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The essence of any wireless system is the omission of a wired connection while
maintaining communication or interaction between two or more elements of this
system. Without any understanding of wired and wireless systems, it would be
intuitive to assume that omitting this wire would further simplify a system,
whereas in fact the complexity of a wireless system is higher than an otherwise
identical wired system.

For example, a wired telephone terminal can be built without any active
components – and this was the usual implementation until about 40 years ago.
Wireless phone terminals, on the other hand, require over one million transistors
to achieve similar functionality – except that no wire is involved. And there are far
more complex wireless systems than wireless phone terminals.

In this lecture I will focus on the research and education needed to deal with the
complexity of wireless systems. But first I will explain why this is relevant at all by
showing you some recent statistics:

• 54% of all communication in 2007 was wireless [1]
• 25% of all people in the world owned a mobile phone in 2007 [1]
• In 2007, more than 1 000 000 000 mobile phones were sold worldwide [1]
• The annual growth of mobile and wireless systems exceeded 10% in 2007 [2]
• The total spending on wireless communication in 2007 amounted to 

$ 574 000 000 000 [3]

These statistics give a clear indication of the social and economic relevance of
wireless systems. As I will show later in this lecture, the large scale on which
wireless systems are being deployed and the high growth rate give rise to new
scientific questions and challenges. An indication of the scientific relevance of
wireless systems is the attention for this topic at high-level electronics
conferences. For example at the ISSCC conference 2008, about one-third of all the
paper sessions were directly focused on wireless communication circuits. 

Introduction
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The title of this lecture, ‘No Strings Attached’, refers of course to the lack of a
wired connection between the communicating and/or interacting parts of the
wireless system. It also refers to my claim that, contrary to popular myth [4], there
is no ‘magic’ involved in wireless systems in general and Radio Frequency (RF)
design in particular. One of the speakers at the preceding symposium, professor
Long from Delft University of Technology, already pointed out this reputation in the
title of his talk, ‘White Phones, Black Art: The Evolution of RFIC Design in Silicon
Microelectronic Technologies’. To avoid any misunderstandings about my position,
let me therefore emphatically state the following: wireless systems in general, and
RF circuits in particular, obey all known and accepted laws of physics and
electronics, and can be designed without the need for magic, black art or other
mysterious powers passed on from generation to generation between designers.

So how did this myth arise? Well, people call something magic if they observe
something they cannot explain, if they don’t understand ‘how it works’. It is
therefore the inherent complexity of wireless systems and RF circuits that causes
such a reaction.

In this lecture, I will focus on this complexity and its consequences for research
and education in this area now and in the future. I will also discuss the new Centre
for Wireless Technology, Eindhoven (CWTe), in which five research groups are
working together on technologies for managing this complexity.

The reason for discussing the CWTe is that I am the director of this research
centre, in addition to my assignment as professor in high-frequency electronics for
communication front-ends. This inaugural lecture and mini-symposium also serve
as the public start of the research activities in the CWTe. During the rest of this
year, there will be three further symposia and inaugural lectures by professors
working together in the CWTe. 

figure 1

Wireless Systems
and RF Circuits: 
No Strings Attached?
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The fundamental reason for the complexity of wireless systems is the shared
wireless channel. This shared channel adds a number of complications to the
system:

1. In order to allow other systems to share this channel, each system has to limit
its use of this channel in one or more dimensions, such as location, time,
frequency, direction and coding. There are strict requirements on the emission
of, and sensitivity to, signals outside of these limits. These requirements add
to the complexity of all elements of the wireless systems, from the antenna
through to the network layers.

2. The limits on the use of the wireless channel need to be coordinated between
all systems to ensure adequate sharing and proper performance. This
worldwide coordination was traditionally accomplished by central allocation of
combinations of location, time and frequency to each system. However, this
approach has two major drawbacks:
a. The allocation process is quite complicated because of the economic and 

political consequences and interests. The process therefore tends to be 
slow, which is especially cumbersome because of the fast developments in 
wireless systems.

b. The allocation process tends to be inefficient because of the static nature 
of the allocation, the safety margins that need to be built in and the 
unpredictability of wireless traffic demand. For example, in a cellular 
system the amount of spectrum that is allocated should be sufficient to 
handle the peak wireless traffic demand. Since the demand changes 
rapidly over time, significant parts of the allocated spectrum will not be 
used during quiet periods.

These drawbacks can be largely avoided by dynamic and adaptive access to
the wireless channel, and this is the direction modern wireless systems are
taking. However, the access strategies and protocols that need to be
implemented for this again add to the complexity of all elements.

3. The shared channel offers little or no inherent protection against undesired
access to parts of a system. Ensuring privacy and security in wireless systems
therefore requires complex provisions in multiple elements of the system.

Complexity of wireless systems
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4. The most desirable parts of the wireless channel (especially at lower
frequencies) have quickly filled up, and there is therefore an increasing
scarcity of radio spectrum. Already in the year 2000, Dutch operators paid
approximately € 50 per Hertz of bandwidth for their UMTS licenses. Using
allocated parts of the spectrum more efficiently is becoming essential, but this
again adds more complexity to all elements of the system (e.g. more complex
modulation methods, adaptive beam forming, MIMO transceivers, higher
dynamic range in the RF and mixed-signal electronics etc.).

5. The wireless channel is not only shared with other wireless systems, but also
with systems and objects that do not intend to use this channel at all.
Electrical and electronic systems may transmit radio signals (EMI) or be
sensitive to radio signals (EMS), and many objects may change the properties
of radio signals that are reflected by them or pass through them, causing
degradation of the radio signal. Even non-electronic objects may be sensitive
to radio signals, as can be demonstrated by heating food in a microwave oven.
In order to co-exist with these non-wireless systems and objects, extra
complexity is required in all elements of wireless systems.

Like many people, I am inspired and impressed by the demonstrations of the
generation and detection of ‘Hertzian Waves’ by Heinrich Hertz in 1888, and the
subsequent application of these ideas to a practical wireless telegraph system by
Guglielmo Marconi in 1896. However, they had a very simple life compared with
modern wireless system designers, since they did not yet have to share the
wireless channel with other wireless systems. Nor did they have to bother about
details like power dissipation, size, cost, yield, multi-mode capabilities etc. 
As a result, their wireless systems did not need to be very complex at all, as is
shown in Fig. 2:

Switch

Spark gap
L1

C2

Coherer

V2 L2 V3

Relay
V1

R1

C1

figure 2

The Marconi Wireless
Telegraph
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Since the shared wireless channel causes so many problems that highly complex
systems are needed to deal with them, one might wonder why anybody would
bother with wireless systems at all. In many cases, a wire (e.g. an optical fiber) is
simpler, more reliable, secure, private etc. The main motivation of course is
convenience: in many applications it is simply more convenient not to have a wire
attached to parts of a system, for example because we want to be able to carry
those parts around with us, or because we want to avoid having to route and
connect cables during installation. Apparently, this was already a strong
motivation in the 19th century, since scientists had been unsuccessfully
investigating wireless transmission for over 50 years before the first practical
implementation by Marconi. I’m very glad that Marconi was successful back then,
because in the current timeframe, few industries would allow research projects to
continue without any success for such a long period – even university research
programs that continue for 50 years without any success are somewhat frowned
upon nowadays. 
Another important motivator for wireless systems back in the 19th century was
cost, since wireless telegraph systems competed with transatlantic cables that
were expensive to install. One might expect that the increasing complexity of
modern wireless systems would rule out any cost-based competition with wired
solutions. However, the rapidly decreasing cost at which highly complex electronic
systems can be realized means that wireless systems can become cost
competitive again with wired systems. Indeed in some cases they have already
become cost-competitive today, for example in the case of Bluetooth and Wireless
USB systems, but also wireless local loop and cellular communication systems in
countries with limited infrastructure.
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A typical wireless system is usually implemented as a cascade of antenna, analog,
mixed-signal, digital and software elements that link to the application, as shown
in the following block diagram:

Whereas in the days of Marconi, and until the recent past, wireless systems
research could be considered as a single research area, the increased complexity
of wireless systems nowadays requires a combination of several research areas in
order to investigate and understand all the elements of a typical wireless system.
These range from electromagnetic fields through analog signal conditioning (ASC),
data conversion (A/D), digital signal processing (DSP), medium access control
(MAC), network protocols and middleware to application software. 

My own research area, high-frequency electronics for communication front-ends,
focuses on the analog signal conditioning between the antenna and the data
converter. You may have noticed that I have deviated somewhat from the standard
practice of putting my own research area at the center of the picture. I have done
this on purpose, because I want to emphasize the systems context.

The purpose of the analog signal conditioning is to convert antenna signals to and
from signals that can conveniently be converted to and from the digital domain.
Usually, this involves at least three basic functions:

The RF research area in a 
wireless systems context

ASC A/D

Analog/RF Mixed Digital Software

DSP MAC Network Middleware Appl.

figure 3

A typical 
wireless system
block diagram
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1. Amplification of the signal
The received signal is typically very weak, in modern systems typically below 
1 nW. This signal needs to be amplified before it can be converted into the
digital domain. For transmission, the relatively low signal levels of the data
converter need to be amplified to the required transmission power, which is
often more than 100 mW.

2. Frequency conversion of the signal
The antenna signals of many modern wireless systems are in the range of 
1 GHz to 100 GHz, but usually with low relative bandwidths, often below 1 %.
Frequency conversion between the antenna and the data converters will
therefore significantly reduce the requirements and power dissipation of the
data converters and digital signal processing.

3. Filtering of the signal
Since the wireless channel is shared with other systems, the signal
conditioning needs to ensure that the transmitted signal stays within the limits
allocated to the system, and also needs to suppress signals received from
other systems outside these limits. Often, some of these limits are in the
frequency domain, in which case this operation can be carried out by
traditional filter circuits with frequency-dependent transfer functions. However,
in many cases filtering is also required in the time domain (switching receiver
and transmitter on and off ), in the location domain (changing the sensitivity
and transmitter power depending on the required range), and in the direction
domain (combining signals from, and generating signals for, individual antenna
elements). 

These basic functions do not seem to imply a high complexity of the signal
conditioning part of a transceiver. Indeed, typical implementations of this part,
although significantly more complex than the circuits used by Marconi, usually
require only in the order of 1000 transistors or so, and even then only a small
fraction of these transistors are actually operating at the frequencies of the
antenna signal. One might therefore wonder whether the high complexity that can
be found in wireless systems in general also carries over into the analog signal
conditioning front-end. However, the number of components is not the only
determining factor in the complexity of a function. One indicator for this is the
design effort required for such systems. Today, designing an analog signal
conditioning circuit takes at least 3 orders of magnitude more effort per active
device than a standard digital circuit. 
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There are multiple types of complexity that can be understood by examining a
simple model that relates the general complexity of a system to both the
information in the states of the system and the interaction between these states,
as shown in (1):

C = n Ev [I(v)] + Σv = 1..n, w = 1..v–1, v+1..n M(v,w) (1)

in which C is a parameter for the total system complexity, n is the number of state
variables, Ev [I(v)] is the expectation of the information I(v) in a state variable v,
and M(v,w) is a measure of the incremental complexity caused by the interaction
between state variables v and w. 

Some (sub)systems are complex because they have large numbers of state
variables. In such systems, the information in a single state variable is often low,
because this allows easy modeling and abstraction of the behavior of individual
building blocks of the systems. Recursive abstraction allows hierarchical design,
which is a common and very successful approach to designing (i.e. synthesizing)
systems that need to exhibit complex functionality. Systems with this type of
complexity will be referred to as low-information-density (‘Low-ID’) systems, since
the information in an individual state variable is low. Complexity in such systems
is achieved through a large number of state variables and of course the complex
interactions between them. The large number of state variables and complex
interactions result in behavior that can be characterized by long chains of cause
and effect relations that make it difficult to understand. This bears some
resemblance to the ‘butterfly effect’ of chaos theory, in the sense that the effect of
small changes in input signals can have large and difficult-to-predict effects on the
output signals. Implementing such complicated functions results in circuits and
systems with large numbers of components. This complexity is managed through
hierarchical abstraction of the desired behavior in combination with large design
margins that enable such an abstraction. An example of a circuit with a highly
complex required function is a modern general-purpose microprocessor with
several hundred million transistors running at frequencies of several gigahertz. 

Types of complexity
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Analog signal conditioning circuits do not usually show this type of complexity.
They achieve their desired complex functionality through relatively few
components and a correspondingly low number of desired state variables. The
high signal-to-noise ratios in analog signal conditioning circuits result in state
variables that contain much more information than in low-ID systems, so that a
system with high complexity can be achieved even with a relatively low number of
state variables. We will refer to systems of this kind as high-information-density
(‘high-ID’) systems.
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The complexity of analog signal conditioning circuits is further increased because
they operate close to the limits of the implementation technology. For example, in
the same technology that is used to implement the microprocessor running at
frequencies of up to 4 GHz, we are designing analog signal conditioning circuits at
frequencies of 60 GHz. In addition, the signal-to-noise ratio requirements of analog
signal conditioning systems are much higher than for digital circuits: a signal
conditioning circuit at 60 GHz should be capable of achieving a 90 dB signal-to-
noise ratio without significantly distorting the signal, whereas a digital circuit
operating at frequencies more than one order of magnitude below that only needs
to achieve a signal-to-noise ratio of 20 dB without any linearity requirements.

It is exactly because RF circuits and systems operate close to the limits of the
implementation technology that large design margins cannot be applied. Without
large design margins, many undesired effects become significant, in effect
introducing m extra, undesired, state variables as well as corresponding undesired
interactions. These extra states and interactions will, in turn, result in a further
increase in system complexity (2).

C’ = (n + m) Ev [I(v)] + Σv = 1..(n + m), w = 1..v–1, v+1..(n + m) M(v,w) (2)

The complexity of these systems is caused by the modeling and management of a
very large number of undesired effects that influence the performance of the
system.

Close to the limits of technology, such as at very high frequencies, the number of
undesired effects usually exceeds the number of components by many orders of
magnitude. For example, a straightforward layout of a 34 GHz resonator circuit
consisting of a single inductor and a single capacitor as shown in Fig. 4a can be
modeled and simulated using a standard electromagnetic field solver. The current
distribution at approximately twice the resonant frequency (as shown in Fig. 4b)
already shows that the behavior of this circuit is much more complex than that of
the intended resonator. A model generated by this tool that approximates the
behavior of the resonator between 10 GHz and 90 GHz already consists of

Complexity of RF circuits and
systems
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approximately 2500 components (depending on the required accuracy) – and will
still not model the complete behavior! For example, this model does not include
substrate effects, temperature dependencies, magnetic and electrical coupling to
other circuits or packaging effects. Another indication of the ratio of undesired
effects per component is the many hundreds of parameters that are used to model
a single active device (e.g. in the BSIM4 transistor model). 

figure 4

Simple RF circuit
layout (a) and 
current distribution
at 63 GHz (b)

(a)

(b)
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Even seemingly ‘trivial’ components can have significant undesired effects. For
example, in the first RF CMOS design I was involved in more than 10 years ago, 
the standard electrostatic discharge protection diode increased the noise figure of
our low-noise amplifier (LNA) from 1.1dB to over 6dB [5]. As another example, we
found losses exceeding 1dB per millimeter of optimized interconnect in a recent 
60 GHz design [6].

An aspect that further increases the complexity caused by these undesired effects
at the limits of the technology is the loss of locality. For abstraction to work, it is
required that parts of a design have well-defined ports through which they interact
with their environment and with other parts of the design. Some undesired effects,
such as coupling of signals through the substrate and magnetic coupling between
inductors, but also thermal coupling of devices through the silicon substrate and
through the metal of the interconnect, cause interactions between blocks that
circumvent the usual ports that are used in hierarchical designs. This can be
worked around by adding extra ports to model these undesired interactions.
However, the connections between these ports are difficult to model and add to
the complexity of the design.

Although the differences between these two kinds of complexity in circuit design
are usually associated with digital versus analog design, the fundamental cause is
optimality rather than signal representation. The most effective design approach
for complex functions is the use of hierarchy and abstraction, which in turn
requires significant design margins. Such designs are therefore by definition
suboptimal in terms of implementation, although not necessarily in terms of
design effort. Conversely, designs close to the limits of the technology need to be
highly optimized in order to manage the many undesired effects. Such designs
require the selective omission of unwanted effects that do not significantly affect
the relevant performance parameters of the circuit from the models.

Even though this is the current trend in many RF design models and tools, the
solution to the ‘high-ID’ design problem will not be found by improving the accur-
acy of models and simulators, because these will not provide more insight into the
causes of undesired behavior – in the best case they will provide the same
information as reality. A real solution to the design synthesis problem requires
complexity reduction through simplification of the models by omitting non-
relevant undesired effects. In this way, an optimum combination of insight and
accuracy can be achieved. 
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The impact on the cost of the total system is different for both types of complexity.
Low-ID complexity results in both high cost during development and high cost in
the implementation of the system. High-ID complexity, on the other hand, has a
high cost during development but only a limited cost impact on the system itself
(except maybe through production yield). As a consequence, the complexity of
circuits and systems with high high-ID complexity is not visible in the functional
description or schematic diagram of the circuit or system.

Effective design methods for circuits and systems with high-ID complexity are
necessarily different from those for circuits and systems with low-ID complexity.
Research into technologies that allow RF circuits to perform optimally without the
need to accurately manage all the undesired effects at design time seems a very
promising approach. This could be achieved by taking advantage of the different
types of complexity in other parts of the wireless system – in effect managing
complexity where this can be achieved with the best results and at the lowest
cost.
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There are two major, long-term trends in wireless systems: the trend towards
higher data rates, and the trend towards lower power dissipation. 

Higher data rates are required to maintain a balance with the increasing processing
power and storage capacity of high-performance ICT systems. This is based on the
assumption that the speed at which data needs to be transported scales with the
speed with which this data can be processed and with the amount of data that can
be stored. Also, the speed of wired (both copper and fiber) connections is
increasing at approximately the same rate as the speed of processing and the
capacity of storage. It seems logical to assume that people will expect similar
speed improvements from wireless connections as from wired connections.

Storage capacity, processing power and connection speeds have increased by two
to three orders of magnitude over the past decade. Achieving an increase in
wireless connection speeds by a similar factor over the next decade is a far from
trivial task, since we will run into a limitation of the wireless channel. A high data
rate across the wireless channel requires a combination of sufficient bandwidth
and a sufficiently high signal-to-noise ratio. At lower frequencies, all the available
bandwidth is already allocated to existing wireless systems, so high available
bandwidths can only be found at high frequencies. 

In the past, the frequencies used for new wireless systems were limited mainly by
spectrum availability (at low frequencies) and affordable technology (at high
frequencies), causing a steady increase in wireless frequencies as the spectrum at
lower frequencies filled up and affordable technology became available to build
transmitters and receivers at higher frequencies. However, at frequencies above
approximately 5 GHz the propagation loss of a typical wireless channel increases
to impractically high values, because of both increasing attenuation by walls and
the free space loss as predicted by Frii’s Transmission equation (3):

λ    α
PRX = PTX GTX GRX ( ) (3)4πd

The future of wireless systems
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In this equation, PRX is the received power, PTX is the transmitted power, GTX is the
gain of the transmitter antenna and GRX is the gain of the receiver antenna, λ is the
wavelength and d is the distance between the transmitter and receiver antennas.
α is a constant that depends on the propagation environment. In empty space 
α = 2.

Fig. 5a shows the achievable data rate based on this formula as a function of
frequency and bandwidth [7], and seems to imply that it doesn’t make sense to
increase the frequency beyond 10 GHz in order to further increase the data rate
except for wireless links over very short distances. Links covering longer distances
would have to stay at frequencies below approximately 5 GHz, and research 
has therefore focused on ways to improve bandwidth efficiency, spectrum 
(re-)allocation and improved (adaptive) use of the allocated spectrum. New high-
data-rate systems developed in the past 5 years (3G, 3.5G, WiMax, IEEE802.11a,
IEEE802.11n) all focus on frequencies below 6 GHz even though mainstream
technology has become available that allows the implementation of transceivers
at much higher frequencies, and research into wireless systems at much higher
frequencies did become somewhat of a niche for a while.
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However, there is a way to achieve high data rates at high frequencies. The high
propagation loss across a wireless channel at high frequencies, as predicted by
Frii’s transmission equation, is based on the assumption that the antenna gain
remains constant (and therefore the physical size of the antenna decreases) with
increasing frequency. At lower frequencies this makes sense, since for many
applications it is desirable to reduce the antenna size. However, this is no longer a
relevant concern once the antenna becomes much smaller than the size of the
transceiver. At 10 GHz, the antenna size is already less than 1 cm so it makes more
sense to assume that the physical antenna size can stay constant at higher
frequencies, resulting in an increase in the number of wavelengths that fit onto the
antenna. This will increase the transmit and receive antenna gains in proportion to
the square of the frequency. The received power now increases with frequency,
which means the achievable data rate now also increases for higher frequencies
as shown in Fig. 5b [7].

If we keep the physical antenna size constant while increasing the frequency, the
antenna becomes more directional. Since the relative positions and environments
of antennas are often dynamic, this implies that the antenna beam needs to be
steered adaptively towards the antenna at the other side of the wireless link. This
can be achieved by mechanical movement of the antenna, but in many cases a
completely electronic solution without moving parts will be preferable because of
the smaller size, higher robustness, lower power dissipation and faster movement
that can be achieved in this way. Phased arrays with beam steering are therefore
essential building blocks for future high-data-rate wireless systems.
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However, increasing the data rate across a single wireless link is not sufficient to
solve future requirements. In addition to the need for higher data rates, there will
be many more wireless devices and wireless connections in the future than there
are today. The capacity of the total system therefore needs to grow significantly
faster than the capacity of an individual link. Traditional solutions include reducing
the cell size, applying spectrum-efficient modulation methods and access
methods, and adaptive re-use of already allocated spectrum (e.g. UWB, cognitive
radio in the TV band). At high frequencies, there are two additional mechanisms to
increase system capacity: directionality of the radio signal and confinement of the
radio signal within a single room.
These mechanisms will occur automatically, since directionality will be introduced
through beam steering transceivers, and confinement to a single room will be
achieved due to the higher attenuation of the walls. However, a more complex
(wired and/or wireless) infrastructure will be required to ensure accessibility of
the wireless networks in all rooms. 

In many ways, wireless systems with large phased arrays and beam steering
confine their energy to a small spatial region, which is not very different from the
confinement of electromagnetic signals in a wire. In that sense, such beam
steering systems provide a functionality that can be described as a true ‘wireless
wire’. 

Even though research into beam steering transceivers at high frequencies seems
an obvious focus area, this does not eliminate the need for more efficient use of
the lower frequencies since there will still be systems that want to use these
frequencies, either for historical reasons (legacy system compatibility) or because
of the higher transparency of walls. Technologies like MIMO, high-efficiency
modulation methods, cognitive radio etc. will therefore still be needed. Also it
seems likely that, for the foreseeable future, the number of different wireless
networks that will exist and that people will want to access with a single piece of
equipment will further increase. Multi-mode multi-band transceivers, software-
defined radio and cognitive radio research and development will therefore be
needed to provide the necessary flexibility to deal with such complicated
combinations of requirements, resulting in a further increase in the complexity of
wireless systems.

The second main trend in wireless systems is towards low power dissipation. 
An important reason for using wireless connections is the convenience that comes
from omitting the wire. This convenience only exists if the wireless device doesn’t



20 prof.dr.ir. Peter Baltus

require a power cord, which of course is why many wireless devices are powered
by batteries. For such systems, low-power wireless transceivers are important in
order to achieve a long battery lifetime. The increasing numbers of wireless
devices around us mean battery lifetime is becoming a serious issue. At some
point, the inconvenience of having to replace batteries frequently is going to
outweigh the convenience of not having any wires attached. This will become
particularly important for scenarios in which hundreds or thousands of wireless
sensor nodes are expected to exist in and around a home and/or person. 
I therefore expect that there will be a need for devices that operate without any
batteries at all. Such devices can obtain their power from the environment, 
for example through energy scavenging.

Wireless sensor networks can benefit from the lower path loss at higher
frequencies by reducing transmit power. Ultra-low-power wireless links at high
frequencies using beam steering approaches are therefore a promising direction
for further research. The frequency in this case needs to be a trade-off between
the higher power dissipation at frequencies close to the technology limits and the
reduction in transmit power. Beam steering radio links can provide two additional
benefits for wireless sensor systems: they can provide information about the
relative positions of the wireless devices, and power can be provided to wireless
sensor nodes from a base station through a focused RF signal. The sensor node
can store the energy in this RF signal, for example in a capacitor, and can use the
energy accumulated after a sufficiently long period to transmit a short burst
without needing a battery.
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An interesting question, especially for scientists and engineers working in the area
of RF electronics, is whether there is any future at all for RF electronics. Several
arguments can be (and have been) made to support the view that RF electronics
will disappear. The most prominent argument is that the performance of data
converters will continue to improve to the point where they can be connected
directly to an antenna without the need for any analog signal conditioning. 

However, moving the data converter closer to the antenna does not fundamentally
eliminate the analog signal conditioning problems. Instead, the problems become
more concentrated between the antenna and the data converter, and still need to
be solved.

Also, for systems at high frequencies, new functionality will be required in the 
RF area such as beam steering, adaptive antenna matching, configurability and 
co-existence for multi-band multi-mode wireless networks, power acquisition and
so on.

High-frequency electronics is the area that focuses on the complexity of optimal,
high-performance design at the limits of technology. The technologies resulting
from the research in this area are likely to have applications in other fields that
include forms of high-ID complexity. Research into management methods for
circuits and systems with high-ID complexity is therefore going to play a central
role in my future research.

The future of RF
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At the start of this lecture, I mentioned that wireless systems have now become so
complex that it requires a combination of several research areas to investigate and
understand all elements of such systems. I have also introduced research
directions for both high-data-rate and low-power wireless systems that require
structural changes and optimizations across these elements. 

Fortunately, at the Eindhoven University of Technology, we have research groups
that together cover the wireless systems research area from electromagnetic fields
through the lower network layers. In order to investigate the complex problems of
future wireless systems, these groups work together in the Centre for Wireless
Technology, Eindhoven, as shown in Fig. 6. 

The future of wireless
technology at the TU/e: CWTe
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In this research centre, we will initially focus on medium and long-term research in
three programs:
1. Ultra-high-data-rate wireless systems
2. Ultra-low-power wireless systems
3. Terahertz imaging systems

The first program covers ultra-high-data-rate systems and flexible transceivers
(software-defined radio and cognitive radio). Managing complexity and trade-offs
across the elements in this system is going to be the main focus of the work in this
program. A first goal is to investigate technologies that will allow up to 100 Gbps
wireless in-house communication in 2017. These technologies include advanced
and cost-effective beam steering transceivers (Fig. 7), multi-room architectures,
cost-effective on-chip antenna arrays and front-end integration, and of course
automatic configuration at all granularities of the transceiver to optimally adapt to
requirements and environment.

Open and short de-embedding

DC supply and 3-bit digital control

R
F

 In
p

u
t

R
F

 O
u

tp
u

t

figure 7

Circuits for cost-
effective beam
steering at high
frequencies [6] 
(Yikun Yu, 2008)
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The second program covers ultra-low-power systems. This program covers 
pico-burst systems, low power at high frequencies, automatic configuration,
location awareness and physical mapping, unified RF communication and power,
and low-power interferer management.

The third program is a long-term investigation into systems and applications for
generating 3D images using very-high-frequency radio signals. Research in such
systems is in the early stages worldwide, but we expect this to become a very
important technology in the future that will be at the basis of many applications in
gaming, security, medical and robotics areas, especially with technologies that
enable 3D image generation of the near environment with a low-cost, small device.
Further into the future, terahertz imaging offers other potential benefits as well,
such as information about the velocity and chemical composition of the objects in
the image.

CWTe started May 1st 2007. Currently we are in the ramp-up phase, defining
roadmaps, finding partners etc. At this moment we have 2 projects approved with
6 PhD student positions. Our goal is to grow to 20 PhD students by the end of
2009. These students will work together in joint projects spanning the research
areas of several or all of the groups. More information about CWTe can be found
on our website: http://w3.ele.tue.nl/nl/cwte .
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Education and research are equally important products of our university, but in
this lecture I have given a lot more attention to research than to education. 
The reason for this is simple: in a rapidly developing field such as wireless
systems, a lot of research is required to support these developments, and as a
consequence this research will also have to develop very rapidly. A lot therefore
can be and has been said about research. 

Education, on the other hand, cannot and should not follow the details of such
rapid developments, because these details become outdated very quickly –
probably even before our students graduate. Instead, I think that a university
education should focus mostly on the fundamental principles and technologies
that are likely to remain relevant for a significant part of our students’ careers. 
At this moment, we already have a good electronics education at our university.
But there are still a few areas in which I see opportunities for improvements. 
The first is a training for wireless system architects which we are planning to
include in our Centre for Wireless Technology. In this training, experienced
designers and junior architects from industry and academia can participate in an
architect role in one of the CWTe projects in order to practice and improve their
architecture skills. This will be complemented by courses and coaching in this
area. A second opportunity is post-master’s courses in electronics, for example 
for PDEng students. Finally, a more fundamental course on high-ID complexity
management in the context of high-frequency (or maybe optimal or high-
performance) electronics would be a complementary and welcome addition to 
the current set of courses.

Education
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I am very grateful for the opportunity to work at this university, and I would like to
thank the Executive Board of the university as well as the board of the department
of Electrical Engineering for giving me this opportunity. Especially the trust and
support of the dean of the department, Professor Backx, and the chair of the
Mixed-signal Microelectronics group, Professor van Roermund, who was also my
promotor, have been invaluable, and I hope I can continue to benefit from their
experience and support.

The members of the Mixed-signal Microelectronics group and the members of the
Centre for Wireless Technology have been very helpful in my transition from a long
career in industry to an adventure at the university. I really enjoy working with
them, and I especially appreciate their enthusiasm and constructive support in
setting up our new research center. This in particular has really made me feel
welcome! I also want to thank Margot van den Heuvel, our secretary, who seems
to be able to plan any meeting and fix any problem. 

The first partners in CWTe that are joining us in this undertaking from the very
beginning are supporting us in many different ways. I am very grateful that they
share our visions and goals and are working with us to achieve them.

Ik wil ook graag mijn familie, en in het bijzonder mijn moeder en mijn broer Jack,
bedanken voor hun aanmoediging en steun die dit alles mogelijk hebben
gemaakt. 

Tenslotte wil ik graag Christel, mijn vrouw, bedanken omdat ze haar leven met mij
wil delen en mij de ruimte geeft om dit werk te doen. Ik ben ervan overtuigd dat,
in tegenstelling tot hoogfrequente elektronica, hier wel magie aan te pas komt.

Ik heb gezegd.
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