if data is being sent or not. If no other device is using the medium 
data is transmitted, if the medium is already in use the device waits until the 
medium is free.  

In a real implementation a CSMA based solution may still encounter 
collisions. This is because a transceiver is generally unable to transmit and 
receive at the same time. In the short time period between assessing the 
channel and determining that it is clear and actually switching to transmit the 
data (and start transmitting) there is a slight chance that another device 
listens to the channel and makes the faulty assumption that it is clear and 
start transmitting as well.  

If a collisions can occur in a CSMA based network there are two methods 
to handle this. The first method is known as Collision Detection (CA). If the 
transmitting devices detects that a collision has occurred they react 
accordingly [6], generally by waiting a random time period before 
attempting to send again as was done in ALOHA. They other solution is 
using Collision Avoidance (CA). This is based around indicating to the 
network the intention to send and in that way preventing other devices from 
assuming that the channel is clear. This, however, forces extra overhead on 
transmitted data. 
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A.2.1.3 TDMA 
Time Division Multiple Access (TDMA) is a method based on discrete 
timeslots for transmitting data. By assigning each sender with a fixed 
timeperiod in which it is allowed to send data each node can be sure that no 
other nodes within the network will attempt to send at the same time. By 
using evenly distributed timeslots TDMA allows several devices to send data 
uninterrupted over the network. 

The major drawback with TDMA is that it is not well optimized for 
bursty transmissions. It may happen that a single device has data to send 
while other devices remain idle, in that case any timeslot assigned to idle 
devices will be unnecessary loss of bandwidth. TDMA also requires time 
synchronization between devices. 

A.2.1.4 Energy Efficient MAC Layers 
Because of the considerable different requirements for a battery power 
device with limited energy compared to a device without energy constraints 
(like a stationary WLAN router) much research has been devoted to finding 
energy efficient MAC protocols. These protocols have been tailored for 
wireless sensor networks. At the time of writing there are no real “fits-all” 
protocols for wireless sensor nodes and it is the authors belief that no single 
protocol will be standard in the foreseeable future. This is based simply on 
the fact that wireless networks are a very diverse group and experience very 
different requirements depending on the application. This makes the 
existence of a single protocol able to fulfil all requirements unlikely. 

An important parameter when considering MAC protocols for wireless 
networking is the idle time of devices. A transceiver requires roughly the 
same amount of power when receiving as transmitting which means that if 
no data is received while in receive mode all of this energy is wasted. This 
forces an energy efficient MAC protocol for a wireless node to be able to 
limit the time listening for packets. Protocols such as Pure ALOHA becomes 
inefficient as it assumes that any device not transmitting is ready to receive 
data at any time. Keeping the receiver continuously on in a sensor node 
would quickly waste the energy and must be avoided as much as possible. 

In a paper by G.P Halkes et. al. [9] Halkes points out that other than idle 
time the following MAC parameters are important as well; 1) Collisions, 2) 
Protocol Overhead, 3) Overhearing. 

Any collisions forces data to be resent which directly increase the amount 
of energy used. If the protocol requires much additional information related 
to the actual transmission /reception of data it forces the nodes to spend 
energy on bits that does not really includes the transmitted data. This creates 
an overhead and if energy usage is to be minimized the transceiver should 
send the minimum amount of information required to transmit the packet 
reliably. Finally overhearing is mentioned, this relates to energy spend by 
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nodes to receive data that was not intended for the node itself, and as such is 
wasted as the packet is discarded.   

In a comparative study of several MAC protocols by M. Ali et. al. [10] 
they authors lists many MAC protocols for wireless networks. Comparative 
papers such as this can often be a useful starting point to find references to 
commonly used and known MAC protocols for wireless networks. The 
design and evaluation of MAC protocols can become quite complex and it is 
outside the scope of this text to give a detailed description of this but the 
interested reader should hopefully be able to find meaningful results 
following the keywords and references given. 

Many articles on energy efficient communication does not include only 
the MAC layer but also includes several higher layers. These protocols will 
not be described here but any general search for energy efficient protocols 
for wireless networks should provide the reader with plentiful of information 
on these. 

A.2.2 Commonly Used Protocols 
As was previously mentioned both Ant, Bluetooth Low Energy and ZigBee 
has achieved a wide market acceptance and as such provides a good base for 
devices that needs to support good system interoperability. The thorough 
standards and definition for these protocols also saves the developer a large 
amount of work and guarantees good performance, verifying performance 
and debugging in a proprietary protocol could require a massive amount of 
debugging and testing which increases the developing cost substantially. 

ANT [11] is an low power protocol commonly found in applications such 
as pulsewatches and other low power devices. The ANT protocol also 
includes the extension ANT+ which was developed to ensure good device 
interoperability. 

Bluetooth Low Energy (BLE) is an adaptation of the Bluetooth [12] 
protocol modified to be more suitable for low power wireless devices. Both 
Bluetooth Low Energy and ANT have relatively high datarate of 1 Mbps 
making them suitable for applications that might require a fairly high 
transfer of data. 

ZigBee [13] is another popular protocol which supports a slightly lower 
datarate or 250 kbps. However, the low power consumption and widespread 
standing on the market have made this protocol popular in certain 
applications based on low data rate transmission. 
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A.3 Power Management 
One of the major challenges with wireless networks is the severe limitations 
in power. Unlike, for example, a wireless LAN a WSN needs to take the 
available power into careful consideration. One major contributor to node 
power consumption that is often overlooked by inexperienced companies 
stepping into the wireless realm is the power consumed by nodes while 
listening.  

The power required by a wireless node when in receiving mode usually 
consumes the same amount of power as when transmitting. This means that a 
normal commercial 802.15.4 device available on the market today consumes 
in the order of 20-30 mA while listening. If a device were to be “always on” 
most powersupplies used in wireless nodes would be depleted quickly. The 
common solution to this is to duty-cycle the devices, waking them up 
periodically to listen for signals and then going back to sleep.  

Duty cycling devices to conserve power, however, adds additional 
limitations on the system. The device could, for example, be woken up very 
rarely which adds a substantial latency to the system or woken up very short 
time periods with a higher frequency. Waking a wireless transceiver for a 
very short timeslot has built in difficulties however. There are three parts 
determining the total power consumption during a timeslot, the time taken 
for the system to initialise the receiving architecture in the device (powering 
up RF-oscillators, firmware setup etc), time spent in actual receive mode and 
time taken powering down. If the timeslot becomes extremely small the first 
and second sections becomes a major source of power consumption lowering 
the total efficiency of the device (seen as the energy consumed receiving 
compared to the energy required to power up/down the device). Regardless 
of the inherent drawbacks of duty cycling devices duty cycling has become 
the strategy of choice in several wireless protocols [14, 15]. 

Energy supplied for a wireless device usually comes from one of two 
sources, either using a finite energy supply (like a battery) or from built in 
power generators (solar, thermal etc.). The sections below will provide a 
brief overview of different sources and compare the advantages and 
disadvantages with these sources.     

A.3.1 Battery Performance 
Powering the wireless device from a battery is a common solution in both 
commercial and academic wireless nodes. The easy and low cost of 
including a battery and some power regulation in a wireless device makes 
this a fast solution but there are several limitations, even when using devices 
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that has a high level of duty cycling which inherently lowers the maximum 
performance of such a system. 

One could imagine the case where the designer simply picks a battery of a 
suitable voltage, look at the total power consumption of the system and make 
a direct prediction of device lifespan dependant on the capacity of the chosen 
battery. The capacity of smaller batteries is usually given in mAh, which 
corresponds to the expected number of hours the battery can source a current 
of 1 mA. A normal coincell battery for example could have a output voltage 
of roughly 3V and a capacity of 150mAh. The pitfall here could be that the 
designer directly scales the power consumption of their system with the 
given performance. If their system has an average power consumption of 
10mA they assume that the battery will last for 15 hours, if it has a power 
consumption of 0.1 mAh they assume the battery will last for 1500 hours. 
The error with this kind of assumption is the fact that battery capacity does 
not scale linearly with the power consumption [16].  

There is a well known relation between the capacity and discharge rate of 
a battery known as Peukerts Law [17] initially developed as a way of 
predicting the total capacity of lead-acid batteries.. The original form of this 
law is defined as 
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Where Td is the total discharge time, Cp is the Peukert capacity of the 

battery, n is the batteries Peukert constant and I is the discharge rate. This 
model gives a more accurate description of the time it takes to discharge a 
battery of a given capacity depending on the amount of power drawn from it. 
However, it is important to realize that the capacity defined in (3) is the 
capacity when when drawing a constant current of 1 amp. In the case of 
small batteries rated in mAh the system seldom experiences this kind of 
discharge current and thus cannot use Eq. (I) directly. The relation between a 
given battery capacity and the Peukert capacity can be described as 
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Where Cp is the Peukert capacity, C the rated battery capacity, R the rated 

discharge time and n the Peukert constant for the battery. By using this 
relation (A.4) can be used to get a more accurate estimate of the discharge 
time of the battery. By combining Eq. (A.3) and (A.4) the total discharge 
time can be described as 
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Where T is the total discharge time, C the rated battery capacity, R the 

rated discharge time, n the Peukert constant for the battery and I is the 
discharge current. This expression allows us to use the rated battery 
characteristics to evaluate the discharge time of the battery. This model is 
more accurate than direct scaling of capacity but is still only a model and 
does not take into account the behaviour of all battery types and 
circumstances. Researchers have pointed out the lack of accuracy in Peukerts 
Law when considering duty-cycled systems and varying temperature [18]. 

  Another important relation to remember when one consider the 
discharge time or remaining capacity of the battery is that it is not a linear 
relationship between remaining battery capacity and battery voltage. Fig. 
A.8 gives an example of typical battery discharge curve as a function of 
time. As can be seen in the figure the battery suffers a sharp initial drop and 
then supplies a more constant output voltage over time and finally 
experience a sharp drop in voltage as the capacity decreases. As Fig. A.10 is 
an illustration of the different types of batteries can exhibit slightly different 
curves and more thorough measurements of the intended node battery 
characteristics is usually required to properly predict the node performance. 
Peukerts law gives no information of the relationship between the voltage 
and the discharge time. 
 

 
Figure A. 8. Illustration of typical battery discharge curve 

 
Another important characteristic of a battery that needs to be taken into 
account when designing a wireless sensor is the maximum current that can 
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be sourced by the battery. A very small coincell battery could seems like an 
attractive choice for a small sensor that only needs to transfer very small 
amount of data. However, when looking at very small batteries it is 
important to consider how much power the battery is actually capable to 
supply during a brief time period. 

Two types of batteries that are very popular to use in wireless sensors at 
time of writing are AA batteries and C2032 coincell batteries. Which one is 
often a choice of size vs capacity. A battery can be crudely modelled as a 
perfect voltage source with a series resistance, as can be seen in Fig. A.9. In 
this example the battery is connected to a simple load.  
 

 
Figure A. 9. A battery modelled as a simple Thévenin equivalent 

 
The voltage across the load can be defined as 
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As can be seen the voltage is described by a simple voltage division. Two 

cases are now considered, in the first case there is a high resistance load, i. e 
the load that draws very little current from the battery. In the other case there 
is a very low resistance load which means that the load draws very high 
current from the battery. 
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A wireless sensor will usually experience a large spike in current drain 

when the transceiver is turned on. This sudden spike in current draw is the 
same as saying the load resistance Rload is decreased. If the circuit uses a 
small battery with a high internal resistance this will lower the output 
voltage from the battery. If the circuit is not properly designed to handle this 
voltage drop the system might experience unexpected behaviour or even a 
complete reset. Fig. A.10 shows the change in voltage in a small wireless 
sensor which draws its power directly from the battery with no voltage 
regulation in-between. Sudden drops in input voltage can be seen when the 
transceiver actives. 
 

 
Figure A. 10. Voltage drop as the transceiver activates 

 
As can be seen it is clear that it is not possible to choose a battery just based 
on the capacity, internal resistance of the battery (and hence power sourcing 
capabilities) must also be taken into account. The system can be designed to 
handle sudden voltage drops by back-up capacitors and similar schemes but 
in either case the powersource of the wireless sensor must be chosen and/or 
designed with care. 
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A.3.2 Energy Harvesting Feasibility 
Energy harvesting is the ability of a wireless network to generate energy 

from nearby sources and thereby becoming self-sustained in energy. This 
would allow a sensor network to operate virtually infinitely without 
maintenance. As the interest in energy harvesting for wireless networks has 
increased several proposals on how design and implement power harvesters 
has been. In this section a few methods of energy harvesting that have been 
proposed will be considered and some simple calculations done in order to 
evaluate the expected performance.  

One important building block that must be considered when 
implementing any form of energy harvesting into a device is the conversion 
step from an unregulated energy source to a well regulated, useful form. This 
includes choosing and implementing an efficient type of voltage conversion. 
Depending on the type of energy source one might look at, for example, dc-
dc converters or ac-dc converters. A simple illustration of different regulator 
topologies can be seen in Fig. A. 11. 

 

 
Figure A. 11. Simple illustration of different voltage converter topologies 

 
Voltage regulators are a well researched area and there are numerous types 
available, both as standard designs and small integrated circuits (ICs). One 
limitation that is important to bear in mind is the fact that no available 
converters are a hundred percent efficient. Fact is that when one is 
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considering very low voltage level sources it can be very challenging to 
actually produce a converter that has even acceptable efficiency.  

It is not the purpose of this thesis to discuss voltage converters and 
regulators, there is many books and articles on the subject and the interested 
reader should have no problem in finding relevant material. The only 
purpose of mentioning the subject is to remind the reader that even when a 
small energy source is available to the device actually converting it into a 
useful form can prove a challenging task!  

A.3.2.1 Wireless Energy 
One method of energy harvesting that have appeared in media quite a few 
times during the last years when discussing wireless sensor is harvesting 
wireless energy. The mere thought is tantalizing, what if a device could 
simply pick-up the energy available in the surrounding freespace and use it 
to power the device. In reality, however, the actual energy available is very 
limited. In the following reasoning it will assumed that the device has a 100 
percent efficient regulator and as such is able to convert all harvested energy 
into a useful form. 

In this section two cases will be considered, a device being powered by a 
nearby cellphone and another where the device is powered by a base station. 
To keep these first examples simple it will be assumed that the devices 
transmit their energy equally in all directions. This is illustrated in Fig. A.12.  

 
Figure A. 12. Power transmitted spherically from a radiating source 

 
Assuming that the device, located at distance r, is able to capture all energy 
that hits the area illustrated in Fig. A.12. This area, defined as the area 
required to capture a specific amount of power if the incident power density 
is known, will be called the “effective area” [19]. This can be described as 
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Where Aeffective is the effective area, Preceived is the power received in the 

device and Wincident is the power density at the device. In the given case it is 
assumed that the transmitting device transmits its power omnidirectionally, 
ie. equal in all directions. By doing this assumption the power density can be 
described simply as the radiated power divided by the area of a sphere with 
radius r 
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Where Ptransmitted is the output power of the transmitting device and r is the 

distance between the transmitter and receiver. Combining (A.9) and (A.10) a 
simple relationship between transmitted and received power can be 
described as 
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If a sensornode would have an effective area which covers a rectangular 

area of 2 by 2 cm it would have a effective area of 4 cm2. Assuming a base 
station located 100 meters away with a output power of 20 Watt it is now 
possible to calculate the power that would be captured by the sensornode 
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As can be seen the sensornode would assume 250nW of power, even 
when assuming that all this energy can be converter without losses, a fairly 
large effective area of 2 by 2 cm and that the energy is actually evenly 
distributed. As a comparison a normal CR2032 coincell could contain 1000 
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J. In order to capture the same amount of energy the device would require 
1000/250·10-9 s = 4·109 s = 125 years. 

One might argue that a device 100 meters away from a basestation is a 
unfair comparison so another scenario is considered. In this case a cellphone 
with a output power of 2W is located 2 meters away from the node 
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This is a huge difference comparing to the previous example but is still a 

very low amount of power. Capturing 1000 J with this power would require 
approximately 0.5 year but this is if the cellphone would be at max power 
continuously and all other previous ideal conditions. As can be seen a system 
would have to operate losslessly over a very long timeperiod in order to be 
able to capture the same amount of energy as is stored in a small battery. 
When also adding losses in the system the author considers that a system 
based purely on wireless power scavenging is unlikely with currently 
available technology. 

A.3.2.2 Mechanical 
Capturing energy from mechanical motion is one of the most common ways 
of capturing energy. Most powerplants rely on converting mechanical 
motion into energy. Mechanical motion is available in many forms of 
environments and could be considered a reliable source of energy if the 
application allows. However, the challenge with wireless devices in general 
is that they are small. 

If one considers using vibration energy captured using an electromagnetic 
system the maximum power that can be extracted from the system will have 
the form [20] 
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Where Pmax is the maximum output power, m is the mass of the vibrating 

object, a is the acceleration and ω is the resonant frequency. As can be seen 
the system scales with the mass. Remember that mass scales with the cube of 
the size of the object. If the size of an object is scaled to half the mass is 
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reduced to 1/8 of the original mass. This quickly limits the maximum power 
that can be expected from a small system. As such a small wireless device 
will only be able to convert a limited amount of power from vibration 
energy.  In [20] S. Roundy also estimates the maximum energy density for 
different types of vibration based harvesters to be in the span 0.5-100 
mW/cm3 for vibrations between 1-10 m/s2 at 50-350 Hz.  

Surveying papers [21, 22] written on vibration energy harvesters show 
that the amount of power that has been obtained is in the order of 1-100 μW. 
However, many papers assumes that the energy harvesting unit og devices 
operates at the mechanical resonance frequency which means that the output 
power will drop rapidly when the operating frequency is shifted. This issue 
with resonance frequency should be considered carefully when considering 
vibration based energy harvesters. In [22] the authors give average output 
power from worn piezo-based harvesters under everyday conditions. 

Other small scale generators to consider are piezoelectric generators. A 
piezoelectric material is a material which generates a differential voltage 
when subjected to a deformation. In the same way a piezoelectric material 
will show a deformation when an external electric field is applied. One of 
the challenges of using piezo-based energy harvesters is the high voltages 
produced which require additional care when choosing suitable voltage 
regulators.   

 

A.3.2.3 Solar 
Under the right circumstances solar powered devices have access to an 
abundant amount of energy. Small solarcells can be relatively cheap to 
implement and provide a good amount of power. The power available from 
solar powered devices is in the scale of 10 mW/cm2 outdoor to 10 μW/cm2 
indoor [23]. This could still be considered a good source of energy. Typical 
solar power efficiencies could be assumed around 10% with state of the art 
research design going up around 20% [24].  

Comparing to other types of harvesters solar power can definitively be 
considered a viable strategy if the application allows it. However, unless a 
very high power light source is available or a very large solar panel is used a 
wireless design should not expect solar power to provide a 100% duty cycle.  
 

A.3.2.4 Thermal 
In thermal energy harvesting a temperature gradient is converted into 
electrical energy using the Seebeck effect [25]. The key fact to realize here is 
that a temperature gradient is required. It does not matter how hot or cold 
the environment is unless there is an actual difference in temperature. If two 
locations exist with different temperature they will strive to equalize their 
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temperature in such a way that they reach an equilibrium. This means that 
there will be a flow of energy between the two points until both points are at 
the same energy level. 

A key phenomena that can be used to convert thermal gradients into 
electrical energy is the Seebecker effect. Two dissimilar metals joined 
together are capable of converting a thermal difference into a voltage. Fig. 
A.13 shows the basic principle of a thermocouple, which is two metals 
joined together capable of generating electrical power from a thermal 
gradient.  
 

 
Figure A. 13. Thermocouple 

 
The basic relationship of the output voltage of the thermocouple can be 
described as [26] 
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Where V is the output voltage, T1 and T2 the temperature of the different 

ends in Kelvin, Sm1 and Sm2 is the Seebeck coefficient of the metals used. A 
larger temperature difference will yield a larger voltage. In general, the 
voltage and power that can be sources by a single thermocouple is quite 
limited, usually in the μV range [25].  

In order to harvest enough energy to power a device several 
thermocouples need to be connected together and a good temperature 
gradient found. A device consisting of several thermocouples connected in 
series is called a thermopile. In the second half of the 19th century many 
different designs of thermopiles were designed as serious sources of 
electrical energy. 

Fig. A.14 shows a schematic view of the improved Clamond Thermopile 
from 1879. This fascinating construction was coal driven and used hot gas to 
generate a temperature difference and then thermocouples to convert this 
temperature difference to electrical energy. The original design was the 
Clamond Thermopile made by the Thermo Generator Company [26].  
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Figure A. 14. The improved Clamond Thermopile from 1879 able to provide 
192 W 

 
Literature refers to three “Laws of Thermoelectric Circuits” that, although 
simple, is good to be aware of. These lows are defined as [25] 

 
1. The Law of Homogeneous Circuits: An electric current 

cannot be sustained in a circuit of a single homogeneous 
metal, however varying in section, by the application of heat 
alone 

2. The Law of Intermediate Metals: The algebraic sum of the 
thermoelectromotive forces in a circuit composed of any 
number of dissimilar metals is zero, if all of the circuit is at a 
uniform temperature 

3. Law Of Successive Temperatures: The thermal emf 
developed by any thermocouple of homogeneous metals with 
its junctions at any two temperatures T1 and T3 is the algebraic 
sum of the emf of the thermocouple with one junction at T1 
and the other at any other temperature T2 and the emf f the 
same thermocouple with its junctions at T2 and T3 

 
Using thermopiles can be a realistic way to power a wireless device 
providing a sufficient temperature gradient can be acquired. On key note 
here is the fact that a temperature gradient needs to be maintained and as 
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such some way of heating/cooling the separate sides of the thermopile needs 
to be implemented. This makes it somewhat challenging to design a 
thermoelectric generator that is both small and still efficient enough to utilize 
a small temperature gradient. 

Figure A.15 shows a crude setup using a thermopile to generate a power 
by harvesting energy supplied from the temperature difference between two 
waterpipes carrying hot and cold water. This provides a simple example of 
how energy could be harvested from every-day housings to provide power to 
a small sensor. The provided power can be seen in Fig. A.16. In the test-
setup hot and cold water was drained from a nearby basin and at time 0 the 
watersupply was cut-off. The power supplied from the energy harvester was 
measured for 30 min after the waterflow had stopped and the resulting power 
output plotted. As can be seen the power harvested is limited but is still 
enough to power a simple wireless node if duty-cycling is used. 

 

 
Figure A. 15. Simple thermoelectric energy harvesting example 
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Figure A. 16. Harvested thermal energy over time 
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A.4 Antenna Measurements 

A.4.1 Introduction 
Achieving a good antenna match requires that large care is taken when 
designing the measurement setup. This is especially true for electrically 
small antennas due to the very small ground plane provided by the node 
itself. The limited size of the groundplane and often narrowbanded nature of 
the antenna means that surface currents along the measurement connectors 
easily distort the measured performance, this affect both impedance and 
radiation pattern measurements. In this sections a few straight forward 
advices are given to help with antenna measurements on wireless nodes. 

Fig. A.17 shows a typical schematic view of a transceiver, the matching 
network and the antenna. In order to maximize the power transferred 
between the transceiver and the antenna a good impedance match must be 
achieved. Remembering that the maximum power is coupled between a 
source and load when the impedance of the load appears as the complex 
conjugate of the output impedance of the source a network or components 
are used to transform the impedance seen from the transceiver looking 
towards the antenna in such a way that this impedance is the complex 
conjugate of the transceiver. The first step towards a well matched antenna is 
having an accurate measurement of the impedance of the antenna structure. 
Care must therefore be taken when measuring the antenna impedance and it 
is the purpose of this section to provide a few recommendations on how to 
achieve such a measurement. 

 

 
Figure A. 17. Schematic view of transceiver matched to antenna 
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A.4.2 General Setup 
In order to provide accurate measurements and matching the first step is to 
ensure that the measured antenna input impedance is evaluated in a setup 
that closely correspond the final application. As is explain in Section 4 the 
antenna is easily detuned by coupling to nearby structures. This means that 
not just the antenna but also the groundplane, batteries, enclosure and other 
nearby structures effectively becomes part of the antenna. As such the 
measured input impedance of the antenna should be made on the final board 
including battery-holders, batteries, displays, enclosure etc.  

One common way of ensuring accurate measurement is by using a thin 
coaxial cable soldered to the input of the antenna. By careful placement of 
the coaxial cable accurate measurements can be made. Other types of 
connections are sometime made such as, for example, probe measurements 
using ground-signal-ground (GSG) probes.  

A.4.3 Balanced vs Unbalanced Measurements 
A primary and very important parameter when measuring the antenna is 
determining if the antenna is a balanced or unbalanced antenna. Simplified 
this can be described as determining if the antenna is fed using a single 
feedline and a groundplane (unbalanced) or if a differential feed is used 
(balanced). Most commercial transceivers include a differential output and 
then employ a balanced to unbalanced transformer (balun) to transform the 
feed signal to a single feedline relative to the groundplane. Many transceiver 
datasheets show application circuits including the transceiver, a balun and a 
matching network.  

When using a coaxial connector for measuring the antenna impedance one 
must remember that the coaxial is an unbalanced feed. This means that the 
measurements will be accurate if correctly connected to an unbalanced 
antenna. If the node antenna is unbalanced, i.e. designed to be driven using a 
differential feed, a coax connector cannot be directly used without a proper 
balun between coax cable and antenna input. 

A.4.4 Reference Plane 
Once a suitable connector has been embedded in the device under test 
(DUT) care must be given to make sure the impedance at the input of the 
antenna is measured and not the impedance at the coaxial connector. The 
load impedance measured some distance from the load will vary as a 
function of the distance and wavelength. In order to transform back to the 
actual impedance at the antenna input the electrical delay introduced by the 
distance between the desired point (antenna input) and the actual point 
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measured (usually the SMA connector at the end of the coaxial probe) must 
be calculated and adjusted for.  

If a coaxial cable is used to measure the antenna the electrical delay of the 
cable is mainly goverened by the dielectric material used for insulation and 
the physical length of the cable. The wavelength in the coaxial cable can be 
described as 

 

r

tifreespace
coax ε

λ
λ =        (A.14) 

 
Where λcoax is the wavelength in the cable, λfreespace is the wavelength in 

freespace and εr is the relative dielectric constant of the cable insulator. A 
commonly used insulator is polyethylene with a relative dielectric constant 
of 2.3 but in order to guarantee accurate measurements the cable datasheet 
should be referred to. Once the electrical delay of the cable is known the 
measured impedance can be transformed to the actual impedance to be 
matched. For more in-depth calculations of the electrical length of a coax 
cable please see reference [27]. 

A.4.5 Antenna Detuning 
Antennas can be strongly affected by additional structures induced in the 
nearfield reactive area. This causes the antenna to detune and change 
resonance frequency. The amount and behaviour of detuning depends on the 
antenna design as well as the induced structures. In order to evaluate the 
impact on antenna performance due to loading and coupling to external 
structures the impact on 3 types of antennas were measured. These results 
are shown below to illustrate how the inclusion of node packaging can affect 
the overall performance. The antenna types investigated were; 1) Meandered 
Monopole, 2) Bent Monopole and 3) Inverted-F Antenna (IFA). All these 
types are unbalanced planar antennas commonly found embedded in the 
PCB of wireless nodes.  

Two different parameters were investigated that can be considered typical 
for any type of commercial wireless node; 1) The impact of adding a plastic 
housing around the PCB as well as the addition of a conductive plane 
approximately 5 mm from antenna PCB.  2) The effect of placing antenna 
(including complete housing) in proximity of a plastic holder, standard 
wooden lab-benches, human hand and pure metal sheet. 

It should be noted that these designs were made solely to show the 
behaviour of various antenna types in presence of additional external 
structures. For actual design articles thorough and comprehensive material 
should be readily available from any publisher of antenna articles or antenna 
related literature. 
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A.4.5.1 Meandered Monopole 
Measurements were done on a meandered monopole antenna. This is a 
monopole style antenna meandered back and forth along the short side of a 
PCB. The resonance frequency of the antenna when measuring only the bare 
PCB with the included antenna was 933 MHz. Measurement data in Fig. 
A.18 show how adding a conducting layer in front of the PCB does not 
change the resonance frequency but increases the bandwidth of the meander 
antenna as well as decreasing the reflection coefficient. Adding a plastic 
housing around the antenna and conducting layer mitigates this effect 
bringing the antenna performance back to the initial measurements. 

Using both antenna, plastic housing and conductive layer the effect of 
antenna placement is investigated. As can be seen in fig. A.19 the antenna 
performance when placed in a plastic  holder that fitted tightly against one of 
the sides of the housing and held towards a lab-bench was only moderately 
affected. However, holding a hand over the antenna shifts the resonance 
frequency almost 100 MHz and increases the reflection coefficient at 933 
MHz with 3dB. Placing the antenna package flat on a metal sheet renders 
severely deteriorates the performance, increasing the reflection coefficient 
from -8 dB to -1 dB. 

 
Figure A. 18. Reflection coefficient of meandered monopole detuned due by 
nearby structures 
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Figure A. 19. Reflection coefficient of meandered monopole detuned due by 
nearby structures 

 

A.4.5.2 Bent Monopole 
The second antenna version tested was a monopole antenna bent along the 
side of the PCB. The natural resonance frequency of the PCB antenna is 
900MHz. As can be seen in Fig. A.20 adding a conductive layer in front 
increases the resonance frequency by 100 MHz while adding both the 
conductor and plastic housing decreases the resonance frequency with about 
150 MHz. Compared to the meandered monopole antenna this antenna 
shows a significantly higher sensitivity to the housing. This can be explained 
by the fact that the bent monopole is located along the side of the PCB 
placing it close to both the housing and the conductive layer with a large 
amount of material to couple to 

The results of placing the bent monopole antenna in a holder and towards 
a bench can be seen in Fig. A.21. As can be seen the impact of bench, hand 
or even metal sheet has minimal impact on the resonance frequency. This is 
in sharp contrast to the meandered monopole antenna which exhibited 
significant detuning. This indicates that the bent monopole design would 
require more effort to take detuning due to the housing into account but once 
matched its more stable when considering additional surrounding material. 
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Figure A. 20. Reflection coefficient of bent monopole detuned by nearby 
structures 

 
Figure A. 21. Reflection coefficient of bent monopole detuned by nearby 
structures 
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A.4.5.3 Inverted-F Antenna 
Finally the performance of an Inverted-F Antenna (IFA) was investigated. 
The original resonance frequency of the IFA antenna was measured to 858 
MHz. Placing a conductive layer in front of the antenna lowered the 
resonance to 810 MHz and adding the plastic housing lowered the resonance 
further to 710 MHz, see Fig. A.22. Unlike the detuning experienced by the 
bent monopole antenna the IFA experienced much sharper resonance 
frequencies as the antenna was detuned. 

Placing the antenna close to external structures (dielectric, bench etc.) 
only affected the size of the reflection coefficient and did not change the 
resonance frequency notably, very similar to the bent monopole. The results 
can be seen in Fig. A.23. This means that the Inverted-F Antenna detuning 
due to housing resembled that of a meandered monopole antenna but the 
detuning due to external structures resembled that of the bent monopole 
antenna.    
 

 
Figure A. 22. Reflection coefficient of Inverted-F antenna detuned by nearby 
structures 
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Figure A. 23. Reflection coefficient of Inverted-F antenna detuned by nearby 
structures 

A.4.5.4 Additional Words Regarding Antenna Detuning 
As can be seen from the previous examples the nearby structures can have a 
large impact on the antenna performance and thereby the entire 
communication link. It also serves to highlight the fact that different antenna 
structures experiences a very different detuning behavior under the same 
environmental conditions. The major changes in antenna characteristics that 
detuning due to nearby structures can cause should be kept in mind when 
designing wireless nodes. 
 

A.4.6 Antenna Matching 
In an RFID system and antenna design guide by Melexis [28] the section of 
coupled circuits were humorously named “Coupled circuits: a journey to 
Hell”, although the description may seem a bit harsh one could also consider 
it a quite honest description of working with electrically small antennas. As 
presented in both previous and following sections electrically small antennas 
have several critical tradeoffs together with tolerance requirements that may 
very well make or break the design. 

The topic of antenna matching is a well known problem strongly related 
to matching of electric loads in general. Much literature exists in the field 
[27, 29] and it is not the purpose here to cover all this material. As it is a key 
component for achieving a well performing wireless system some 
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suggestions will be covered that any engineer responsible for designing 
wireless systems should be aware of. 

The different parameters and limitations imposed on electrically small 
antennas has already been described briefly the previous sections. It is the 
purpose of this section to describe a few of the ways which, given an 
existing antenna structure, the transceiver can be matched to the antenna in 
such a way that the unnecessary signal losses can be avoided. 

Due to the large growth of existing transceiver ICs it is easier than ever to 
put together a wireless system. Using purely off-the-shelf components 
processing, RF-electronics and antennas can be included in the design. Many 
commercial transceiver ICs do not use the standard 50 ohm output 
impedance but instead has some form of complex impedance, if care is not 
taken to transform the output impedance of the transceiver IC to that of other 
front end components of the system severe performance degradation will be 
experienced by the system. Including the effects of varying antenna 
impedance (e.g. due to antenna coupling to nearby structures or multiple 
antenna elements experiencing mutual coupling) obtaining a perfect 
conjugate match using only passive components can be difficult.  

The various techniques used for matching a complex load and source (the 
antenna in this case being considered the load) is very broad and well 
investigated by numerous researchers and engineers, as such it is impossible 
to discuss all possible techniques within the scope of this text. Instead this 
text will focus on some of the more common and well proven matching 
techniques as well as consider the various advantages and disadvantages 
with the presented techniques. Within this section several further references 
containing in depth explanations of the techniques are given. 

The first key-point to bear in mind when it comes to connecting the 
antenna to the transceiver is the concept of the Q-value of a circuit. This was 
discussed in section 4.  For an electrically small antenna the Q value was 
inherently high, and as such sensitive to detuning. In the first section 
techniques for matching an arbitrary antenna while keeping the Q value low 
is discussed. In the subsequent section the consequences of trying to match a 
high Q antenna with the proposed techniques will be explained. 

The most common matching technique used by smaller companies 
developing wireless sensors is by far the use of discrete components for 
matching. By using by series/shunt capacitors and inductors an antenna, be it 
an off-the shelf antenna such as a chip-antenna or a completely custom 
designed antenna, can be tuned to maximum output power. The main 
advantage of using discrete components for matching is the limited physical 
size of the matching network as well as the ease to exchange components 
after the board has been fully assembled. The alternative would be to use 
specific RF-structures designed on board. Although the latter would, in most 
cases, present a better and lower cost-per-unit design the NRE cost 
(including the cost of hiring external RF competence) of these is usually too 
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high for smaller enterprises. As such, the following text will focus on 
matching of antenna elements using discrete components. For good 
description of other matching techniques such as transmission line matching, 
several good references exists [29, 30, 31].  

One invaluable tool used for RF-matching is the Smith chart, see Fig. 
A.24. The following sections will give some simple design guidelines 
described both in terms of analytical expressions and by the use of the Smith 
chart so the reader not used to the Smith chart should be able to get a simple 
grasp of how these tools are used, even so, the author strongly encourages 
any engineer planning to expand his/her knowledge of RF-engineering to 
take time to learn about proper use of the smith chart. In the following text 
all discussion regarding the Smith chart will assume the reader has some 
basic understanding of how the resistive and reactive parts of the impedance 
is plotted and read from the smith chart. 
 

 
Figure A. 24. Black Magic Smith Chart 
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In order to provide maximum power transfer between the transceiver and 
the antenna source and load should be conjugate matched. Most RF 
connectors and ports have a standardized output/input impedance of 50 Ohm 
(not necessary true for ICs though) which do not always directly match to 
the complex impedance of the antenna. By using series and shunt elements 
between the source and load the antenna impedance can be transformed to 
appear as the complex conjugate to the source. Once this is achieved the 
circuit is matched and maximum power transfer is achieved. 

The most common way of matching a RF load using discrete components 
is by using a network of series and shunt (parallel) reactive components. By 
choosing between capacitive or inductive components and placing them in 
either series or parallel the load impedance can be transformed to appear as 
an arbitrary impedance as illustrated in Fig. A.25. Although there are a few 
tradeoffs and practical considerations when transforming the load impedance 
using discrete components a short look on some typical networks that can be 
applied by the designer in order to match the load will be described. 

 
Figure A. 25. Change in input impedance as a function of matching 
components 
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As is seen in Fig. A.25 placing a capacitor or inductor in series or parallel 
with the load moves the measured impedance along lines corresponding to 
constant resistance (series connection) or constant conductance (parallel). 
Once this is known it is only reasonable to assume that several components 
can be cascaded to provide an almost arbitrary impedance, which is true!  

Fig. A.26 illustrates the use of different topologies of discrete elements to 
change the input impedance of the antenna. One key-point to remember here 
is that although using two components, one series and one shunt increases 
the number of possible impedances that can be matched to a load using only 
two components cannot reach all points in the Smith chart.  

The behavior and transformation of the load impedance is more easily 
understood if the following rules of thumb are remembered; Adding a series 
component adds a reactive component to the load, causing the total reactive 
part seen from the input to become more capacitive if a capacitive series 
element is added and vice versa for a inductive component. If a parallel 
(shunt) element is added, the load impedance and component impedance is 
easiest added by converting all impedances to admittances and then simply 
adding the respective susceptances (an admittance equivalent to reactance). 
Adding a negative susceptence moves the value downward in the Smith 
chart (following lines of constant conductance) and vice versa for positive 
susceptances. 
 

ComponentLoadLoadtot jXjXRZ ++=        (A.15) 

 

ComponentLoadLoadtot jBjBGY ++=        (A.16 ) 

 
Some of the most common matching topologies encountered are the T and 
PI nets seen in Fig. A.26. Using three components both these networks allow 
a theoretical match of any point in the Smith chart. 
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Figure A. 26. Schematic view of Tee and Pi matching networks 

 
One important characteristic of the matching network employed is the Q 
value. The concept of Q value was introduced in section 4. As the Smith 
chart plots both the resistive and reactive part of an impedance the Q can be 
drawn based on [29] 
 

R

X
Q =        (A.17 ) 

 
Plotting all points in the Smith chart that gives the same Q value creates 
lines of constant Q, as is seen in Fig. A.27. Using the Smith chart for 
matching the load and keeping the constant Q lines in mind the matching 
network can be designed in such a way that the matching does not become 
unnecessary narrowbanded and thus help us achieve a broadband match to 
the load. A few key-points should be mentioned [29] 

1. The Q value of the matching network is determined by the path 
section (contribution from a single component) which has the 
highest Q value. Having most of the matching sections broadband 
does not help if one section remains narrowband. 

2. If the load to be matched already has a high Q value, this Q value 
will not become lower by using reactive matching.  

3. Matching using constant Q lines does not provide optimal matching, 
but the method is simple and hence fast to use.  
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Figure A. 27. Constant Q lines determining minimum achievable Q value of 
matching network 
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