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Abstract

Wearable systems continue to gain new markets by addressing im-
proved performance and lower size, weight and cost. Both civilian
and military markets have incorporated wearable technologies to en-
hance and facilitate user’s tasks and activities. A wearable system is
a heterogeneous system composed of diverse electronic modules: data
processing, input and output modules. The system is constructed
to be body-borne and therefore, several constraints are put on wear-
able systems regarding wearability (size, weight, placement, etc.) and
robustness rendering the task of designing wearable systems challeng-
ing. In this thesis, an overview of wearable systems was given by dis-
cussing definition, technology challenges, market analysis and design
methodologies. Main research targeted at network architectures and
robustness to environmental stresses and electromagnetic interference
(EMI). The network architecture designated the data communication
on the intermodule level - topology and infrastructure. A deeper anal-
ysis of wearable requirements on the network architecture was made
and a new architecture is proposed based on DC power line commu-
nication network (DC-PLC). In addition, wired data communication
was compared to wireless data communication by introducing statis-
tical communication model and looking at multiple design attributes:
power efficiency, scalability, and wearability.

The included papers focused on wearable systems related issues includ-
ing analysis of present situation, environmental and electrical robust-
ness studies, theoretical and computer aided modelling, and experi-
mental testing to demonstrate new wearable architectural concepts.
In paper I from 2004, a roadmap was given by examining the past
and predicting the future of wearable systems in terms of technology,
market, and architecture. However, the roadmap was updated within
this thesis to include new market growth figures that proved to be far
less than was predicted in 2004. User and application environmental
requirements to be applied on future wearable systems were identi-
fied. Paper II presented a procedure to address EMI and evaluated
solutions in wearable application through modelling and simulation.
Paper III and IV investigated environmental robustness and weara-
bility of wearable systems in general, and washability and conductive
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textile in particular. In paper III, a measurement-based methodology
to model electrical properties of conductive textile when subjected to
washing was given. An equivalent circuit model and a computational
electromagnetical model were developed and verified by transmission
line impedance measurements. Paper IV described a built demon-
strator based on conductive textile and a simple wired one-way DC-
PLC (transmitter/receiver architecture). The electrical and mechani-
cal performance of two different types of conductive textile were eval-
uated where the stainless steel based conductive textile showed better
properties than Ni/Cu plated textile. Paper V treated the electro-
static noise that is induced in cables subjected to mechanical stresses.
A tool was developed based on statistical modelling to quantify the
current noise spectrum. In paper VI, an active inductance circuit was
specially designed to fit DC-PLC transceiver with high bandwidth of
7 MHz and low power consumption. The active inductance circuit was
based on a optimized Berndt-Dutta Roy gyrator circuit. Finally, in
paper VII, a transceiver based DC-PLC communication network was
developed where flexibility and power efficiency were proven through
comparison to a wearable wireless network.

Employing a wired data communication network was found to be more
appropriate for wearable systems than wireless networks when prior-
itizing power efficiency. The wearability and scalability of the wired
networks was enhanced through conductive textile and DC-PLC, re-
spectively. A basic wearable application was built to demonstrate the
suitability of DC-PLC communication with conductive textile as in-
frastructure. The conductive textile based on metal filament showed
better mechanical robustness than metal plated conductive textile. A
more advanced wearable demonstrator, where DC-PLC network was
implemented using transceivers, further strengthened the proposed
wearable architecture. Based on the overview, the theoretical, mod-
elling and experimental work, a possible approach of designing wear-
able systems that met several contradicting requirements was given.
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Chapter 1

Introduction

The history of computing is as old as the history of humanity. Computation was
very basic in the beginning and it mainly consisted of counting. With time, com-
putation complexity evolved and computational aid devices were introduced start-
ing with a wooden frame with beads sliding on wires, called abacus (1000 BC),
slider ruler (17th century), mechanical computers (19th century) and more recent
electronic-based computers. Taking a closer look at electronic-based computers,
a huge transformation both in size and ability can be noticed. The first general-
purpose computer ENIAC (Electronic Numerical Integrator and Computer) built
in early 1940’s occupied an area of over 160 m2 and performed several thousands
of operations per second. Several technological advances and conceptual changes
resulted in hardware miniaturising, thus introducing desktop computer in 1980’s
and hand-held computers in early 1990’s. From being available for a very few,
computers became widely deployed [1].

In 1991, Weiser introduced the term ubiquitous computing, also referred to as
pervasive computing, which denotes the fact of spreading computers and computer
networks everywhere in the real world. However, these widespread computer
devices should be well integrated in the environment rendering them virtually
not noticeable. Furthermore, he described his vision of the computer for the 21th

century by writing: ”The most profound technologies are those that disappear.
They weave themselves into the fabric of everyday until they are indistinguishable
from it”. This disappearance is not only designated for the actual hardware
representing the computer but even for the functionality/services existing on-
board [2].

Due to their wide range of applications, ubiquitous computers were predicted
to exist in different shapes and configurations in order to suit shifting requirements
[2]. A wearable computer can be seen as a special application of ubiquitous
computer that is designed to be body-borne. Initially, the term wearable computer
was not related to ubiquitous computing. It represented a computer device that
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1. Introduction

was developed to give hand-free operation and to furnish information to its wearer,
thus being an aiding tool used in daily work.

The field of wearable computer is relatively new and there exist different def-
initions depending on the domain of use.Some of the most known definitions in
the wearable computer society are listed in paper I. Generally, the wearable com-
puter is defined as a computer device that is non-restrictive, operation constant
and controllable [3]. Practically, the wearable computer is a system that includes
different types of modules, e.g. sensors, radio and computer modules distributed
on the body communicating with each other. The modules are usually attached
to the user’s body by integrating them into objects that exist constantly on the
body such as clothes, wristwatch, belts, eyeglasses, etc.

1.1 Properties and Requirements of a Wearable
Computer

The property of non-restrictiveness denotes the ability to move around freely and
execute other physical tasks while using the system. Operation constancy requires
the system to always be accessible, ready to react to stimuli without time delay.
Controllability is there to guarantee that the user can take control of the system
at any time and thus trusting the system. It is important to notice that the user
of wearable computer is not always the actual wearer. Considering, for example, a
wearable computer used for health monitoring, the wearer will then be the patient
and the user is the medical staff responsible for the system.

The vision of wearable computer evolved with time from being mainly a per-
sonal information access system always available to being an ”aware” system. The
wearable computer must be able to identify the situation and environment where
it is located. Introducing awareness made the focus to shift from the hardware
representing the wearable computer to instead target at the functionality of the
system. Therefore, wearable computing instead of wearable computer is adopted
by the wearable society to describe this fact. Wearable computing is more consis-
tent with the definition of ubiquitous computing when projected on to persons.
The wearable computer has to behave intelligently in a way that suits its user,
thus becoming invisible.

The previously mentioned properties for wearable computers, i.e., portability
during operation, operation constancy and controllability, are not satisfactory to
describe such systems. The fact that the computer is located on a human body
implicates that new criteria have to be added in order to capture other important
features of the wearable computer. Different application types ranging from mil-
itary to public safety and health care to entertainment define additional system
performance requirements. The system has to be robust to the environmental
stresses existing on the human body when practising daily activities. Robustness
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1. Introduction

consists of a list of application environmental and electrical requirements which
the system has to meet. Examples of such requirements from military domain
can be seen in Table 1.1 where a summary of system requirements that wearable
soldier system has to cope with is provided [4].

Table 1.1: Soldier system environmental and electrical performance
requirements [4].

Requirement Description

Rain
MIL-STD 810F
Method 506.4

Procedure I simulates rainfall at a rate of up
to 1.7 mm/min with a wind velocity of 18 m/s.
Procedure II, the high pressure rain test, is
also used. Systems shall continue to function
properly.

Sand and Dust
MIL-STD 810F
Method 510.4

Procedure I evaluates the effects of blowing
dust. Procedure II evaluates the effects of
blowing sand. These tests are conducted on
mated connectors.

Thermal Shock
MIL-STD 810F
Method 503.4

Procedure I is normally used. This procedure
cycles the device under test from cold to hot
for a specified number of cycles. Battlefield
equipment typically is cycled from - 30.0 ◦C
to + 55.0 ◦C.

Solar Radiation
MIL-STD 810F
Method 505.4

Systems must not suffer excessive deteriora-
tion due to exposure to sunlight. No stan-
dard exists for simulating exposure to sun-
light. Deterioration of materials is caused by
a combination of environmental factors such
as heat and humidity. Careful selection of
materials known to be resistant to environ-
mental deterioration is the usual way to meet
solar radiation requirements.

Icing/Freezing Rain
MIL-STD 810F
Method 521.2

Systems must function properly when ex-
posed to snow or freezing rain. Specific in-
terconnect test procedures have not been de-
fined.

High Temperature
MIL-STD 810F
Method 501.4

Systems must withstand continuous exposure
to elevated temperatures. Battlefield require-
ments typically define high temperature to be
+60.0 ◦C.

Continued on next page
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1. Introduction

Table 1.1 – continued from previous page
Requirement Description
Low Temperature
MIL-STD 810F
Method 502.4

Systems must withstand continuous expo-
sure to low temperatures. Battlefield require-
ments typically define low temperature to be
-32.0 ◦C. Cables must resist cracking, and
epoxies must withstand sealing degradation.

Fungus Growth
MIL-STD 810F
Method 508.5

Systems shall not support fungus growth or
be damaged by exposure to adjacent fungus
growth.

Salt Fog
MIL-STD 810F
Method 509.4

Systems must resist corrosion from exposure
to a salt fog atmosphere. Aluminium con-
nector components are typically electroplated
with corrosion-resistant coatings rated at 500
hours salt spray.

Water Immersion
MIL-STD 810F
Method 512.4

Systems must meet 1 meter immersion for two
hours.

Humidity
MIL-STD 810F
Method 507.3

Systems must withstand non condensing
100 % humidity.

Explosive Atmosphere
MIL-STD 810F
Method 511.4
Method 504

Systems must operate safely in the vicinity of
fuel vapours without causing ignition. Sys-
tems must withstand exposure to a variety
of chemicals such as solvents, oils and decon-
tamination fluids.

Shock
MIL-STD 810F
Method 516.5

Systems shall withstand landing impact by a
parachutist as well as operational shock of 40g̃
and gunfire shock.

Durability Systems typically define an 18 year life cycle
and for the connectors a minimum of 2000
cycles of mating and unmating.

Breakaway Capability Systems require breakaway connections to
meet specific release forces. Land Warrior
systems require 15 pounds for the helmet and
20 pounds for the weapon.

Electromagnetic Com-
patibility
MIL-STD-461
Radiated - RE102
Conducted - RS103

Systems must meet requirements for radi-
ated and conducted (50 V/m applied electri-
cal field) emissions from 2 MHz to 18 GHz.
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1. Introduction

Ergonomics is another requirement that is also derived due to the installation
of the system on a human body. The system should not adventure the safety
and comfort of the wearer. There are different ergonomic factors identified in [5]
that have to be respected: size and weight, correspondence between shape and
placement on the body, correspondence between movement and placement on the
body, radiation, heat and aesthetic issues (unobtrusive system implementation).
These factors define the wearability of the system.

Comparing robustness and ergonomics requirements, it is concluded that while
robustness suggests a rugged and heavy construction, ergonomics requires a flex-
ible low weight design. This contradiction reveals design complications and re-
quires new solutions for building and encapsulating wearable systems. Another
important issue is low power design due to the limited power available in the
wearable system. This adds a new dimension which increases the design’s com-
plexity both on the intra- and inter-module levels. While the intra-module level
treats the structure of the individual module, the inter-module level describes the
structure of the whole wearable system which is the focus of this thesis. A well
designed wearable system must have an inter-module level that is highly adapted
to the needs of wearable system. Therefore it is of high importance to exploit
new electronics packaging materials and architectural concepts to help developing
a wearable computer meeting given system requirements.

1.2 Research Outline - Objectives and Scope

The main objective of this thesis is to study and analyse architectures of wearable
computers. The thesis includes two parts: a literature study part and an experi-
mental part. The literature study’s purpose is to give an introduction to the area
of wearable computers. This is addressed in chapters 2 and 3, sections 4.1 to 4.4
and paper I by:

� Putting in focus the challenges that are arising in constructing state-of-
the-art wearable system as well as discussion of possible solutions. Both
technological and user related problems are treated.

� Presenting worldwide actors within the wearable domain both from research
and industry and giving prediction of the wearable market’s growth.

� Presenting and comparing different computer architectures and evaluating
them from a wearable system’s point of view.

� Describing methods of designing wearable systems.

The experimental part treats more specifically the inter-module architecture
of the wearable system. There are two main inter-module architectures when
building a wearable system: wired and wireless architecture. Every architecture
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has its pros and cons, respectively. While wired architecture provides a single
battery operation and higher communication bandwidth, wireless architecture of-
fers higher placement flexibility and scalability. The purpose of the experimental
part is to develop and evaluate a wearable architecture that demonstrates the
possibility of enhancing the flexibility and scalability of the wired solution. Two
technologies are merged together to realize the enhanced wired wearable architec-
ture: conductive textile and power line communication, see section 4.5, chapter 6
and paper VI. Experiences from building wearable systems at Saab Training Sys-
tems show that the most critical robustness problems of a wearable computer are
susceptibility to electromagnetic interference (EMI) and environmental stresses.
Therefore, the focus here is on analysing and evaluating the proposed architecture
and its robustness to EMI and environmental stresses. In addition, the power ef-
ficiency of the proposed architecture is evaluated and compared to other existing
wired and wireless solutions. For more information, see chapters 5 and 7 , and
papers II, III, IV, V and VII.

In the following chapters, preface and background information for the attached
papers are given. It will start with an brief overview of the wearable technologies
(chapter 2), followed, in chapter 3, by listing the major actors in the wearable
research community and market. A review of wearable network architecture to-
gether with the different communication technologies and network topologies is
given chapter 4, which ends by proposing a wired wearable network architecture.
Chapter 5 deals with the evaluation of the environmental and electrical robust-
ness of transmission lines installed on human body. The proposed wired wearable
network is realized by designing the active inductance circuit in chapter 6 and the
transceiver in chapter 7. Finally, the conclusions and suggestions for future work
are found in chapter 8 .
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Chapter 2

Wearable Technologies

A wearable system includes a set of heterogeneous modules that in its most basic
configuration consists of at least one input module, one main module, and one
output module, see Figure 2.1.

Input module:

Microphone

Camera

Mouse

Keyboard

Main module:

Processor

Memory

Software

Output module:

Earphone

Speaker

Display

Vibration tactile

Figure 2.1: Basic configuration of wearable system excluding energy sources.

The user controls the wearable system using the input module which mainly
is a transducer that translates a mechanical, electrical, thermal, magnetic, chemi-
cal, or radiant signal into an electrical signal. These types of transducers are also
known as sensors. Microphone, camera, mouse, keyboard, and radio frequency
(RF) transceiver are some examples of input modules. The output module’s
main function is to monitor the system and is also a transducer. However this
type of transducers works in the opposite direction where an electrical signal is
transformed into a mechanical, electrical, thermal, magnetic, chemical, or radiant
signal. Earphone, display, RF modem, and vibration tactile are typical examples
of monitor modules. RF transceivers act both as input as well as output module
in the same time due to the dual nature of the on-board sensing element (an-
tenna). The main module is a data processing module including processing power
(general purpose processor, digital signal processor and configurable hardware),
storage memory (volatile and non-volatile), and on-board software (operating
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2. Wearable Technologies

system, application software, and drivers). A wearable computer is a complex
system where a fusion of different technological areas is made when designing
such systems. Advancements in several areas are required in order to meet the
requirements robustness, ergonomics, and functionality [6]. Some of the most
important areas can be grouped as follows (see Figure 2.2):

� Energy sources

� Network architectures

� Transducers

� Privacy / Security / Safety

� Robust packaging

� Wearability

� User interface

Robust 

packagingEnergy 

sources

Privacy

Security

Safety

Network 

architectures

Future wearable 

systems
Transducers

User interface Wearability

Figure 2.2: Identified technology areas to achieve future wearable systems.

2.1 Energy Sources

One of the most limiting factors when designing wearable computer is energy.
Batteries are the main source of energy in wearable computers. Although the
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2. Wearable Technologies

capacity of batteries has increased over the past decade, it has not been able to
cope with the ever increasing power demands of wearable systems. Two main cat-
egories of batteries can be identified: primary and secondary. Primary batteries
are used once and discarded afterwards. They have the advantage of convenience
(no need for maintenance) and cost less per battery, with the down side of costing
more in the long term. Generally, primary batteries have a higher capacity and
initial voltage, and a sloping discharge curve. Furthermore, primary batteries
have a very low self-discharge rate meaning that they can be stored for several
years. Secondary batteries are the rechargeable batteries. They have the advan-
tage of being more cost-efficient in the long term, though individual batteries are
more expensive. Generally, secondary batteries have a lower capacity and initial
voltage, a flat discharge curve, varying recharge life ratings, and relatively high
self-discharge rate [7]. While secondary batteries require maintenance from the
user in form of recharging, they are still best suited for wearable application from
long-term cost and environmental points of view.

Recently new types of energy cells have emerged on the market: the fuel cell.
A fuel cell is an electrochemical energy conversion device in the same way as a
battery. It converts the chemicals, hydrogen and oxygen, into water and in the
process it produces electricity. The fuel that is usually used to produce hydrogen
is methanol which has 6 times more energy density than a Lithium battery [8].
Toshiba has extensive plans of releasing such cells for laptop and mobile phones
and has already shown a working prototype at several exhibitions around the
world [9].

Other power supply strategies have been discussed in order to extend the
limited capacity of batteries. These strategies can be summarised in three main
categories: low power design, power management and power harvesting. Low
power design is an optimisation of hardware architecture in order to reduce power
consumption, e.g. mixing analogue and digital data processing units [10]. Power
management is a feature where parts of the hardware are turned off or switched
to a low-power state after a period of inactivity in order to save power. Power
harvesting technologies are discussed in [6] and [8]. The basic idea here is to
extract the power that can be collected on a human body, e.g. kinetic energy
(movement of the body), thermal energy (heat of the body), and solar energy.
Flexible photovoltaic cells are integrated into textiles to generate power to operate
mobile electronic products, e.g. MP3 players and mobile phones [11].

2.2 Network Architecture

The evolved interaction and mobility demands on wearable systems suggest well-
developed network infrastructure based on open communication standards. Two
different types of communication are identified: off-body and on-body communica-
tion [6, 12]. The off-body communication is mainly based on wireless technologies,
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2. Wearable Technologies

referred to as wireless local area networks (WLANs). There exist several stan-
dards developed, e.g. IEEE 811.2, Hiperlan2, HomeRF, etc, with their respective
cons and pros. As for on-body communication, a couple of strategies have been
adapted: wired and wireless communication. These types of networks are usu-
ally called body area network (BAN) or personal area network (PAN). Although
the wireless BANs/PANs suit the human body better in terms of placement, the
wired solution is still preferable due to higher bandwidth to power ratio and bet-
ter power management possibilities. Some of the wireless BANs/PANs are IEEE
802.15.1 (Bluetooth), IEEE 802.15.4 (Zigbee), IEEE 802.15.3, Wireless USB, etc.
Some of the wired BANs/PANs are Ethernet, USB, Firewire, etc [12]. Wearable
network architectures are discussed thoroughly in chapter 4.

2.3 Transducers

Several wearable functions that are mentioned in chapter 1, e.g. context awareness
and monitoring, depend mainly on transducers. Development in this area is of
high importance for the development of future state-of-the-art wearable systems.
Some of the major attributes that are of interest are the following:

� Miniaturising (weight and volume)

� Cost

� Reliability / robustness

� Low power dissipation

� Resolution

� Ergonomic shapes and materials

The number of transducer modules in a wearable system is considerable and
it is of high importance that these modules are unobtrusive to the user. In [13]
it is pointed out that miniaturisation is the key factor for building unobtrusive
hardware. Development within nano-technologies results in new smart materials
and nano-devices that enable unobtrusive hardware with low power consumption,
higher operation speeds and high ubiquity.

Micro-Electro-Mechanical Systems (MEMS) are already adopted to build sev-
eral types of transducers, e.g. accelerometers, microphones, projection displays,
etc. In addition there is research ongoing to build transducers in conductive
textiles, e.g. thermometers, pressure sensors, etc [14]. This is of interest when
building health care monitoring wearable systems where the transducers are in
contact with human skin.
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2.4 Robust Packaging

One of the major issues when designing wearable systems is robustness. Fragile
designs require normally high degree of maintenance, which is not convenient
when it comes to wearable computers. By definition the system has to exist on a
human body, which is a highly flexible and unpredictable environment. Wearable
systems would therefore suffer from wearing related failures. The parts that are
not well stress-relieved will fail in relatively short periods of time. Robustness is
not strictly related to mechanical issues but also electrical. The system should
be immune to electrostatic discharges and external electromagnetic (EM) fields
to be able to coexist with emitting peripherals and other neighbouring systems.

2.5 Wearability

Wearability is defined as a variety of several ergonomic criteria including [5]:

� Size and weight

� Correspondence between shape and placement on the body

� Correspondence between movement and placement on the body

� Radiation

� Heat

� Aesthetics (unobtrusive system implementation)

It is clear that robust packaging and wearability requirements do not fit to-
gether. While robustness suggests a rugged and heavy construction, the wear-
ability requires a flexible low weight design. This can be tackled by using non
conventional type of materials, e.g. shielded polymer enclosures shaped to fit the
curvature of the human body, conductive textile (see section 10.2), 3D patterning
of substrate and the use of flexible substrates. Several attempts have been made to
convert cables into conductive textile structures with promising results [15–17].
One of the main issues to be resolved is the reliability of the connections be-
tween the electronic and the conductive textile when subjected to environmental
stresses. Employing conductive textiles in wearable system without jeopardizing
the robustness of the system is difficult to achieve. This is discussed in more detail
in chapter 5.
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2.6 User Interface

The user interface constitute one of the technologies found in wearable computers.
In [13], the need for a ”natural feeling human interface” is emphasized, which
should be as natural as breathing, talking, or walking. This need is translated
in the wearable system’s requirements for non-restrictiveness, controllability and
observability. The main function of a user interface is to give the user access
to the system. User interfaces consist mainly of two communication channels: a
command channel and a feedback channel. The command channel is where the
input from the sensors is processed. The result is then mediated through the
feedback channel which is presented by a monitor module. Different strategies
can be used to implement command channels in wearable computers, e.g. speech
and gesture (hand and face) recognition. As for the feedback channel, audiovisual
cues and vibrations are best suited for wearable systems. Different user interfaces
that target at different human senses should be implemented at once in the same
wearable computer to be able to meet the requirement of the system adapting to
the user’s situation. This is a form of artificial intelligence that is supported by
gesture and speech pattern recognition.

2.7 Privacy Security and Safety

Privacy is defined as the right of the individuals to control the collection and use
of personal information about themselves while security is defined as the protec-
tion of information from unauthorized users. The data collected by a wearable
computer is of sensitive nature that should be protected in order to gain the trust
of the user. If the system is not well-protected personal data such as habits,
political opinions/activities, religious beliefs, private communication, can then be
extracted from the wearable system. Different ways to address privacy problems
are proposed [6]:

� Physical: barriers between data and abusers, e.g. shielding.

� Technological: encryption and biometric identifiers, e.g. fingerprints, iris
scanning or speech.

� Legislative: Laws that regulate penalties of the abusers.

� Obscuring: Hide sensitive data in large amount of non-sensitive data.

Privacy requirements contradict the requirements of mobility and networking.
While the latter is depended on open communication standards and easy access,
privacy and security request barriers, between the wearable and its environment,
in order to guarantee the integrity and confidentiality of the stored personal data.
However giving full control over the system and its communication channels, the
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user will be able to adjust his or her personal security profile and consequently
trust the system. While privacy and security are concerned with the protection
of information and data, safety targets at the system and its user. The system
has to be protected from failure, breakage and error while the user should not
be harmed in any way. The wearable system has to be subjected to tests to
eliminate or minimize the risks for physical or psychological threats against the
user. Furthermore, functionality (software) tests have to be conducted to ensure
that the system is robust and does not fail under any circumstances.
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Chapter 3

Actors

According to a market survey done by Venture Development Corporation (VDC)
in 2002, the worldwide market of generalized wearable computers was supposed
to reach over 556 million $ by 2006 [18]. The market analysis was updated in
2005 by VDC where the figures were adjusted downward to predict a market of
270 million $ in 2007 [19]. However, it was noted that the market of generalized
wearable computers reached in 2007 150 million $ [20]. This failure of meeting
the experts’ expectations on growth is mainly related to the design of wearable
computers which are seen as obtrusive, unattractive and complicated to use [19].
These factors, among others, were already mentioned in [18] as major reasons to
avoid using wearable computers:

� Design and how the user looks wearing the computer.

� Head mounted display occupy too much of the users attention.

� Too expensive.

� The products do not solve users’ specific application needs.

� Managers are not convinced about the value of wearable computers.

� Concerns related to privacy and security.

Furthermore, a low battery life was also indicated as a factor breaking the growth
of the wearable computer market [20].

Another analysis of the wearable market is conducted by the European re-
search project WEALTHY [14]. The analysis is however restricted to wearable
health care products. It is concluded that an explicit market for home care ser-
vices exists, but it has not yet been exploited in Europe. It is estimated that
Europe has 30 million potential home care patients and the number is growing
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due to the demographic development in Europe. It is estimated that 25 % of the
European population will be aged 60 years or more by the year 2020. Worldwide,
the medical device market is 170 billion $ with an annual growth rate of 7 %. An
increasing fraction of this huge market could be supplied with wearable products.

Even though, the potential market for wearable health care systems is huge,
the implementation of such a system in the market may be slow. The hardware
cost for each garment was estimated to be 1250 e, whereas, the increase in pro-
ductivity of health care personnel by implementing home care using a wearable
health care system was estimated to be 18 %. Furthermore, the WEALTHY re-
port contains an analysis of the market demands to wearable health care systems.
The main conclusions are given in the following:

� The most important characteristics of the garment were comfort, breatha-
bility, and washability.

� The most important signals to measure on the body were electrocardiogram,
heart rate, skin temperature and blood pressure.

� On-line transmission of the data was rated very important.

� Storage of information of medical history and non-medical information about
the patient was considered important, but the access to the information
should be strictly limited to relevant medical personnel.

� The battery time should be at least 12 hours.

� Weight and size should be minimized (no quantities were given).

Additionally, it was considered important that a health care system should be an
open system and modular in its architecture allowing different sensors and types
of garment to be combined depending on the application.

It can be concluded that more research is needed in the field of wearable
computers in order to address the problems facing these systems. There exist a
lot of research teams both in the academic and industrial world. The tasks that
are mainly addressed are at both architectural and application level. This chapter
is an attempt to give an overview of the wearable community. Information is taken
from respective groups’ websites. The given lists can however be marred by errors
due to not up-to-date information.

Table 3.1, Table 3.2 and Table 3.3 list the major academic actors within wear-
able computer in Sweden, in Europe and overseas, respectively. Table 3.4 lists
the main commercial actors worldwide.
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Table 3.1: Major Swedish academic actors in wearable computers.

Organisation Activity

Lule̊a University of Technol-
ogy, Division of media tech-
nology [21]

Mostly Human-Computer Interaction and in-
terface studies.

Ume̊a University [22] Ongoing project at the centre of medical tech-
nologies and physics to build a navigation aid
system for blind people.

University of Gothenburg
and University College of
Bor̊as (School of Textiles)
[23]

R&D in active decoration, and textile inte-
grated systems.

SICS and Interactive Insti-
tute [24, 25]

Conceptual studies and demonstration of
wearable computing and wearable multime-
dia application (gaming).

Centre for Robust Electron-
ics at Jönköping University
[26]

Focus on Robust Packaging, Wearable Net-
work Architectures, and Wearability.

Table 3.2: Major European academic actors in wearable computers.

Organisation Activity

University of Essex, UK [27] Exploring human-computer interfaces in dy-
namic environments using speech and vision
processing in order to create a more nat-
ural interface to the machine. Developing
agent technologies to aid the user in their
search/retrieval of information.

Continued on next page
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Table 3.2 – continued from previous page
Organisation Activity
Swiss Federal Institute of
Technology (ETH), [28]

One of the biggest academic actors in Europe
with several research areas:

� Developing ultra low power, dynam-
ically configurable computer architec-
tures for the wearable environment.

� Miniaturization of electronic packaging
technologies that allow electronic com-
ponents to seamlessly fit with everyday
clothing.

� Integration of MEMS micro-sensors,
electronics and ultra low power commu-
nication devices into compact body area
micro-sensor networks to achieve con-
text awareness.

� Implementing new, unobtrusive wear-
able user interfaces in particular head
mounted displays and input devices.

University of Bristol, UK
[29]

Exploring the potential of computer devices
that are unconsciously portable and as natu-
ral as clothes.

Tampere University of Tech-
nology, FIN [30, 31]

Research within low power consuming elec-
tronics, data transfer within clothing, wire-
less sensor network, context awareness, health
monitoring and improvement of user heat
comfort.

European project WEAL-
THY, Wearable Health
Care System, IST-2001-
37778 [14]

Research on comfortable health system pro-
viding continuous remote-monitoring of vari-
ous vital signs using smart sensors embedded
in fabrics, intelligent data representation, 3G
wireless network and telecommunication pro-
tocols and services.

Universiteit Gent: TFCG
Microsystems Lab, BE [32]

Developing flexible and stretchable electron-
ics used in biomedical wearable applications.
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Table 3.3: Major overseas academic actors in wearable computers.

Organisation Activity

Massachusetts Institute of
Technology, USA [33]

Developing wearable computers using heads-
up displays, unobtrusive input devices, per-
sonal wireless local area networks, and a
host of other context sensing and communica-
tion tools. Implementing intelligent assistant
through remembrance agent, augmented re-
ality and intellectual collectives.

University of Oregon Com-
puter and Information Sci-
ence, USA [34]

Developing and evaluating body-worn multi-
purpose computer designed for tasks that
require hands-free operation, equipped with
heads-up display and hands-free voice driven
user-interface.

Columbia University: Com-
puter Graphics and User In-
terfaces Lab USA [35]

Exploring the synergy of two promising fields
of user interface research: Augmented real-
ity (AR), in which 3D displays are used to
overlay a synthesized world on top of the real
world, and mobile computing, in which in-
creasingly small and inexpensive computing
devices and wireless networking allow users
to have access to computing facilities while
roaming the real world.

Carnegie Mellon School of
Computer Science, USA [36]

R&D within seamless integration of informa-
tion processing tools with the existing work
environment. Implementing and evaluating
wearable functionality in a natural and unob-
trusive manner.

University of Toronto, CAN
[37]

Building and evaluating numerous wearable
computers since 1980. Publishing several
books in the field of wearable computer in-
cluding Cyborg: Digital Destiny and Human
Possibility in the Age of the Wearable Com-
puter.

University of South Aus-
tralia, Wearable Computer
Lab [38]

The majority of the research is concentrated
on virtual reality, augmented reality and user
interface.
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Table 3.4: Major commercial actors in wearable computers.

Organisation Activity

Hewlett Packard, USA [39] Developing the Itsy Pocket Computer as an
open platform to facilitate innovative research
projects due to its flexible interface and soft-
ware that is based on the Linux OS and stan-
dard GNU tools.

Vivometrics, USA [40] Developing LifeShirt, a wearable system to
monitor physiological data (heart rate, elec-
trocardiogram, respiration rate and body
posture and activity).

IBM, USA [41] Designing a wearable PC with small dimen-
sions, light weight, memory storage and pow-
erful processing possibilities. Demonstrating
Meta Pad, which is a small computer device
in order to explore how humans interact with
computers and define the technologies needed
for future pervasive devices.

Accenture Personal Aware-
ness Assistant, USA [42]

Using a speech recognition engine, two small
microphones, an inconspicuous camera and a
scrolling audio buffer, the Accenture Personal
Awareness Assistant is always on, passively
listening to what a user says. The Assistant
has the ability to respond to particular con-
texts and situations.

Sony, JPN [43] Developing two unobtrusive input devices for
wearable computers, called GestureWrist and
GesturePad. Both devices allow users to in-
teract with wearable or nearby computers by
using gesture-based commands.

Reima-Tutta, FIN [44] Developing wearable prototype including a
user interface that can be used while wearing
gloves, devices that monitor vital functions,
GPS and GSM technology, electric storage
heating and various tools.

Sensatex, USA [45] Product development of Smart Shirt System,
a wearable system that measures/monitors
individual biometric data (heart rate, respi-
ration rate, body temperature, caloric burn,
body fat, and UV exposure).

Continued on next page
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Table 3.4 – continued from previous page
Organisation Activity
Philips, NL [46] Product development of underwear that can

monitor heartbeat and by wireless technology
alert emergency service.

Xybernaut, USA [47] Developing wearable computers for health
care and professionals.

Psion, USA [48] Developing mobile computing devices and
wireless local area network, e.g. hand-
mounted scanning system.

Saab Training Systems, SE
[49]

Developing and producing wearable real-time
training simulators for the infantry soldiers.

Eurotech, ITA [50] Developing wrist wearable computer for in-
door and outdoor tasks.

As a defined research area, wearable computer has only existed for about 15
years. In Figure 3.1, it is seen how the number of annual publications in the
field has grown significantly from almost zero as recently as in 1992 to reach 500
publications in 2008. Search on the term ”wearable” together with ”computers” or
”systems” or ”electronics” is made within INSPEC database and gives most hits,
whereas, search on the term ”wearable” together with ”textile” or ”cloth” gives
response in later years indicating the start of integrating wearable computers into
clothes. However, search containing the terms ”textile” or ”cloth” in combination
with ”smart” or ”intelligent” gives a large fraction of irrelevant references focusing
on textile production techniques. Furthermore, an increase in number of patents
can be observed (data taken from Espacenet).
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Chapter 4

Wearable Network
Architecture

4.1 Wearable Network Requirements

Network architecture is one of the identified areas (Figure 2.2) that has to be
adapted to wearable requirements. The wearable network has two main purposes:
power distribution and data communication.

4.1.1 Power Distribution

Normally, the wearable modules are battery powered and there exist different
strategies to distribute power to the modules. On one hand, there is the single
power source strategy where only one battery is used to power-up all modules by
distributing power through cables. On the other hand, there is the multi power
source strategy where several independent batteries are used to power-up the
different modules. There are several advantages of having a single larger battery
instead of several smaller batteries [51]:

� For the same amount of battery capacity, a single battery has less total
weight and volume than separate smaller batteries.

� The individual modules become smaller and lighter.

� Large batteries tolerate high rates of discharge for a longer time compared
with small batteries.

� It is easier to increase the system operational lifetime by either increasing
the size of the battery or adding new batteries.
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� It enables the possibility of exchanging battery without the need to power
down the system.

� It enables the use of secondary batteries for all modules which is preferred
in wearable applications for economic and environmental issues.

� It reduces the complexity and the cost of the mechanical design of the in-
dividual module because there is no need for an accessible battery holder
within every module.

� Maintenance and logistics costs are lower.

However this power source strategy suffers from disadvantages that reduce the
wearability and scalability of the system:

� It is more difficult to extend the capability of the wearable system by adding
new modules.

� The modules are powered using a power cable and connectors. Cable routing
diminishes the flexibility of the system and increases the weight and volume
of the whole system. Furthermore, applying flexing, bending and stretching
stress to cables introduce connection failures if materials are not carefully
chosen [52].

4.1.2 Data Communication

Wearable systems consist of a number of heterogeneous devices ranging from
data processing modules to power modules and input to output modules. The
configuration of the wearable system depends on the application type. Theses
modules communicate with each other forming an on-body network which has to
satisfy several requirements in order to comply with the definition of a wearable
system, see Table 4.1 [12, 19, 51].

Due to the limited available power and hundreds of connected modules within
the system makes it quite significant to have transceivers that have low power
consumption, i.e. less than 3 mW in transmission mode [19]. Furthermore, they
have to be inexpensive (less than 1 $ [19]), physically small and lightweight. The
transceivers have to be able to interface modules with shifting data processing
capabilities. Small sensor modules have very little computational capabilities
while advanced processing modules have substantial computing resources. The
user has to be able to add new modules to the wearable system and they should
start operating without the need for manual configuration. Therefore it is of high
importance that the on-body wearable network supports plug-and-play function-
ality.

A wearable system is deployed in friendly environments, e.g. office, as well as
in very harsh environments, e.g. battlefield. Environmental and electrical distur-
bances can occur and the communication within the wearable network should not
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degrade. Therefore an extensive error correction and fault tolerance should be
deployed in order to ensure reliable operation in harsh environment. The system
has to withstand intentional and non-intentional interference from nearby noise
sources. Robustness is not only an issue for the communication but also for the
physical infrastructure of the network. The network physical infrastructure should
withstand the stresses of a harsh environment such as the stresses it is subjected
to in a washing machine. The requirement for washing resistance is pointed out
by the users themselves as an important criterion to adopt wearable technology
[11, 14].

Table 4.1: Wearable network requirements.

Requirements

Hardware (physical
infrastructure)

Low power/ Light weight/ Small volume
Scalable/ Support numerous heterogeneous
modules
Robust to stresses in harsh environment
Short range
Low specific absorption rate values
Low probability of detection
Low cost

Software (network
protocol)

Device-to-device and multihop communica-
tion
Plug-and-play
Adaptive bandwidth
Error correction and fault tolerance

The modules in a wearable system are confined to the space defined by the
human body and therefore only short range broadcasting is required, i.e. less than
2 m [19]. In case of wireless transmission, and due to signal attenuation, there is
a need for multihop transmission in order to reach a given destination. Having
a large number of modules communicating to each other put demands on decen-
tralized communication strategy. Direct device-to-device communication should
be possible without the need for a repeated assistance of an intermediary node
such as a bus or network master. This is required to counteract the upcoming
of bottleneck effect in the communication when several modules intend to com-
municate simultaneously. In [51], the bandwidth needs are stated to be modest
in the order of hundreds of kilobits per second. However, in order to support
video streaming with adequate quality the bandwidth should be in the order of
several megabits per second (video-recorder-quality: 1.2 Mbps, broadcast-quality:
5 Mbps) [53]. Other tasks do not need high bandwidth, e.g. temperature and
heart rate monitoring. Therefore the network should support adaptive bandwidth
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depending on the need of the ongoing communication.
Wearability and safety play principal role in the design of a wearable system.

One major safety requirement that the wearable network should respect is low
specific absorption rate (SAR) values. In Europe, the SAR value is limited to
2 W/kg in order to minimize the health effect of radiation from the system on the
human body [54]. Low SAR values apply to all applications however military ap-
plications have additional requirements on radiation from the wearable network.
It should offer low probability of detection conditions in order to prohibit reve-
lation of the soldier’s position to the enemies. Wearability requirements are the
same as for the whole wearable system, the physical infrastructure of the network
has to be highly ergonomic (lightweight, small dimensions) and not interfere with
physical activities of the user.

Projecting all of the requirements of wearable networks, presented above, onto
a modular design results in an ambiguous solution. This renders the task of
designing a wearable system complicated.

4.2 Communication Technologies

Understanding the wide application domain and the fundamental requirements for
wearable system ergonomics justifies the need for a modular architecture. Fur-
thermore, dividing the system into multiple modules makes it easy to extend and
modify the system in the future. There are two different types of communication
technologies that can be used to connect the modules to each other: wired and
wireless. Wired communication is enabled by the use of different types of waveg-
uides: optical and electrical. The most practical type of waveguides in wearable
application is electrical, referred to as transmission line (TL). TL is a pair of elec-
trical conductors where signals are electrical currents traversing the line. Wireless
communication is achieved by using optical, ultrasound or radio frequency(RF)
techniques. In wearable systems, RF technique is normally used to implement
wireless communication.

Communication in a modular system is rather intensive and power consum-
ing. However power is a scarce resource in wearable applications and therefore the
power budget spent on communication should be minimized. There is a diversity
of communication standards that are based on different hardware architecture.
In Table 4.2 a list of communication hardware is given together with power con-
sumption and bandwidth figures [55]. These figures are used as input data when
comparing the energy-efficiency of different hardware in chapter 7.
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Table 4.2: A list of examples of communication hardware with
power consumption figures [55].

Communication
technology

Communication hard-
ware

Ptx

[mW]
Prx

[mW]
Pi

[mW]
Bmax

[Mbit/s]

Wireless

RFM TR1000 39 16 12.8 0.115
Bluetooth P2P 151 150 71 0.768
Bluetooth P2M 204 188 134 0.768
Bluetooth PC-Card 490 425 160 0.768
802.11a PC-Card 1558 1525 119 54
802.11b PC-Card 390 450 235 11

Wired

100base PC-Card 505 518 389 100
UART transceiver 125 125 0.99 0.235
USB Bridge 149 149 3.3 12
Firewire Bridge 716 716 254 400
CAN Bus Controller 33 33 1.2 1
I2C Bus Controller 7.5 7.5 7.5 0.1

where Ptx, Prx, Pi and Bmax are transmit state power consumption, receive
state power consumption, idle state power consumption and Maximum data trans-
fer rate, respectively.

4.3 Network Topology

In telecommunication, the term network architecture denotes the design princi-
ples, physical configuration, functional organization, operational procedures, and
data formats used as the bases for the design, construction, modification, and op-
eration of a communication network. Architecture is broad and covers all aspects
of the network. To describe the geometrical configuration of a network the term
topology is used instead. Network topology describes the physical organization
of the network’s nodes by defining the pattern of the links. There are five funda-
mental categories of topologies (see Figure 4.1): bus, star, hierarchical, ring and
mesh. These topologies can be combined to create a hybrid topology [56].

4.3.1 Bus Topology

All communicating nodes are connected to the same line. Bus network is char-
acterized by the fact that messages broadcasted on the line are received by all
nodes in the network [57, 58]. Advantages:

� Easy to implement and extend.

� Well suited for temporary networks (quick setup).
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Figure 4.1: Different network topologies.

� Typically the cheapest topology to implement.

� Faster than a ring network.

� If any node on the bus network fails, the bus itself is not affected.

� Requires less cable than a star topology (wired infrastructure).

Disadvantages:

� Difficult to isolate network faults.

� Data collision handling or collision avoidance for communication is needed
on the shared bus.

� Performance degrades as additional computers are added or on heavy traffic.

� Limited cable length and number of stations (wired infrastructure).

� A cable break can disable the entire network (wired infrastructure).

� Proper bus termination is required (wired infrastructure).

4.3.2 Star Topology

Every node in the network has its own connection to a common central node which
acts as a router to transmit messages. This topology is also known as centralized
topology [57–59]. Advantages:

� Easy to implement, even in large networks.

� Well suited for temporary networks (quick setup).

� The failure of a non-central node will not have major effects on the func-
tionality of the network.

� No problem with collisions of data since each station has its own connection
to the central node.
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� The centre of a star is best place to detect network faults.

� It is easy to modify and add new nodes to a star network without disturbing
the rest of the network, whenever the number of nodes is within the some
predefined maximum limit.

Disadvantages:

� Failure of the central node can disable the entire network.

� Hard to extend, number of nodes is limited by the maximum limit at the
central node.

4.3.3 Hierarchical Topology

Hierarchical network is a special case of a star network. It consists of two or more
star networks arranged in a tree hierarchy. The central nodes of the star networks
are linked together through a high-level central node. Thus, hierarchical network
is a network of sub-networks. Unlike the star network, the function of the high-
level central node may be distributed between the sub-level central nodes [57–59].
Advantages:

� Easy to extend.

Disadvantages

� If the high-level central node breaks, serious network disruption may occur.

� The bigger in size the more difficult is to configure compared to other topolo-
gies.

4.3.4 Ring Topology

Every node in the network has two neighbours. It receives messages from one of
the neighbours and transmits to the other one. All nodes form together a closed
loop where messages flow only in one direction [57–59]. Advantages:

� Data is quickly transferred without communication bottleneck.

� The transmission of data is relatively simple as packets travel in one direc-
tion only.

Disadvantages:

� Data packets must pass through every computer between the sender and
recipient, resulting in a low transfer rate.

� If any of the nodes fails then the ring is broken and data cannot be trans-
mitted successfully.

� If any communication path breaks, the entire network goes down.
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4.3.5 Mesh Topology

A mesh network is created if two or more paths exist between every pair of nodes
in the network. This type of topology is also known as distributed topology
[57–59]. Advantages:

� Robust, communication within the network is guaranteed, as it provides
many communication channels.

Disadvantages:

� Difficult to install and configure.

� Expensive, it requires multiple network interfaces.

4.3.6 Discussion of Wearable Network Topology

It is important to distinguish between the network’s physical infrastructure and
topology. Using a single cable as infrastructure to connect the nodes in the net-
work does not implicate that the network has a bus or ring topology. This de-
pends on the communication flow between the nodes which is regulated by the
implemented network protocol. There are two main categories of communication
networks: centralized and distributed. Centralized networks are characterized by
the existence of a central responsible for network management. The central node,
a server or a router, coordinates the communication between the other nodes,
clients, connected to the network. On the contrary, the decentralized networks do
not include any server. The information is exchanged directly between the nodes
of network.

Some of the network topologies presented are inherently centralized or decen-
tralized. Star topology is a centralized network type while the mesh topology is
totally decentralized. Other topologies can however act as centralized and decen-
tralized depending on the implemented communication protocol. For example,
a centralized network can be implemented using a bus infrastructure if there is
a node acting as a server and coordinating communication between the other
connected nodes.

Examining the physical infrastructure’s requirements for the wearable net-
work, it follows that the bus topology is the most appropriate topology. Properties
such as low weight, small volume, scalability and low cost give the bus topology
the advantage over the other topologies. Considering instead the requirements for
the network protocol, the mesh topology is best suited for the wearable network.
This is due to the guaranteed device-to-device communication ability at any time.

A compromise between the two topologies is the hierarchical topology which
is being proposed by several research groups as the most appropriate topology
for wearable systems [55, 60]. Hierarchical topology has different levels with a
high-level central node at the top together with sub-level central and non central
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nodes. This type of topology has the property of outsourcing data processing
tasks to the sub-level nodes that are separated both geographically and logically.

The hierarchical topology does not offer the possibility of exchanging informa-
tion between the sub-level nodes without going through an upper-level node which
can result in communication bottleneck effect. A solution could be to permit com-
munication between sub-level nodes by creating temporary communication paths
that are controlled by the high-level central node as shown in Figure 4.2. The
arrows in Figure 4.2 indicate that the high-level central node is responsible for
allocating communication paths between the sub-level nodes.

High-Level 
Central Node

Sub-Level 
Central Node

Sub-Level Non-
Central Nodes

Sub-Level 
Central Node

Figure 4.2: Modified hierarchical topology to enable communication between sub-
level nodes.

4.4 Wearable System Design

Taking a closer look at the requirements for designing a wearable system, it is
concluded that design goals are contradictory [55, 60]. On one hand, there are
the demands for robustness and advanced functionality in form of high computing
power together with complex signal and image processing, complex sensors, mobile
networking and several input and output devices. On the other hand, there are
the demands for wearability (ultra compact, light weight, soft and flexible) and
long battery life.

It is of high importance to consider multiple design goals simultaneously. This
is done by introducing a performance metric that is a function of the design
parameters. The parameters are then tuned in order to optimize the performance
metric. Thus a solution is reached that is based on compromise between the
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different design parameters. These issues are addressed by Baber et al in [60]
where it is argued for a hierarchical architecture composed of master, sub-master
and slave modules. This architecture is suitable for wearable applications because
it achieves best trade-off between performance and power consumption. Based
on the hierarchical architecture, a user-centred design methodology is proposed
as shown in Figure 4.3 [60]. The proposed design methodology migrates the focus
away from technological issues to target instead at the user requirements.

Figure 4.3: Wearable design methodology.

The requirement specification is mainly a set of general requirements that are
common for all wearable computers. Based on the application to be designed,
scenarios are generated where the context of use of the system is illustrated. An
understanding of the information flow is then achieved and a set of application-
specific requirements is derived. When all requirements are identified and a set
of possible designs is identified, an alternating step between option reduction and
evaluation is performed based on a matrix of performance and usability measures.
The design with highest measures is chosen and thus obtaining a design that is
sustainable [60].

The design approach proposed by Baber et al is rather intuitive and was fur-
ther developed by Anliker et al in [55] to become more systematic. The elaborated
design process that is proposed targets at several optimization criteria simultane-
ously (functionality, battery lifetime and wearability) and can easily be augmented
to optimize additional criteria. The design process is divided in three parts: prob-
lem specification, architecture model, and exploration environment. Numerous
architectures are derived from the problem specific model by choosing compu-
tational device with communication channel belonging to it to represent a given
module and connection. The optimization is based on the values of the three opti-
mization criteria: functionality (latency and bandwidth), battery lifetime (system
power consumption) and wearability (a weighted sum of the wearability factors
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associated with each chosen device and communication channel). The output is
a set of architectures that are pareto-optimal. Every architecture consists of a
series of configurations. An architecture is said to be pareto-optimal if there can
be no change of one configuration within the series which will improve some par-
ticular optimization criteria without worsening the position of others [55]. The
design process is applied to a wearable application and the results are shown in
Figure 4.4 [55].

Figure 4.4: Results when applying design methodology on an example wearable
application.

The dots represent pareto-optimal system architectures and the designer is left
with a choice to make whether to prioritise system wearability or system power
consumption. The wired solutions are less power consuming while the wireless
solutions have better wearability properties. The energy-efficiency of wired solu-
tions is studied in [61] where the wired implementation was shown to have a power
saving factor between 14 and 20 compared to the wireless implementation for a
particular application. This is confirmed by the results obtained in the bit-energy
analysis of wired and wireless hardware presented in chapter 8. Though the wired
solutions are not appropriate from wearability point of view, still their low power
consumption is desired. Other network architectures are needed in order to get
into lower left corner in Figure 4.4. Furthermore, all the generated architectures
have a hierarchical topology due to the endorsed generic model. Therefore com-
munication between the sub-systems has to pass through the high-level central
node where possible bottleneck effect can occur.
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4.5 Proposed Wearable Architecture

In general, cable routing places a limitation on wearable system design. Wearable
modules have to be connected together which requires multiple cable connections
for power and communication. For such systems, housing and routing become
problematic during the design phase. It is important that the cabling do not
restrict the movements of the wearer as well as electromagnetical interference be-
tween the different cables should be minimized. As a result, the cable routing can
become so complicated that automated installation is not possible. Furthermore,
such complex designs generate difficulties when maintenance is required as it may
be inconvenient to repair cables without mounting down all the system. Cabling
contributes to higher material, manufacturing, and maintenance costs as well as
increased weight and volume. The number of problems associated with cabling
increases with the number of required connections.

A known method of reducing the amount of cabling in electronic systems is
to combine communication and power onto a single power line communication
(PLC) network [62, 63]. PLC is described in detail in section 4.5.1. For wearable
applications where numerous modules are included, the ability to join many lines
into one is very advantageous.

Having minimized the total length of cables within the wearable system, cables
are still not desirable in wearable systems because they form the main reason
behind the degradation of the wearability of the system. Cables are rigid, increase
weight and volume to the system and do not feel natural against the human body.
However, wearable systems based on wired networks are more power efficient, as
discussed in chapter 7.

Reducing the power consumption is desirable and a lot of research is dedicated
to enhance the wearability of the wired solutions by introducing conductive tex-
tile materials. Conductive textile materials are attractive due to their inherited
characteristics: flexible, low profile and lightweight. In [17] conductive textile
characteristics were studied and modelled for high frequency signal transmission.
In [51] a separate textile power and data bus was developed where different mod-
ules could be connected to the bus through stingers. In [64] DC behaviour of con-
ductive textile networks was studied. In [65] mechanical robustness of conductive
textile was addressed at low frequencies. All studies show that it is possible to
use conductive textiles for transmission of different types of electrical signals.

Therefore the proposed wearable architecture is based on the combination of
the presented two technologies: PLC and conductive textile.

4.5.1 Power Line Communication

PLC is a technology for transmitting data using already existing alternating cur-
rent (AC) power lines, thus allowing reduction of cabling, and has been used in
several commercial products [66]. The main domain of use of PLC has been home
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networks. Current PLC techniques allow signal speeds from tens of bps, e.g. X10
[66], up to hundreds of Mbps, e.g. HomePlug AV [67], and cover communication
methods including frequency-shift keying and spread spectrum techniques such as
code-division multiple access and frequency division multiplex [8]. However, PLC
networks face several problems due to the hostile and unpredictable environment
where they have to exist. The large transformers employed within the power
distribution network attenuate high frequency signals. Common loads such as
light dimmers, switching power supplies, and other radio communication media
often contribute noise at frequencies in MHz region [66]. Furthermore, the input
impedance, noise, and signal attenuation vary in a wide range depending on what
loads are connected to the line.

In wearable systems, the power distributed is direct current (DC). Implement-
ing PLC network on DC power lines has several advantages compared to AC power
lines. A DC power line is isolated from unpredictable external loads due to the
connected DC power supply with very low internal impedance [68]. The line’s in-
put impedance is mainly defined by the DC power supply’s impedance. Another
important advantage of DC power line communication (DC-PLC) is that the load
conditions are known and controllable, since the power bus line is connected only
to a known set of modules. These modules are designed carefully to fit the DC
power line based on the known characteristics of loads and noise sources. This
allows for broadband, reliable communication needed for wearable systems. There
exist DC-PLC transceivers that are developed for vehicle industry on the market.
The transceivers have a data rate from 10 kbit/s up to 500 kbit/s aiming to reach
2 Mbit/s transceiver in the near future. Using DC-PLC technology in a vehicle
eliminates the needs for complex and costly wires which are replaced by a single
DC power line and transceivers. Consequently, the total weight of the system is
reduced. Other features of employing a DC-PLC network in a vehicle are that it
is simple to install and to extend. It is easy to add more modules to the DC-PLC
network after installation [69].

Connecting the low impedance battery directly loads the DC-PLC network
heavily. A high current output amplifier is needed in the transceiver in order
to generate data signals on the line. This results in high power consumption
when transmitting data which is not suitable for wearable systems. In order to
counteract this effect a filter is introduced in order to isolate the low impedance
power supply from the DC-PLC network by maintaining high impedance over the
communication bandwidth while having at the same time low DC resistance to
not limit power supply capabilities.

4.5.2 Electrically Conductive Textile as Transmission Line

Three different materials can be used to introduce electrical conductivity into
textiles: metal, carbon and electrically conductive polymers. Metal materials
enable the highest conductivity compared to the other conductive materials, which
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is appropriate when transferring both power and data signals [23]. Using the metal
materials, conductive yarn is produced in two main methods: The first method is
to blend conductive fibres or foils with non-conductive fibres or yarn, by wrapping
metal foil around a non-conductive yarn, spinning conductive fibres with non-
conductive fibres or weaving a single strand conductor into the non-conductive
yarn. The second method is coating non-conductive fibres with a thin conductive
layer. The most common metals used in conductive textile materials are nickel,
stainless steel, copper, aluminium, silver and gold [23, 70]. The conductive yarn
is then woven by different techniques to build the conductive textile. In addition,
conductive fibres can be directly bonded together to form non-woven conductive
textiles without the need of yarn fabrication.

Beside electrical signal transmission and power supply, there are other domains
where conductive textile materials are used: EM shielding, antistatic protective
clothing, and heat generation. Conducting textile materials can be used for replac-
ing metals in many shielding applications where the special properties of textile
are preferred to those of metal conductors.

An experimental study is conducted to implement a DC-PLC network using
conductive textile TL. Two fabrics are chosen for the study: a Nickel/Copper
(Ni/Cu) plated polyester textile from Laird technologies [71] and a stainless steel
elastic conductive ribbon from Bekintex [72]. Laird Technologies manufactures
metallized textile in various woven and non-woven configurations to meet a di-
verse range of EMI shielding requirements. Conductive filaments are produced by
plating a Ni/Cu layer on non conductive filaments, e.g. polyester, nylon, etc (see
Figure 4.5). These types of filaments are highly flexible and have low resistance
which made them suitable for power distribution and signal transmission.

Bekintex offers instead yarns woven from extremely thin stainless steel fila-
ments. There exist numerous yarns with different properties to suit a wide range of
applications ranging from antistatic clothing to heating to EM shielding to signal
transmission. The yarns used for signal transmission are well suited for wearable
applications due to their flexibility and other robustness properties. Low resis-
tance is needed to provide connections for power distribution. Achieving adequate
low resistance requires numerous stainless steel filaments and thus lowering the
flexibility of the stainless steel TL. This is instead solved by twisting the stainless
steel filaments around an elastic band (see Figure 4.6). This type of construction
is highly flexible and has required low resistance.

Using the two conductive textile materials, two textile TLs are constructed
for possible implementation of DC-PLC network, see Figure 4.7. These two types
of conductive textile are evaluated by theoretical and modelling studies, and ex-
perimental work and the results are discussed later in chapter 5 and presented in
details in papers III and IV.
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Figure 4.5: Scanning electron microscope picture of Ni/Cu plated textile.
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Elastic Band

Stainless Steel 
Filament

Figure 4.6: Close-up picture of stainless steel filaments twisted around an elastic
band.

 

Figure 4.7: Construction of textile TL based on Ni/Cu plated textile (left) and
on stainless steel filaments (right).
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Chapter 5

Evaluation of Transmission
Lines in Wearable Systems

The experimental study is conducted to investigate and evaluate the electrical and
environmental robustness of the proposed wearable architecture. Here follows the
results presented in the included papers where the suitability of such architec-
ture for wearable application is established. However, more problems need to be
addressed before adopting the architecture in future wearable products. Comple-
mentary discussions treating some of the problems facing the implementation of
the proposed architecture are presented together with possible solutions.

5.1 EMC Evaluation

Electromagnetic compatibility (EMC) is regulated by several national and inter-
national standards, e.g. MIL-STD-461 (American). Both radiated emission and
susceptibility are regulated by the standard. This is to assure that the product
does not interfere with other products and can function normally in environments
where there exists EM radiation. Designing a wearable system that is immune
to radiated EM waves is a complex task. Weight and flexibility requirements to-
gether with the absence of low-impedance path to a ground plane are the main
reasons for such a complexity.

In paper II, radiated susceptibility of a wearable system (see Figure 7.1) is
analysed and solved by means of computational electromagnetics and theoretical
modelling of EM fields. The wearable system is built using coaxial cables to con-
nect the sensors to the data processing module. Figure 5.1 presents the flowchart
of the EMC modelling strategy that consists of three main steps. First, a model
of the coaxial transmission line (TL) is constructed where the major part is ded-
icated to verification purposes. The main goal is to guarantee that the simulated
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coupling paths and modes can be explained and predicted analytically based on
cable dimensions. Secondly, the EM-coupling to the wearable system is studied in
order to identify the EMC problem. Different geometries of the sensor assembly
are evaluated and compared in this step. Last, electrical filtering circuits are de-
signed and introduced to complement the mechanical measures from previous step
to further reduce the noise current induced on the inner conductor. The filtering
circuits were designed to meet the hard EMC requirements while not interfering
with the functionality of the wearable application.

This modelling strategy can be applied to a wearable system with a textile
TL instead of coaxial cables. In paper III, a three-dimensional computational
model showing similar electrical properties (per-unit-length parameters) as the
real textile TL is developed. This model of the textile TL can be used to analyze
and solve EM immunity related problems of the system.

 

Creating a TLM model of a coaxial cable with controlled 

EM-coupling characteristics

TLM modelling of different sensor assemblies connected 

to the coaxial cable routed along the human skin

Verified model of the 

coaxial cable

Identification of the 

EMC problem

Studying combinations of the selected sensor box design 

with filtering circuits connected to the inner conductor

Acceptable EMI immunity of the 

wearable computer system 

Figure 5.1: EMC modelling strategy for the wearable system.

5.2 Environmental Evaluation

Investigating the environmental robustness of the textile TL is one of the ma-
jor issues of the experimental work. In Chapter 3, washability is identified as a
very important requirement to achieve a wearable technology breakthrough on the
market. Therefore, washing tests are conducted on the textile TL and the effects
are modelled and measured. The degradation of the electrical properties of the
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textile TL is monitored by measuring the per-unit-length resistance and induc-
tance. This is the focus of papers III and IV. In paper III, the washing resistance
of conductive textile TL based on Ni/Cu plated textile is studied by subjecting the
textile TL to multiple washing machine cycles. Thereafter, a Transmission Line
Matrix model is developed describing the severe degradation of the electrical char-
acteristics of the conductive textile when washed. Furthermore, a measurement
procedure to extract the per-unit-length parameters for the conductive textile TL
is presented. The flowchart describing the experimental and modelling steps is
shown in Figure 5.2.

 
Conductive Textile TL

1-port Reflection

Measurement

Per Unit Length

Parameter Extraction

Equivalent Circuit

Model

TLM Model

Washing Cycle

Conductive Textile

Specification

Figure 5.2: Flowchart of the experimental and modelling steps.

The developed approach can be of assistance during virtual prototyping in
design phase of wearable applications. For example, computational experiments
with different geometries that affect the electrical characteristics of the line can
be conducted and thereby partly replacing real experiments.

Having observed the low washing resistance of Ni/Cu plated textile, the eval-
uation is resumed in paper IV where several forms of protective coatings are
applied to enhance the washing resistance of the Ni/Cu plated textile. It is how-
ever shown that even when protective coating is applied, these materials are not
mechanically robust specially against washing induced stresses. After conducting
a microscopic study, it was concluded that the cracks formed within the Ni/Cu
layer form the main failure mechanism. In Figures 5.3(a) and 6.13(b), the per-
unit-length parameters of the Ni/Cu plated TL with no protective coating have
deteriorated dramatically. The resistance per-unit-length, for example, increased
from ∼ 2 Ω/m to ∼ 200 Ω/m. On the contrary, the stainless steel textile TL has
shown to have excellent washing resistance where the electrical characteristics re-
mained unchanged after numerous washing cycles (see Figures 5.3(c) and 5.3(d)).

The washing resistant property of the stainless steel based conductive textiles
makes it appropriate candidate to implement a wearable network. The work in
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(c) Resistance per-unit-length of stainless
steel TL.
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Figure 5.3: Per-unit-length parameters of different conductive texile TLs sub-
jected to several washing cycles.
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paper IV includes also a wearable demonstrator built using stainless steel conduc-
tive textile as infrastructure for the wearable DC-PLC bus network.

The demonstrator has the same architecture shown in Figure 7.3. The hard-
ware modules are connected to the conductive line through connectors from textile
industry, i.e., snap fasteners. The demonstrator is composed of 4 principal mod-
ules (see Figure 5.4):

� Conductive textile TL consisting of two parallel stripes of conductive textile
installed on non conductive textile substrate. Snap fasteners are installed
on the conductive stripes to allow electrical connection of the modules for
data communication and power supply.

� Battery module consisting of a battery holder with snap fasteners to deliver
DC power to the TL.

� Sensor module consisting of a commercial off-the-shelf pulse watch that is
reconfigured to operate on power from the TL and to transmit signals to
monitor module every time a heart beat is detected.

� Monitor module consisting of a receiver and a LED operating on power
from the TL to detect signals transmitted by the sensor module. The LED
(acting as a basic user interface) flashes with a rate corresponding to the
rate of the detected human heart rate.

Figure 5.4: Wearable system demonstrator.

Addressing washing resistance is only one of several environmental require-
ments that the conductive textile has to fulfil. Withstanding low and high temper-
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ature, resisting repeated bending, flexing and stretching, and coping with highly
humid environment are additional requirements that the electrically conductive
textile has to respect. Further development of the stainless steel filaments is
necessary to achieve required performance.

5.3 Noise Evaluation

Having a wired network installed on a human body will subject its infrastructure
to mechanical stress such as bending, flexing and stretching. Mechanical stress
is already known to cause current noise to be induced in coaxial cables, referred
to as electrostatic or microphony noise, [73–76]. When the cable is subjected to
external mechanical forces, electrical charges emerge within the cable’s dielectric
(insulator) material resulting in current noise on the TL. The origin of the noise
is attributed to several sources, [75, 76]:

� Molecular friction between the molecules in dielectric.

� Change in cable capacitance.

� Piezoelectric effect of cable dielectric.

� Triboelectric effect - friction between cable dielectric and conductive mate-
rial.

The current noise includes both low frequency and high frequency content,
where the latter can interfere with the data communication signal due to its
wideband spike behaviour, see Figure 5.5.
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Figure 5.5: Current noise in coaxial cable subjected to mechanical impact.
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5. Evaluation of Transmission Lines in Wearable Systems

This spike behaviour can be modelled using a shot noise model, where the
noise signal, y(t), is described as a pulse train as shown in Eq. 5.1:

y(t) =
∑
n

anf(t− τn), n = 1, 2, ... (5.1)

where an and τn are the amplitude and time of arrival of the nth pulse, respec-
tively. The model assumes that the pulse waveform, f(t), is constant. On the
contrary, an and τn are assumed to be non-correlated random variables. The pulse
waveform is shaped mainly by the system depending, for example, on the time
constant of the measurement circuit and it can assume different waveforms such
as rectangular, triangular, parabolic, exponential or impulsive, see Figure 5.6.
Normally, a given waveform has a well-defined time duration, td, except for the
impulsive waveform which is a pulse with infinitely small pulse duration.
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Figure 5.6: Pulses with different waveforms.

The DC-PLC network, described in previous chapter, consists of nodes includ-
ing high impedance transceivers. The electrostatic current noise is accentuated by
high impedance loads and can therefore interfere with the system’s communica-
tion signals. Therefore, in paper V, a study is conducted to evaluate and to model
the electrostatic current noise spectral density. Based on large amount of experi-
ment data, the theoretically developed statistical model is fitted to two different
types of shielded cables (standard coaxial and shielded twisted pair) subjected
to mechanical stresses. The applied mechanical stress is derived from measured
forces on human body under normal walking motion. The methodology revealed
that the resulting noise current within the coaxial cable has a higher spectral
density than corresponding current within the shielded twisted pair cable. The
described methodology can also be used as a tool to study the electrostatic noise
caused by mechanical stress on textile transmission lines or other cable types.
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Chapter 6

Power Line Communication:
Analogue Front End
Architecture

PLC transceiver’s functions can be divided into three main parts:

� The analogue front end (AFE), which couples communication signals to the
power line and separates them from the power signal.

� The modem, which modulates and demodulates the communication signal
through different forms of signal processing depending on the operating
frequencies and keying techniques.

� The power supply, which delivers power to the PLC node in order to operate.

The low power consumption and node-plurality constraints of the wearable sys-
tems require a PLC transceiver that can enable communication with high power
efficiency while supporting a large amount of connected nodes. Therefore, the
AFE of the PLC transceiver should have low input impedance for DC and low
frequency signals and high impedance for high frequency signals. This will result
in a PLC node that does not heavily load the PLC bus on high frequency band
and consequently minimizing the power consumption of the sending node. How-
ever, the node can still be powered from the PLC bus due to the low impedance
of the AFE for DC signals.

6.1 State-of-the-Art PLC AFE Architectures

Basically, the AFE in a PLC transceiver is a splitter that can be described as a
parallel connection of two filters. A high pass filter is used to couple the commu-
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nication signal to the power line, while the other is a low pass filter that is used to
interface the power supply circuit with the power line, see Figure 6.1. The main
reason for the low pass filter is to reduce the attenuation of the communication
signal by increasing the input impedance of the power supply circuit.

Power line

High pass 

filter

Low pass 

filter
Power 

supply

Modem

AFE

Figure 6.1: Basic topology of an AFE of a PLC transceiver.

Due to the wide deployment of PLC networks on AC power lines, the majority
of AFE is developed to interface AC mains in which the data signal is broadcasted
on the phase and neutral conductor. There exists AFE that can handle two or
three phases AC mains. The basic topology of AC AFE is shown in Figure 6.2.

AC mains

Phase

Neutral

TH

CH

Power 

supply

LL

Modem

Figure 6.2: Basic topology of an AFE of an AC PLC transceiver.

Capacitor CH together with the inductor of the transformer TH form the high
pass filter that couples communication signal frequencies to the AC mains. A
straight forward realization of a low pass filter is to place inductor LL in series
with the power supply. The inductor is a passive component that exhibits low
impedance at low frequencies and high impedance at high frequencies. Therefore

48



6. Power Line Communication: Analogue Front End Architecture

inductor LL allows the low frequency power signal (50 Hz or 60 Hz depending
on the geographic location) to pass from the AC mains and increases the input
impedance of the power supply at communication signal frequencies (� 60 Hz).
Transformer TH can be replaced by a simple inductor without any impact on
the function of the AFE. However, the transformer plays a major safety role by
isolating the transceiver from AC mains thus eliminating a potential electrical
shock hazard [77]. This type of AFE is found in commercially available PLC
transceivers developed for different PLC technologies and standards, e.g. X10
[78], CEBus [79], LonWorks [77], HomePlug [80], etc. For low voltage power lines
(< 48 V) where safety isolation is not needed, The AFE shown in Figure 6.2 can
be simplified by removing the transformer, which reduces the AFE into inductor
LL and capacitor CH connected in parallel, see Figure 6.3.

DC power 

line

+

-

CH

Power 

supply

LL

Modemvin

+ -
vL

+

-

vPS

+

-

vM

Figure 6.3: Basic topology of an AFE of a DC-PLC transceiver.

Capacitor CH forms the high pass filter where the communication signal is cou-
pled while inductor LL forms the low pass filter that extracts the power for the DC
power line. The impedance of the inductor is proportional to the frequency, which
results in an input impedance that increases linearly with frequency. Therefore,
input voltage vin is divided into two voltages: low frequency power supply voltage
vPS at the power supply circuit and high frequency communication voltage vL at
inductor LL. Power supply circuits exhibit low input impedance caused by ca-
pacitors within the circuit. Therefore, examining the circuit in Figure 6.3 at high
frequency, vPS is very small and therefore modem voltage vM and inductor volt-
age vL are equal. Due to the DC current flowing through inductor LL, achieving
an adequate high inductance with a passive inductor element is very problematic.
High inductance and low DC resistance are two contradictory requirements when
designing an inductor with physical dimension constraints. Increasing the value of
the inductance will lead to an increase in the winding number and consequently
increase in the winding capacitance [81]. This results in a lower self-resonance
frequency and a reduction in the bandwidth of the DC-PLC transceiver.
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6.2 Active Inductor Design

The same PLC AFE shown in Figure 6.3 can be realized by replacing the pas-
sive inductor by an active solution. Adopting an active inductor instead of a
passive inductor reduces transceiver’s weight and volume which are very impor-
tant factors for the wearability of the system. Furthermore, large and tunable
inductors, large and tunable quality factors, and high self-resonant frequencies
can be achieved when designing inductors using active components. However,
active inductors face a number of limitations and drawbacks compared to their
passive counterparts such as small dynamic range, poor noise performance, high
level of power consumption, and a high sensitivity to supply voltage fluctuation
and process variations [82].

In the following section, different state of the art active inductor design tech-
niques are described and analysed in order to choose the technique that is suitable
for wearable systems. Impedance transformation techniques are commonly used
to simulate inductors. These techniques use active analogue elements such as
gyrator, negative impedance converter and inductor multiplier. The gyrator im-
plements an inductor simulator without the use of any passive inductor. However,
the last two techniques are used to enhance the low value of a small size induc-
tance in order to achieve a high value inductance. There are several realizations
made by different researchers. The fundamental active building blocks used to
realize gyrators are voltage feedback operational amplifiers (VFOA), current feed-
back operational amplifiers (CFOA) and current conveyors (CC). In Appendix A,
detailed descriptions of VFOA, CFOA and CC are given.

6.2.1 Gyrator: Theory and Realization

The Gyrator or the positive impedance inverter is a two-port analogue element
whose input impedance at port 1 is inversely proportional to the load impedance
at port 2 [83]. The symbol for the gyrator is shown in Figure 6.4 and it is defined
by Eq. 6.1: [

v1
i1

]
=

[
0 ±1/g2
∓g1 0

]
︸ ︷︷ ︸

Q

[
v2
i2

]
g1 > 0, g2 > 0 (6.1)

where v1 and i1 are the voltage and current at port 1, respectively, v2 and i2 are
the voltage and current at port 2, respectively, Q is the transmission matrix, and
g1 and g2 are the gyration conductance with unit Ω−1. The main diagonal of
transmission matrix Q is zero, which represents a gyrator with ideal behaviour.

Two different cases can be distinguished: g1 = g2 and g1 6= g2. If g1 = g2, the
sum of power, p, existing at both ports is equal to zero as shown in Eq. 6.2:

p = v1i1 + v2i2 = −(g1/g2)v2i2 + v2i2 = 0 (6.2)
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v1 v2

i1 i2
+

- -

+

Figure 6.4: Symbol of a gyrator.

This gyrator is referred to as a passive gyrator. However when there is inequality,
the net power delivered to the gyrator is non-zero and therefore referred to as an
active gyrator. Let port 2 in Figure 6.4 be connected to a load impedance ZT ,
the impedance seen at port 1, Zin, can be calculated according to Eq. 6.3:

Zin = v1/i1 = −i2/(g1g2v2) = (g1g2ZT )−1 = GZ−1T , G = (g1g2)−1 (6.3)

where G is called the inversion constant with unit Ω2. From Eq. 6.3, it can be
seen that the gyrator transforms capacitor C into an equivalent inductor Leq =
GC. Furthermore, inductor L can be transformed to an equivalent capacitor
Ceq = L/G. It can also be shown that a gyrator transforms a voltage source into
current source and vice versa.

The gyrator is mainly used as an inductor simulator in order to implement
inductor-less analogue networks [84, 85]. Since the gyrator had been proposed as
an analogue element in 1948, there were several realizations released by different
research teams [83]. These realizations included solutions with one amplifier [86–
94], two amplifiers [95–97] or several amplifiers [91, 96, 97]. The more amplifiers
employed, the more complex gyrator is obtained. Though two or higher amplifier
circuit ideal gyrator realizations are less sensitive to passive components values,
the one amplifier realizations are more attractive when targeting at low power
applications [93]. It is shown in [98] that single amplifier passive gyrator (g1 = g2)
realization is not possible. However, active gyrators (g1 6= g2) can be realized using
only one amplifier and several circuits are proposed: Orchard-Willson gyrator [93],
Ford-Girling gyrator [90], Prescott gyrator [92], Berndt-Dutta Roy gyrator [89],
and Soliman I [88], and Soliman II [94] gyrators.

Orchard-Willson gyrator The Orchard-Willson gyrator [93] is the first
attempt to build an ideal single amplifier realization where the main diagonal in
the transmission matrix is zero. The circuit of the gyrator is shown in Figure 6.5.
The transmission matrix of the Orchard-Willson gyrator can be written as [93]:

Q =

[
q11 q12
q21 q22

]
(6.4)
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Figure 6.5: The Orchard-Willson gyrator circuit.

q11 = 1− R2R4R6

D1 + aD2
(6.5)

q12 = −R4

(
1 +R1R4

R6 − aR2(1 +R6(R−11 +R−12 ))

D1 + aD2

)
(6.6)

q21 = R−11

(
1 +R2R6

R3 − a(R3 +R4 +R5)

D1 + aD2

)
(6.7)

q22 = −1 +R4
R3R6 − a(R2 +R6)(R3 +R5)

D1 + aD2
(6.8)

D1 = R2(R1R5 −R3R6)−R1R6(R3 +R4) (6.9)

D2 = R1R2(R3 +R4 +R5)(1 +R6(R−11 +R−12 )) (6.10)

a = A−1 = A−10 + s/(A0ω0) (6.11)

where s is the complex frequency, and A0 and ω0 are the DC value of the voltage
gain and the open-loop bandwidth, respectively.

Assuming infinite amplifier gain and low frequencies (a ≈ 0), the gyrator
functionality is accomplished by setting the diagonal elements of the transmission
matrix to be equal to zero. This results in the following requirements on the
components’ values [93]:

R2 = R3 (6.12)

R1R2R5 = R6(R1 +R2)(R3 +R4) (6.13)

The inversion constant is then calculated by combining Eq. 6.4 and Eq. 6.3:

G = R1R4

(
R4(R1 +R2)

R2(R3 +R4)

)
(6.14)
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Thus connecting a capacitance, C, on port 2 results in impedance Zin on port 1
as shown in Eq. 6.15:

Zin = sCR1R4

(
R4(R1 +R2)

R2(R3 +R4)

)
(6.15)

The multiplication factor s in the numerator of Eq. 6.15 reveals the inductance
behaviour of the input impedance. Furthermore, the realized active inductance
circuit is not dependent on frequency. This is only true for ω < A0ω0, otherwise
the approximation, (a ≈ 0), would not hold. Performing DC analysis of the
Orchard-Willson gyrator, the output voltage, vo, at the output of the amplifier
can be calculated as a function of the input voltage, v1, at port 1:

vo =
R2R6(R3 +R4 +R5)

R1R2R5 −R6(R1 +R2)(R3 +R4)
v1 (6.16)

Substituting Eq. 6.13 in Eq. 6.16 , the denominator is then equal to zero and
the only DC input voltage that can exist at port 1 is therefore 0. Otherwise, bias
stability cannot be established and the gyrator will not function properly.

Ford-Girling gyrator The Ford-Girling gyrator [90] is a gyrator realization
based on a single operational amplifier as shown in Figure 6.6. The operational
amplifier (OA) is set in an open-loop configuration which affects the bias stability
of the gyrator. Circuit analysis of the gyrator yields the following transmission

v1

-

+

-

v2

+

-

+

R1

vo

i1 i2R2

Figure 6.6: The Ford-Girling gyrator circuit.

matrix:

Q =

[
(1 +A)−1 −R2

R−11 −(R1 +R2)/R1

]
(6.17)
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It is seen in Eq. 6.17 that the elements of the main diagonal can not be set
to zero, thus indicating a non ideal gyrator. Assuming OA with ideal properties
(infinite gain) and using Eq. 6.3, the impedance at port 1, Z1, can be written as
a function of the impedance at port 2, Z2, as shown in Eq. 6.18:

Z1 =
(R1R2)2/((R1 +R2)Z2)

R1R2/(R1 +R2) +R1R2/Z2
(6.18)

The resulting impedance is a parallel connection of a resistor equivalent to R1

and R2 in parallel and the inversion of Z2 multiplied by R1R2. Thus, the gyration
constant G is equal to R1R2. Placing a capacitance C at port 2 would result
in an inductance of magnitude R1R2C in parallel with a resistor of magnitude
R1R2/(R1 +R2). Examining the bias stability of the gyrator, the output voltage
vo can be calculated as a function of the input voltage v1 as follows:

vo = −Av1 (6.19)

Due to the high amplification factor of the OA, output voltage vo diverges as soon
as input voltage v1 deviate from 0 and as a consequence the gyrator function is
obliterated.

Prescott gyrator The Prescott gyrator [92] is a single amplifier gyrator
realization where the OA is configured as a voltage follower which ensures the
bias stability of the gyrator as shown in Figure 6.7.

v1
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-

v2
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+

vo

i1 i2

R1

R2

Figure 6.7: The Prescott gyrator circuit.

Circuit analysis of the gyrator yields the following transmission matrix:

Q = (AR1 −R2)−1
[
R1 +R2 +A(R1 +R2) −AR1R2 −R1R2

1 +A −R2

]
(6.20)
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It is seen in Eq. 6.20 that the elements of the main diagonal can not be set to
zero, thus indicating a non ideal gyrator. Assuming an OA with ideal properties
(infinite gain) and using Eq. 6.3, the impedance at port 1, Z1, can be written as
a function of the impedance at port 2, Z2, as shown in Eq. 6.21:

Z1 = R1 +R2 +R1R2/Z2 (6.21)

The resulting impedance is a serial connection of a resistor equivalent to the sum
of R1 and R2 and the inversion of Z2 amplified by a gyration constant G = R1R2.
Placing a capacitance C at port 2 would result in an inductance of magnitude
R1R2C in series with a resistor of magnitude R1 +R2.

As mentioned before, the Prescott gyrator is stable where the output voltage,
vo, is equal to the input voltage, v1. However, the power efficiency of the Prescott
gyrator based active inductor is low due to the high value intrinsic resistance
formed by R1 and R2.

Berndt-Dutta Roy gyrator The Berndt-Dutta Roy gyrator is not an ideal
gyrator due to non zero diagonal elements in the transmission matrix. However,
it possesses other properties that are interesting to consider, such as its simplicity
and bias stability. Figure 6.8 shows the circuit realization of the gyrator.
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Figure 6.8: The Berndt-Dutta Roy gyrator circuit.

Circuit analysis of the gyrator yields the following transmission matrix:

Q =

[
1 −R2

R−11 −1−R2/(R1(1 +A))

]
(6.22)

It is clearly seen that the transmission matrix can not converge to meet the
requirements for ideal gyrators. The diagonal elements can not be eliminated by
altering the values of the components. Assuming ideal amplifier with infinite gain
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and using Eq. 6.3, impedance Z2 at port 2 is transformed to impedance Z1 at
port 1 as shown in Eq. 6.23:

Z1 =
(R2 + Z2)(R1 +R1R2/Z2)

(R2 + Z2) + (R1 +R1R2/Z2)
(6.23)

The resulting impedance consists of two impedances connected in parallel.
One impedance represents a series connection of R2 and Z2 while the second is a
series connection of R1 and the inversion of Z2 amplified by the gyrator constant
G = R1R2. Connecting a capacitance at port 2, i.e. Z2 = 1/sC, the impedance
seen at port 1, Z1, can be written as:

Z1 = R1
1 + sCR2

1 + sCR1
(6.24)

Assuming R2 � R1 and ω > 1/CR2, Z1 can then be approximated as:

Z1 =
sCR1R2

1 + sCR1
(6.25)

Eq. 6.25 shows that Z1 behaves like an inductor up to angular velocities lower
than 1/CR1. In order to enhance the bandwidth of the active inductor, C and R1

should be reduced. However, the value of the active inductor will be reduced as
well. Analysing the DC stability of the Berndt-Dutta Roy gyrator in Figure 6.8,
it is easily concluded that the amplifier’s output voltage, vo, is not dependent
on the input voltage v1 and therefore bias stability is always maintained and is
independent of the DC voltage exiting at the input.

Soliman I gyrator The Soliman I gyrator [88] is a Ford-Girling equiva-
lent circuit using negative CC type II (CCII-) amplifier instead of operational
amplifier. The gyrator is given in Figure 6.9:

Assuming an ideal CCII-, the Soliman I gyrator have the same transmission
matrix as for the Ford-Girling gyrator with an ideal OA. Loading port 2 with a
capacitance results in an input impedance at port 1 equal to the expression shown
in Eq. 6.18. Therefore, the Soliman I gyrator suffers from the same disadvantages
as the Ford-Girling gyrator.

Soliman II gyrator The Soliman II gyrator is based on positive CC type
II (CCII+) and shows similar properties as for the Orchard-Willson gyrator. It
includes one single CCII+ and four resistors as shown in Figure 6.10.

The Soliman II gyrator has the same transmission matrix as for the Orchard-
Wilson gyrator where Eq. 6.20 and 6.21 describe the behaviour of the Soliman II
gyrator.
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Figure 6.9: The Soliman I gyrator circuit.
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Figure 6.10: The Soliman II gyrator circuit.
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6.2.2 Negative Impedance Converter: Theory and Realiza-
tion

The negative impedance converter (NIC) is a two-port analogue element, as the
gyrator, whose input impedance at port 1 is the negative of the load impedance
at port 2. The symbol for the NIC is shown in Figure 6.11 [99].

NICv1 v2

i1 i2
+

- -

+

Figure 6.11: Symbol of a NIC.

It is defined by Eq. 6.26:[
v1
i1

]
=

[
±k 0
0 ±1/k

]
︸ ︷︷ ︸

Q

[
v2
i2

]
k > 0 (6.26)

where Q is the transmission matrix, and k is the NIC’s scale factor. Two different
cases can be identified depending on the signs of the diagonal elements of the
transmission matrix Q, q11 and q22:

� Case 1: q11 = −k and q11 = −1/k.

� Case 2: q11 = k and q11 = 1/k.

Implementing a NIC according to case 1, the voltage inversion negative impe-
dance converter (VNIC) is obtained. Whereas, when implementing a NIC ac-
cording to case 2, the current inversion negative impedance converter (CNIC) is
obtained [100]. In either of two cases, the resulting input impedance at port 1,
Zin, when letting port 2 in Figure 6.11 be connected to a load impedance ZT , can
be calculated according to Eq. 6.27:

Zin = v1/i1 = kv2/(i2/k) = −k2ZT (6.27)

From Eq. 6.27, it can be seen that the gyrator transforms a given load impedance
into an equivalent negative impedance. For example, a positive inductance L
is transformed to a negative inductance, Leq = −k2L. NIC is mainly used in
oscillators, current sensing and active filters [99, 101]. A large inductor using
NIC is obtained by placing a positive inductance, L, in parallel with a negative
inductance, −L′, using a NIC with k = 1, as shown in Figure 6.12. The resulting
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L -L′ NICL L′

Figure 6.12: Large inductance realization using NIC.
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(b) Current negative impedance converter.

Figure 6.13: Negative impedance converter realizations using single operational
amplifier.

impedance, Ztot, can be calculated as in Eq. 6.28:

Ztot =
jωL(−jωL′)
jωL− jωL′

= jω
LL′

L′ − L
(6.28)

Designing a negative inductor with an absolute value slightly higher than the
positive inductor’s value will result in an amplification of the inductance. The
smaller the difference is the larger the resulting inductance.

NIC can be realized using OA or CCII blocks. Figure 6.13 shows both voltage
and current NIC single OA realizations.

Assuming ideal OA gain and and a load impedance at port 2, ZT , the resulting
input impedance at port 1, Zin, for VNIC and CNIC is given in Eq. 6.29 [99]:

Zin = v1/i1 = −Z1ZT /Z2 (6.29)

Table 6.1 lists the possible combination of Z1, Z2 and ZT in order to realize
a negative inductance circuit using NIC configuration with k = 1. Numerous
combinations can be derived when k 6= 1.
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(a) X-input negative impedance converter.
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(b) Y-input negative impedance converter.

Figure 6.14: Negative impedance converter realizations using single CCII+.

Table 6.1: Different combinations for negative inductor realization.

Combinations Input impedance

Z1 = Z2, ZT = jωL Zin = −jωL
ZT = Z2, Z1 = jωL
Z1 = 1/ZT , Z2 = (jωC)−1 Zin = −jωC

Using CCII+, NICs can be realized according to the circuits shown Figure 6.14
[102]. Both realizations are current inversion NIC due to their positive value of
the diagonal elements of the transmission matrix, see Eq. 6.30.

Q =

[
1 0
0 1

]
(6.30)

Despite the high inductance that could be accomplished and the simplicity
of the circuit, active inductors based on NIC circuits still suffer from several
drawbacks. From Eq. 6.28, it is seen the high sensitivity to component value
due to the division with very small value. Furthermore, it is reported in several
reports stability and linearity problems, and low bandwidth accomplishment [99,
101, 103].

6.2.3 Inductor Multiplier

The inductor multiplier is a circuit that simulates a large inductor by amplifying
a low value inductor. Figure 6.15 shows the operation principle of an inductor
multiplier [104].
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L

G
v1

i1

Figure 6.15: Operation principle of an inductor multiplier.

Analysing the schematics in Figure 6.15, the input impedance, Zin, can be
calculated according to Eq. 6.31:

Zin = v1/i1 = jωLv1/(v1 −Gv1) = jωL(1−G)−1 (6.31)

where G is the amplifier’s gain. if 0 < G < 1 then the resulting inductance is equal
to the value inductance used in the circuit multiplied by an factor K = (1−G)−1.
The closer G is to 1 the higher K is obtained. This technique has been used by
several researchers and developers to implement variable inductors, oscillators,
and amplifiers [105, 106]. Inductor multiplier circuits are easy to realize where
only a voltage follower with a gain slightly less than unity is required. However,
K is very sensitive to small variation in G. Therefore the unity gain amplifier has
to be of high accuracy in order to guarantee a required K which can cause severe
implementation problems. Furthermore, when investigating the bandwidth of the
amplifier, it is revealed that the bandwidth is inversely proportional to K, i.e.
the higher the multiplication factor is, the lower the bandwidth of the inductor
multiplier that can be attained [104].

6.3 Proposed Design

Having introduced the most common techniques to realize large inductance in
section 6.2, it is concluded that the gyrator is the most adequate technique to be
implemented in the AFE of DC-PLC transceiver. Due to its bias stability and
the low component count required, the Berndt-Dutta Roy gyrator is chosen. In
paper VI, the Berndt-Dutta Roy gyrator, referred to as OA-C gyrator, is modified
in order to increase the bandwidth and to fit the requirements of a DC-PLC bus,
such as low power consumption, high bandwidth and numerous nodes support.
Figure 6.16 shows the introduced modifications.

Inductor LL is a small value inductor added in order to increase bandwidth
of the gyrator. It is shown through theoretical optimization that for a given
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Figure 6.16: Proposed gyrator structure for DC-PLC transceiver.

value for LL, the bandwidth is improved by 85 % compared to the OA-C gyrator.
Potentiometer RL represents the variation of the load depending on the node’s
activity. Transistor T1, resistor R1 and capacitor C1 form together a load isolation
step to ensure the stability of the active inductance’s value on different load
currents. The proposed gyrator was implemented using components available on
the market and the verification step included both simulations and experiments in
the frequency range up to 10 MHz. Both simulation and experimental data were
in good agreement and demonstrated the feasibility of a 1.3 mH active inductor
realised with OA-C based gyrator resulting in a quiescent power consumption
of 8 mW, a power rate of 2 W and a bandwidth of approximately 7 MHz. The
realized active inductance circuit showed good properties to be implemented in a
high impedance transceiver required for DC-PLC network.
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Chapter 7

Realization of the Proposed
Wearable Architecture

7.1 The Wearable Application

The wearable application, that is addressed in this research, is a military training
system used in force-on-force training. The weapon engagement in the applica-
tion is simulated with laser pulses sent by a transmitter attached to the weapon.
The wearable system captures the laser pulses through infra-red sensors cover-
ing the soldier’s body. When body hit occurs, the results are presented to the
user through loudspeakers and sent by radio to a command central where the
status and position of the soldiers on the training field are monitored. To achieve
such functionalities, the wearable system includes the following modules: a data
processing unit, a radio transceiver, a global positioning system (GPS) receiver,
loudspeakers and infra-red sensors. All modules are connected together through
cables reaching a total length of 25 m (7 m coaxial cables and 18 m twin-wires).
In Figure 7.1, the wearable application is shown together with the underlying ca-
bling that connects the modules to each other. In addition, the same application is
realized with a wireless architecture where a 2.4 GHz radio transceivers are imple-
mented in each module, see Figure 7.2. Both wired and wireless wearable systems
are compared to a prototype based on the proposed wearable architecture. The
wired is referred to when comparing wearability in terms of amount of cabling
while the wireless wearable system is referred to when comparing energy-efficiency
of data communication.
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Figure 7.1: Military wearable system (left) with belonging wiring infrastructure
(right).

Computer

IR Sensors

Figure 7.2: Military wireless wearable system.
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7.2 Design and Implementation

Looking at the wearable application presented in Figure 7.1, it can be redesigned
with a DC-PLC network as shown in Figure 7.3. The length of cabling needed
is reduced dramatically and it is approximated to be less than 5 m, i.e. 5 times
reduction.

Battery

Computer Radio
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Speaker Speaker

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

IR 
Sensor

DC-PLC 
bus

Figure 7.3: A schematic of a DC-PLC network based wearable military training
system.

In paper VII, a DC-PLC network for wearable applications is proposed by de-
veloping a transceiver based on the active inductor described in the chapter 6. The
aim is to design a wearable network where the main features are high bandwidth,
low power consumption, good wearability and modular architecture support. The
developed transceiver is built according to the schematics shown in Figure 7.4.
The transceiver guarantees high impedance on communication frequency band.
This requirement is met by deploying a receiver with high input impedance and
a transmitter with high output impedance when no transmission occurs.

The Manchester format is chosen to represent the binary data signal on the
DC-PLC network. Manchester binary signals use two consecutive pulses with
opposite polarities to represent a given data bit [107]. This results in a commu-
nication signal with zero DC component. This characteristics is indispensable for
enabling communication on the DC-PLC network where DC component is heavily
attenuated due to low impedance loads of the nodes’ power supply.

Though, the active inductor has a bandwidth high enough to achieve a data
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Figure 7.4: Block schematic of the DC-PLC network transceiver.

rate of approx. 1 Mbit/s, as shown in paper VII, the realized transceiver has a
maximum data rate of 375 kbit/s. This is due to the limited data rate of the
serial communication interface of the host microprocessor. The measured power
consumption figures in different modes (transmitting, receiving, idling) and data
rate specification of the realized transceiver are given in Table 7.1.

Table 7.1: The power consumption and data transfer rate of the
DC-PLC transceiver.

DC-PLC transceiver

Transmit state power consumption 15.6 mW
Receive state power consumption 8.3 mW
Idle state power consumption 8.3 mW
Maximum data transfer rate 375 kbit/s

7.3 Bit Energy Modelling

Comparing the data in Table 7.1 and Table 4.2 on the item-by-item basis does not
lead to a final conclusion on which of the communication hardware is more energy-
efficient than the others. In order to get a clear view of the energy-efficiency of a
given communication hardware, a criterion, called bit-energy (BE), is used. The
criterion BE is defined as in Eq. 7.1 [108]:

BE =
PC

B
(7.1)
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The criterion BE is a function of number of bits with unit Joule per bit
(J/bit), where PC is the power consumed by a certain operation and B is the
channel bandwidth or capacity with unit bits per second (bit/s). For the com-
putation of the bit-energy, a model of the communication on the channel has to
be defined. Two communication models are developed: basic and advanced. The
basic model is limited to only two nodes and where channel utilization is the main
model parameter. The advanced model has no limitation on the number of nodes
involved in communication. Furthermore, communication protocol parameters,
such as message size and rate, and preamble time, are added to the model.

Basic communication model

Communication involves one sender and at least one receiver. The power con-
sumed is then a function of the number of modules involved. However restricting
the BE-analysis to include only two modules, one sender and one receiver, still
gives an understanding of the energy-efficiency of the communication hardware.
The power consumed in a communication module is not only bounded to send-
ing and receiving but also to idling. Idle state occurs when the communication
hardware is activated without sending or receiving. In order to capture the dy-
namics of changing between sending/receiving and idling, channel utilisation is
introduced. Channel utilisation, u, is defined as the ratio between the effective
bandwidth or throughput, Beff , and the maximal bandwidth, Bmax (see Eq. 7.2):

u =
Beff

Bmax
(7.2)

Using the channel utilisation, a simple model of the communication is defined
and thereby an estimation of the consumed power, PC , can be made:

PC = u(Ptx + Prx) + 2(1− u)Pi (7.3)

where Ptx, Prx and Pi are defined in Table 4.2.
BE can then be calculated according to Eq. 7.4 by normalizing the consumed

power to the throughput:

BE =
PC

uBmax
(7.4)

Having the factor u in the denominator can be motivated by the fact that
the channel is not fully occupied and therefore the throughput is used instead.
Based on Eq. 7.4 and data given in Table 4.2, the BE curves for the different
communication hardware are calculated and shown in Figure 7.5.

The results for wired and wireless communication hardware are drawn with
bold and fine lines, respectively. These curves represent a snapshot of the com-
munication hardware’s power consumption at the time when the data in Table 4.2
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Figure 7.5: Bit energy comparison between COTS communication hardware and
DC-PLC transceiver.
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was published [55]. New hardware with lower figures has emerged on the market.
However, the results shown in Figure 7.5 are to be considered as representative for
the difference that still exists between wired and wireless communication technolo-
gies when examining power consumption. Though latency and on-board services
were not included in the comparison, the importance of choosing the right type of
hardware depending on the data transfer rate can still be seen. When examining
Figure 7.5, it is concluded that the wired solutions outperform their wireless coun-
terparts, independently of the throughput. In addition, the DC-PLC transceiver
shows comparable bit-energy results to other wired transceivers.

The main reason for achieving lower energy-efficiency by the wireless technol-
ogy has its root in the channel used for communication which is the atmosphere.
The power of the signal in a wired channel is guided by the cable directly to the
receiver while in a wireless channel the power is radiated uniformly in all direc-
tions resulting in lower signal level at the receiver. Furthermore, an EM wave
travelling in a wireless channel is vulnerable to several propagation mechanisms:
reflection, absorption, diffraction, and scattering [109]. This results in multipath
interference and fading. In addition, a wireless channel has higher noise level
compared to the wired channel due to unwanted signals generated intentionally
or unintentionally within the same frequency band. Communicating on a wire-
less channel requires that the signal is modulated before broadcasting. This step
requires additional power consumption which is not the case in wired commu-
nication where baseband signals are normally used. In order to counteract the
effects mentioned above and establish reliable communication, the sending power
is increased and consequently the energy-efficiency is decreased.

There are several factors that can influence the power consumption that were
not considered. First of all, different communication technologies have varying
transmission ranges. This is however not of interest within wearable networks
that are bounded to the human body. Secondly, the channel model used is ba-
sic where no attention is given to the communication protocol. Factors such as
message overhead, message lengths, time delays and connection procedure are not
considered. The BE investigation, described here, is mainly a comparison between
wired and wireless communication technologies to establish understanding for the
higher energy-efficiency of the wired solutions.

7.3.1 Advanced communication model

The advanced model is derived in paper VII based on statistical modelling of
the communication where message size and rate, preamble time and power mea-
surements are included. Message size and rate are defined by the communica-
tion protocol implemented within the nodes. The preamble time is a parameter
mainly associated with wireless transceivers and used to implement different idling
modes. Idling modes are introduced to lower the power consumption within wire-
less transceivers by toggling the transceiver between receiving state and shut-down
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state according to a predefined time cycle. In order to establish communication,
a synchronization signal is sent from the transmitter node where the signal time
period is defined by the preamble time. The longer preamble time is the lower
power is consumed by the node. However, the major drawbacks when extending
the preamble time is higher latency and lower throughput.

In paper VII, the developed model is applied to a wireless wearable network
operating in the 2.4 GHz frequency band as well as to a DC-PLC network that is
using the same communication protocol. The wireless network is configured with
three different preamble time periods: Low power Rx (12 ms preamble), Normal
Rx (3 ms preamble) and Hot Rx (no preamble). The bit-energy results for the
different networks consisting of 10 nodes are shown in Figure 7.6.
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Figure 7.6: Bit-energy versus throughput for different communication networks
consisting of 10 nodes.

The DC-PLC network shows shorter latency and lower bit-energy compared
to the wireless alternatives. Though the DC-PLC network offers lower wearability
properties compared to wireless network, it still present major advantages from
wearable applications’ point of view. Beside the advantages related to the single
power supply listed in section 4.1.1, the designed DC-PLC transceiver with active
inductor enables high data transfer rate and low power consumption. Thus wear-
able applications with improved wearability (compared to other wired networks
due to minimum wiring), high throughput and energy-efficiency can be achieved.
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Chapter 8

Conclusions and Future
Work

The wearable computer market is continuously expanding to include applications
from military, health care and entertainment industry. A wearable computer is a
system composed of multiple modules placed on a human body communicating
with each other. Therefore it has to comply with several requirements to guar-
antee good fitness to the human body. These requirements are portability during
operation, operation constancy, controllability, robustness and ergonomics.

Wearable computing is a relatively new field of research and many academic
groups are working on several frontiers in order to develop wearable systems that
comply with the requirements. The diversity of modules increases complexity of
wearable system design. The present thesis points out the importance of co-design
where several design criteria need to be fulfilled simultaneously, e.g. functionality,
battery lifetime, wearability, etc.

The architecture of the intermodule communication defines the properties of
the wearable computer. A hierarchical architecture is best suited for wearable
systems due to the possibility of outsourcing data processing tasks to sub-levels
while they are fully controlled by a master module. However, the hierarchical ar-
chitecture needs to be modified to allow communication between the sub-modules
to counteract bottleneck effects that can occur in the master module.

Based on the developed statistical communication model, analysis of different
types of communication hardware is performed and it is concluded that wired net-
works represent the most power efficient type of communication when comparing
bit-energy. Furthermore wired networks offer the possibility of power distribu-
tion to all modules in the wearable system which is not possible in wireless net-
works. The wireless networks have however much better wearability properties.
Enhancement of wired networks wearability properties is achieved by exploiting
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conductive textile instead of traditional cables. DC-PLC network is chosen for
wearable applications in order to reduce the amount of wires, thus further improv-
ing wearability. The DC-PLC network is implemented in a wearable demonstrator
using conductive textile. The network infrastructure made with a stainless steel
conductive elastic ribbon showed better washing resistant property compared to
Ni/Cu plated textile.

Several design models and strategies are developed to aid the designer in cop-
ing with robustness issues and improving the performance of the wearable sys-
tem. This enables the possibility of conducting computational experiments where
different solutions can be evaluated and thereby partly replacing expensive and
time consuming physical prototyping. The presented EMC modelling strategy
identifies and solves EMC related problems in wearable systems. The developed
conductive textile equivalent circuit model can be of assistance during virtual pro-
totyping in design phase of wearable applications. Another design assistant tool
is the presented electrostatic current noise model where the current noise spectral
density can be predicted thus giving a designer the possibility of implementing
and evaluating different countermeasures.

Future work will include different research areas to enhance the proposed wear-
able architecture. In the microelectronics research area, an implementation of the
developed DC-PLC analogue front end in an integrated circuit will reduce size and
cost and improve performance. More conductive textile research is needed in order
to introduce new conductive textile materials and construction techniques, thus
enhancing reliability and reducing production costs. Within the electromechanical
research area, more work need to be done on developing electrical connectors that
provide robust and low-cost electrical connection between conductive textile and
electronic components. Finally, developing and implementing a TCP/IP based
protocol for the DC-PLC network will enable wearable computers with advanced
functionality.
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Appendix A

Active Analog Components

A.1 Voltage feedback operational amplifier

Voltage feedback operational amplifier (VFOA) is the most common amplifier
used to build filters and oscillators. It is a three terminal active amplifier with
the following characteristics: high input impedance, Ri, low output impedance,
Ro, and high voltage gain, A [110]. The VFOA’s symbol and equivalent circuit are
shown in Figure A.1. The input impedance is modelled as a resistance connected

vo
v1

v2

+

-

(a)

Ri
v1

v2

+

-

+

-

(b)

Ro

A0 C0

A

v1-v2

vo

+

-

Figure A.1: VFOA: (a) Symbol; (b) Equivalent circuit.

between the two input terminals: a positive input terminal, v1, and a negative
input terminal, v2. The output circuit is a voltage vo = A(v1− v2). The gain is
modelled by connecting a current source of amplitude (v1 − v2) in parallel with
an impedance A. This is followed by a voltage buffer connected in series with the
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output impedance Ro. The voltage gain, A, is normally frequency dependent and
its behaviour can be described by a single negative pole as seen in Eq. A.1:

A =
A0

1 + s/ω0
(A.1)

where s is the complex frequency, A0 is the DC value of the voltage gain and
ω0 = 1/2πA0C0 is the angular velocity where the gain roll-off starts, i.e., the
open-loop bandwidth. Connecting the output terminal with the negative input
terminal results in a unity-gain amplifier configuration. This configuration is also
known as a voltage follower or voltage buffer where the voltage at the output
terminal is equal to the voltage at the positive terminal. Using the assumption
Ri � Ro, the closed loop gain, T , can be written as:

T =
1

1 + s/(A0ω0
) (A.2)

The closed loop gain is equal to 1 at DC. However, T decreases with the increase
of frequency. The product A0ω0 is referred to as the gain-bandwidth product and
defines the bandwidth of the voltage follower. The -3 dB bandwidth, i.e. when
the output signal amplitude reaches 71 % of the input signal amplitude, is equal
to A0ω0. However, requiring a -0.1 dB damping of the input signal (i.e. 99 % of
the input signal amplitude) reduces the bandwidth to approximately 0.15A0ω0.

A.2 Current feedback operational amplifier

Current feedback operational amplifier (CFOA) has the same symbol as VFOA,
with two input terminal and one output terminal. However, the equivalent circuit
differs due to a fundamentally different architecture. While the positive terminal
shows high input impedance, the negative terminal has low input impedance,
Rn. This is modelled by a voltage buffer with input connected to the positive
terminal and output connected to the negative terminal. The gain in a CFOA is
governed by a transimpedance Z, which transforms the current flowing through
the negative terminal, in, into a voltage as shown in Figure A.2 [111]. This is
modelled as a current source with transimpedance Z connected in parallel. The
resulting voltage is then coupled to the output via a voltage buffer in series with
low output impedance Ro. The transimpedance gain, Z, is frequency dependent
and can be described as a first order system:

Z =
Z0

1 + s/ω0
(A.3)

where Z0 is the magnitude of the open loop transimpedance gain at DC, and
ω0 = 1/2πZ0C0 is the angular velocity where the transimpedance starts to roll-
off. Implementing a voltage follower with a CFOA, requires a feedback resistor,
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Figure A.2: Equivalent circuit of a CFOA.

Rf , connected between the output terminal and the negative input terminal. The
resistor Rf is bounded by an absolute low limit in order to guarantee stability
[112]. Under the assumption Z0 � Rf � Rn, the closed loop gain is then:

T =
1

1 + sRf/(Z0ω0
) (A.4)

The -3 dB bandwidth can be calculated to Z0ω0/Rf while the -0.1 dB bandwidth
is equal to 0.15Z0ω0/Rf .

A.3 Current conveyor

Two current conveyors topologies, type 1 (CCI) and type 2 (CCII) have been
reported in the literature [113, 114]. CCII showed to be a more versatile circuit
than CCI, which enabled far more circuit solutions to be realized. Therefore, CCII
will be discussed here. The CCII is a three terminal element: two input terminals
X and Y , and one output terminal Z, see Figure A.3 (a). The ideal CCII shows
an infinite input impedance at Y and zero input impedance at X. The current
flowing into the terminal X is replicated at the high impedance output terminal
Z. If the replicated current, iZ is flowing into the CCII then a so called CCII+
is obtained. On the contrary, if iZ is flowing out from the CCII then a so called
CCII- is obtained. The CCII can be defined mathematically by a transmission
matrix that describes the relation between voltages and current on the terminals: iYvX

iZ

 =

0 0 0
1 0 0
0 ±1 0

vYiX
vZ

 (A.5)
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The equivalent circuit shown in Figure A.3 (b) represents a non-ideal CCII.
The input impedance at X is RX and the output impedance is set to a resistor
RZ in parallel with a capacitor CZ . The ideal CCII is obtained when RX = 0,
RZ = ∞ and CZ = 0. Comparing the equivalent circuits for the CFOA and for

CCII±
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vZ
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+
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+
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iX
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±iX
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+

-
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iZ

iX

(b)

iY
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Figure A.3: CCII: (a) Symbol; (b) Equivalent circuit.

the CCII, it is clearly seen the close relation between these elements. The CFOA
is a CCII+ followed a voltage buffer stage.
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