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Foreword

Low-power and ultra-low-power communication technology is enabling
the internet of things (IoT). The technology described by Kopta and
Enz in this book is energy-efficient, robust and offers the capability of
license-free communication — all desirable attributes for future IoT devices.
Wideband- and ultrawideband-FM (FM-UWB) radio transceivers have been
pioneered by researchers affiliated with the Swiss Center for Electronics
and Microtechnology (CSEM), and elsewhere in Europe, since 2002.
The technology offers an elegant and simple solution to the energy and
performance constraints for many IoT applications. Kopta and Enz continue
the research tradition established by John Gerrits at CSEM in 2002-2003, and
have brought UWB-FM even closer to its goal of commercial exploitation.

After a brief introduction outlining the constraints and motivation for
transceivers integrated in silicon CMOS for wireless sensor networking
applications, a survey of narrowband and wideband transceivers is presented
in Chapter 2. Chapter 3 is devoted to a tutorial on FM-UWB, which gives the
reader a concise overview of the principles behind the double-FM method of
modulation/demodulation, and a review of the transceiver implementations
reported in the recent literature based on FM-UWB schemes. A key advantage
intrinsic to FM-UWB is network scalability. Multiple data sources can
share the same RF band easily using separate FSK-modulated subcarriers.
This multi-user concept was proposed by Gerrits early in his development
of the FM-UWB concept, and the authors devote much of this book to
their development of an experimental, low-power FM-UWB transceiver that
supports multi-user scenarios.

Many of the radio technologies described in the book will be familiar to
experienced CMOS practitioners. However, the authors have also provided
sufficient details for the novice to easily follow their hardware demonstrator
descriptions. The first designs outlined in Chapter 4 use direct conversion
to baseband (i.e., zero-IF architecture) in the receiver. Rather than relying
on a fixed intermediate frequency (IF), the concept of a sliding or uncertain
IF is explained. The authors then propose an approximate IF receiver that

X



X Foreword

leverages the uncertain-IF concept to conserve power. Both single-ended
and quadrature downconversion schemes are described, and system-level
simulations are presented which estimate the expected performance of
the two receivers. Chapter 5 describes implementation of the quadrature
approximate-zero-IF receiver concept. Circuit blocks comprising the receiver
are detailed and key simulation results are presented and compared with
measurements. Performance is characterized with narrowband and wideband
interferers present, allowing the unique features of the FM-UWB approach to
be highlighted.

While simple in concept, implementation of a practical FM-UWB
transceiver requires attention to many details, and Kopta does not disappoint
the reader when describing prototype implementations in 65-nm bulk CMOS
in Chapter 6. Sub-carrier synthesis, the digitally-controlled carrier oscillator,
and antenna amplifiers are detailed for the transmitter, including calibration
schemes used to ensure robustness of the final prototypes. On the receive
side, each of the circuits blocks in the receive chain are presented in depth,
including an N-path channel selection filter. The emphasis in Kopta’s design
is on robustness to narrowband interferers, in particular interference from the
2.4-GHz ISM band. Tolerance to frequency offsets is also considered. The
final prototype is able to tolerate clock offsets large enough to obviate the
need for a reference oscillator, making it the first FM-UWB transceiver that
can be implemented without an external quartz crystal.

In summary, readers of this book will find a complete description
of the current state-of-the-art in FM-UWB technology, including detailed
circuit descriptions and convincing proof-of-concept verifications of CMOS
prototypes within its covers.

John R. Long
Waterloo, Ontario
November 11, 2019



Preface

This book is a result of more than four years of research work on a Ph.D.
thesis at Swiss Federal Institute of Technology (EPFL) and Swiss Center for
Electronics and Microtechnology (CSEM). The main motivation comes from
the WiseSkin project, that had as a goal the integration of a sensory “skin”,
intended for use in prosthetic devices. Such skin would allow persons that
have lost a limb to regain a natural sense of touch and perceive the artificial
limb as part of their body. Tactile capability of the skin was provided by
the means of a network of connected, highly miniaturized, sensor nodes,
able to detect pressure and communicate data. FM-UWB imposed itself as
an approach that suited all of the system needs and was quickly adopted
for our solution. Beyond the scope of the WiseSkin project, the FM-UWB
is considered here in a broader context of wireless sensor networks and IoT,
topics still gaining on popularity today.

The aim of the book is to provide in depth coverage of FM-UWB as
an efficient modulation scheme in the context of low-power, short range
communications. It showcases FM-UWB as an alternative to commonly used
narrowband radios, such as Bluetooth or ZigBee, and attempts to emphasize
its potential in the IoT application space. The book also covers a design of
a fully integrated FM-UWB transceiver, from high-level considerations and
system specifications to transistor level design. Some of the basic concepts
in circuit design are omitted in this book in order to focus on the topic
of interest. The assumption is that the reader has a good foundation in
analog and RF IC design, and that he is already familiar with fundamentals
of communication theory. The book is intended for graduate students and
academic staff engaged in electrical and electronic engineering, as well as
more experienced engineers looking to expand their knowledge of low power
transceivers.

The authors would like to acknowledge the members of the staff, present
and past, of the Integrated and Wireless Systems Division at CSEM for their
valuable contribution to this research work. It was through collaboration
and many insightful discussions that the authors could benefit from their
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knowledge and immense experience in RF circuit design. Their helpful
advice, both theoretical and practical, has proven to be crucial for the success
of this work, hence special thanks go to: David Barras, David Ruffieux, Franz
Pengg, Erwan Le Roux, Alexandre Vouilloz, Nicola Scolari, Nicolas Raemy,
Pascal Persechini, John Farserotu, Ricardo Caseiro and Pierre-Alain Beuchat
of CSEM.

The authors would also like to thank the staff at River Publishers,
particularly Junko Nakajima, for the support in making this book.

Vladimir Kopta
Neuchatel, Switzerland
November 2019
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1

Introduction

1.1 Wireless Communication

The idea of using electromagnetic waves to send information over the air,
without wires, dates back to the end of the 19th century. Although many
scientists at that time worked on similar devices, Marconi was the first to
demonstrate a working “wireless telegraph”. First radio systems were large,
relatively simple and only used in a handful of applications such as navigation
and keeping contact with ships and, later on, planes. At first, they could only
be used to transmit dots and dashes of the Morse code, the human voice
followed slightly later in the beginning of the 20th century.

The evolution of wireless communication followed the technological
advances in the field of electronics. The invention of the vacuum tube pro-
vided means to amplify and process the received weak signal and increase
the range of communication. The first radio receivers were developed by
Armstrong, who is well known for the invention of the super-regenerative
receiver and the super-heterodyne receiver, and also the first to propose the
use of frequency modulation. The next important step in the evolution of
wireless was the invention of the transistor. This allowed for a remarkable
reduction in weight and size of most electronic components, improved relia-
bility and generally fueled the rapid development of mobile communications
in the second half of the 20th century.

It was the reduction in size and cost of components that ultimately
enabled the penetration of mobile devices into the consumer market and led
to the huge commercial success of the mobile phone. Aside from the phone,
different technologies were developed to transmit data over the air. W-LAN
and Bluetooth followed quickly and provided a wireless link between all
kinds of devices. Today, we have reached a point where wireless connection
has become almost as pervasive as electricity. The radios have become so
small that they can be seamlessly integrated into almost any object.
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There are two main directions of development of modern wireless
devices. The first one is toward higher speed and better performance, and
is driven by technologies such as 5G, aiming to provide more data and
uninterrupted connectivity to users in all corners of the world. Here, the size
and energy come second, what matters most is providing high data rate and
low latency to all users. The second direction is towards energy, size and
cost reduction, driven by the IoT (Internet of Things). The vision of IoT
is to provide worldwide network access to billions of objects surrounding
us, to gather information from those objects and give them the ability to
interact with their environment without human intervention. To achieve this,
the performance of a radio must often be sacrificed in order to conform to the
needs for miniaturization and low power consumption.

1.2 CMOS Technology and Scaling

The Complementary Metal Oxide Semiconductor (CMOS) process technol-
ogy is undoubtedly the dominant IC technology used today. Initially intended
for use in digital circuits, the CMOS is now used in a wide variety of
analog and RF applications as well. The tremendous success of CMOS is
a result of exponential technology development over more than 50 years.
This exponential development is described by Moore’s law [1] that states
that the number of transistors on a silicon chip doubles every two years.
Originally an observation, it became a principle that provided a guideline
for the semiconductor industry for over 50 years.

The number of transistors on a chip increased owing to the reduction of
feature sizes (transistor gate length). The increase in numbers and reduction
of size also led to a drastic fall of price per transistor. Not only that, but
smaller transistors make logic gates faster and are more energy efficient. With
every new generation more and more digital functionality could be placed on
a single chip, the speed of chips increased and the price kept dropping. This in
turn enabled the revolution in computing, with ever more powerful computers
becoming smaller and cheaper every year. Today, we are at a point where a
hand-held device possesses more computing power than super-computers the
size of a room used to. CMOS also revolutionized wireless communications,
providing more power for digital signal processing, enabling more complex
modulation and demodulation algorithms and fast error correction.

Low prices and high level of integration eventually led to the use of
CMOS in analog and RF circuits. Unfortunately, the analog circuits did
not benefit as much from technology scaling. One reason is that passive
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components simply cannot scale, as their size is governed by the laws of
electromagnetism. Furthermore, the decreasing intrinsic gain of transistors
and progressively lower supply voltage make analog design more challeng-
ing in modern deep sub-micron CMOS technology nodes. One parameter
that improves with smaller transistor sizes is the transit frequency, i.e. the
frequency where the current gain of transistor falls to 1. As a result, CMOS
is now widely used in various RF applications and is slowly paving its way
in the sub-THz domain, narrowing the gap between CMOS and dedicated RF
and microwave technologies.

Technology scaling is one of the key enablers toward fulfilling the dream
of bringing intelligence and connectivity to objects and deploying sensor
networks consisting of billions of nodes. It is the exponential development
of CMOS that brought the size and cost of integrated circuits down to the
needed level, but innovative circuit design, novel radio architectures and
clever system optimization are still necessary to provide energy efficient
wireless connectivity.

1.3 lIoT and WSN

Wireless Sensor Networks (WSN) and the Internet of Things (IoT) are two
concepts that have been gaining traction over the past 20 years. The idea
of using a distributed network of miniaturized sensing or actuating devices
appeared with the advances in micro electro-mechanical systems (MEMS),
digital signal processing and wireless communication [2]. Instead of using
one or several sensors, a collaborative network of miniature sensor nodes
is deployed near the phenomenon. These type of networks can find appli-
cations in a variety of fields, such as military, home automation, industrial
automation, environmental, agricultural, construction, health care and so on.
While many different types of wireless networks existed previously, their goal
was mainly to provide the desired quality of service, whereas in a WSN
the protocol must primarily ensure power conservation, given the limited
resources available on each node and the fact that the nodes do not have access
to the power grid in most cases.

An interesting subset of WSNs are the body area networks (BAN), where
a network of sensors is distributed on, or inside a human body. These type
of networks can provide remote patient monitoring, allowing the doctor to
track all relevant physiological information without keeping the patient hos-
pitalized, effectively improving his quality of life. A network of sensors can
also be placed on a prosthetic limb and used to provide sensory information
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Figure 1.1 The WiseSkin concept (a) and a prototype sensor node (b).

to the patient, allowing him to regain the sensation of touch [3]. The tactile
information is necessary to close the feedback loop and allow the amputee
to control the limb and experience it as a part of his body. The concept,
together with the prototype of the used sensor node is shown in Figure 1.1.
As in the general case, the node itself consists of three main parts: the sensor,
the processor and the radio. The processor is the brain of the node, it stores
the information from the sensor and decides when to send this information
using the radio. In some cases local processing of the raw data can be used
to reduce the amount of data sent, reducing the overall power needed for
the radio. This is an important point as the radio is typically the dominant
consumer on a sensor node [4]. The main challenge today is to reduce the
communication power in WSNs, either by focusing on hardware and lowering
the consumption of the radio, or by focusing on software and aiming to
improve efficiency at the protocol level.

The IoT can be seen as a natural expansion of the WSN concept. In its
most basic form [oT is a vision wherein various objects are connected via
the internet. All of these objects can either extract some information about
the environment or interact with the environment using the information
provided to them. This information is stored on remote servers, where it
can be processed to extract the useful information. The IoT blends together
the internet technologies with data science and pervasive distributed sens-
ing, with the goal of optimizing and automating industrial and common,
everyday processes. It is a commonly agreed target of the IoT to provide
approximately one thousand connected devices per person [4]. Different
challenges lay ahead before this vision can become a reality. Efficient cloud
storage and processing must accommodate the amounts of data generated by
trillions of sensor nodes. They must be able to extract knowledge from it
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and provide useful services to the end user. The gateways and concentrators
that provide the interface between the internet and the sensor networks must
provide sufficient bandwidth to allow real time response to different stimuli.
The cost and energy requirements of sensor nodes must be sufficiently low to
enable deployment at such a large scale. Commercially available components
are still too expensive and consume too much power to realize the IoT vision,
the main obstacle currently being the wireless transceivers.

Different schemes and modulations have been used, different architec-
tures and circuits have already been examined in order to reduce consumption
of radios. This work focuses on frequency modulated ultra-wideband (FM-
UWB) technology as a candidate to bring down the cost, power and size of
sensor nodes, but also to enable scalability and robust communication, and
bring us one step closer to realizing the IoT vision.

1.4 Energy Sources

Since most nodes in a WSN do not have access to the power grid, they must
be powered in some other way. Today they are mainly powered by batteries.
The exact energy needs depend on the application and dictate the size and
requirements on the battery. Unfortunately, the energy capacity of batteries
has not scaled as fast as the CMOS technology. Although scaling improved
circuit efficiency, addition of new functions actually increased consumption
of electronic devices, and batteries have simply not been able to keep up with
the pace.

Different batteries are available today, providing different characteristics
and using different chemistries. When designing a radio, or an entire sensor
node, it is important to be aware of their characteristics in order to exploit
the battery in a maximally efficient manner. The lithium based batteries are
by far the mostly spread today, as they have the highest energy density of all
the commercially available batteries [4]. Regardless of the type, the capacity
of a battery is always proportional to its size. For a given lifetime, the node
consumption determines the minimum battery size and, since the battery is
often the largest component of a node, the size of the node itself. The fact
that the consumption of a sensor node is proportional to its size is yet another
incentive to minimize the consumption of a radio. Another issue is that the
battery capacity is related to the load current, and it generally diminishes
as the load current increases. High pulsed currents can significantly reduce
the capacity or even damage the battery. This is highly inconvenient as the
radios on a sensor node nearly always use duty cycling, meaning that they
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are activated to transmit a packet of data during a short period of time, after
which they are put to sleep to conserve energy. As a result, the peak power
of the radio has an impact on battery lifetime, making radios with lower peak
current more convenient. This is why the low peak current of the FM-UWB
transceiver proves to be an advantage in battery powered systems.

Batteries can be non-rechargeable and rechargeable. Rechargeable batter-
ies can be used to extend the lifetime of a system, provided that they can
be charged in some way. A very appealing mean to provide more energy to
IoT devices is using the energy harvesters, especially for devices that are
not easily accessible. Whenever some form of energy is available in the
environment, they can be used to gather it and increase the autonomy of
the node. Commercially available harvesters are thermoelectric generators
(TEG), microbial fuel cells (MFC), photovoltaic cells (PVC) and piezoelec-
tric generators. In academic work, electromagnetic harvesters, that collect
energy from already present electromagnetic waves, are also described.
Unfortunately, the power that can be provided by these harvesters is still
too small to sustain even a small sensor node. Unsurprisingly, the amount
of energy they can provide is proportional to the size of the harvester.

All of these harvesters can provide different voltage and current levels,
and present a different impedance to the load. To make things more difficult,
all of these quantities change with time, as the environmental conditions
change. Dedicated circuits must be used to provide optimal conditions for
energy extraction and track the maximum power point (MPP) of a harvester.
At the same time these circuits must ensure the required voltage and current
profiles in order to charge the battery in an efficient way and avoid loss of
capacity. Finally, they must provide different supply voltages to different parts
of a sensor node while minimizing losses. This is why the power management
circuits are, alongside radios, becoming an important component of the IoT
node, that is becoming increasingly more challenging to design.

1.5 Work Outline

With the previous thoughts in mind, it is the aim of this work to explore
another communication scheme, the FM-UWB, within the context of WSN
and IoT. The work described here was originally directed toward providing
short range wireless connectivity for sensor nodes on a prosthetic limb [3],
however the conclusions and results can be applied to a much broader field of
applications, highlighting the potential of FM-UWB in the IoT space.

The largest part of the work focuses on the hardware implementation of
an FM-UWRB transceiver, emphasizing architectural and circuit techniques
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needed to achieve the low power consumption needed for a sensor node. Since
the number of nodes in sensor networks is expected to grow in the future,
the issues of scalability are also addressed. Here, the multi-user capability of
FM-UWB comes into play, allowing multiple devices to share the same RF
band and providing an additional degree of freedom compared to systems
that exploit only TDMA (Time Division Multiple Access). The growing
number of connected devices also means more devices fighting for the limited
spectrum resources, and more interference in the air. The inherent rejection of
narrowband interferers provided by the FM-UWB ensures a robust link even
in such scenarios, allowing a transceiver implementation without a separate
pre-select filter. The scaling of the CMOS technology greatly reduced the
cost and size of silicon devices. The trend is therefore to integrate as many
components as possible on a single die, and avoid using off-chip components
that would make the node bigger and more expensive. The FM-UWB has
a unique potential for full transceiver integration that gives it an advantage
compared to standard narrowband transceivers. This aspect is also explored
as the cost and size of devices are still a barrier to arriving at more than a
thousand connected devices per person.

Chapter 2 provides a survey of low power transceivers. The most
important low power techniques at the architectural level are presented
and briefly explained. Performance of commercially available radios and
academic implementations is shown and compared focusing on data rate,
sensitivity and efficiency, but also commenting on selectivity, dynamic range
and relations among these metrics. The emphasis is on architectural trade-
offs of transceiver implementations as well as advantages and disadvantages
of different communication schemes.

Chapter 3 explains the fundamentals of FM-UWB modulation and
demodulation, highlighting the potential of this technique in the WSN and
IoT context. The potential directions of evolution of FM-UWB radios are
given and discussed. A survey of existing FM-UWB transceiver implemen-
tations provides a glimpse into the practical capabilities of this modulation
scheme.

Chapter 4 presents the two developed receiver architectures. The
“approximate zero IF” (AZ-IF) receiver architecture is derived from the
“uncertain IF” architecture, previously employed to reduce consumption of
the narrowband wake-up radios. The principle of operation is explained, and
combined with system-level simulations in order to estimate the expected
performance of the two receivers.

Chapter S describes the first implementation of the low power, quadra-
ture approximate zero IF receiver. First, all the circuits are explained in detail
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together with the most important simulation results. Then the measurement
results are reported. The receiver performance is characterized in different
conditions, with narrowband and wideband interferers and using different
variations of FM-UWB modulation, demonstrating in that way some of the
interesting features of the FM-UWB approach.

Chapter 6 describes the implementation of the fully integrated, low
power FM-UWB transceiver. Aside from the quadrature AZ-IF receiver, a
single-ended receiver is added, providing a mode with even lower power con-
sumption. As in the previous case, the two receivers are characterized under
different operating conditions. In this case the emphasis is on robustness to
narrowband interferers (with a special focus on 2.4 GHz band), and frequency
offset tolerance. The implemented receiver is proven to tolerate clock offsets
large enough to make use of an external quartz reference unnecessary, making
it the first FM-UWB transceiver that can truly be implemented with no
external components.

Chapter 7 concludes the topic, providing a summary of achieved results
and contributions, and pointing to potential research topics and development
directions for future work.
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Low Power Wireless Communications

2.1 Introduction

Reducing the power consumption of radios has been a topic of research for
quite a long time. In recent years, the search for energy efficient means
of communication and constant effort to lower the power consumption of
wireless transceivers have been primarily driven by the growing popularity
of the internet of things [1]. Still today, the consumption of radios is one of
the primary obstacles to making the IoT concept a reality. Since the available
energy sources have a very limited capacity, especially in size-critical appli-
cations, reducing the power consumption of sensor nodes remains the only
mean of increasing their autonomy.

A wide range of wireless technologies exist that provide a different set
of capabilities tailored for different applications. Wireless devices typically
trade power consumption, data rate and sensitivity (which can be directly
translated to range), although there are other important quantities, such as
dynamic range and interference rejection, and finally size and cost, that
play an important role. Some of the well-known wireless technologies are
presented in Figure 2.1, that gives a qualitative comparison of consump-
tion and range. Typically, larger range requires larger power consumption.
However, a third axis would be needed to show a more complete picture.
This third axis would be the data rate (or alternatively bandwidth). LoRa,
SigFox and NB IoT devices manage to extend the range without an increase
in power consumption at the cost of data rate, which further means that only a
limited amount of information can be transmitted within a given time. These
technologies were intended for use in wide area networks, to gather data
from sensors that only need to transmit several bits every few hours (e.g.
temperature sensors). Data rates that can be found in these radios typically
vary from only 10 b/s up to 50 kb/s, which is why they are also referred to as
the ultra narrowband (UNB) radios.
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Figure 2.1 Power consumption and range of different wireless technologies.

Radio Frequency Identification (RFID) and Near Field Communication
(NFC) provide the lowest power consumption. This is mainly owing to the
low communication range, that is sometimes only a few centimeters, and
the asymmetric link, where the burden is placed on the reader, allowing to
simplify the tag. The RFID/NFC tags can consume zero power, meaning that
they can be entirely powered by the reader, but their capabilities are also
limited to sending only a few bytes of information, such as the ID of the tag.
An RFID tag can be made very small and is often dominated by the antenna
size (especially in the sub-GHz bands), whereas a reader is quite large and
consumes a lot of power as it may need to transmit at watt levels.

A similar kind of asymmetry can be found in cellular networks. In this
case most of the burden is placed on the base station that has access to the
power grid, making its size and consumption a less important issue. This
allows to reduce the size and complexity of the battery-powered, hand-held
devices, while still maintaining a link over several kilometers and providing
data rates on the order of 100 Mb/s. The principle is similar to the WiFi,
with the burden mainly placed on the fixed device, allowing higher autonomy
for the mobile devices. The difference compared to the cellular technologies
is the range.

Unlike the previously mentioned standards, Bluetooth (and it’s derivation
Bluetooth Low Energy or BLE) and ZigBee provide a fully symmetrical link,
meaning that the same transceiver is used on both sides. These radios are
commonly used to provide low power wireless connectivity between two
or more battery powered devices. In particular, Bluetooth has become the
most widely used standard for low power connectivity in consumer applica-
tions. It provides complete wireless connectivity services, not just wireless
transport, and is commonly implemented in audio streaming, data transfer
and broadcasting devices. Although initially designed for small networks,
consisting of up to seven peripherals connected to a master device (such as a
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computer, or a smart phone), Bluetooth has evolved over the years and now
supports different network topologies with a much larger number of devices.
It targets ranges from tens to hundreds of meters, and data rate in the order
of 1 Mb/s. The fact that Bluetooth is already a dominant technology in the
consumers’ market means that most manufacturers want to use it in their
devices regardless of whether it is really optimal for a specific application.
This greatly reduces the effort and time to market that would otherwise be
necessary with a custom made radio.

ZigBee, or the IEEE 802.15.4, is a similar standard with the same commu-
nication distance and lower data rates that go up to 250 kb/s. Unlike Bluetoth,
it targets mainly industrial applications, and therefore the emphasis is on
security, robustness and scalability, providing support for high node counts.
As of 2012, enhanced ZigBee specifications also include secured connectivity
to batteryless devices, powered from energy sources like motion, light or
vibration.

An interesting candidate for low power communications are ultra-
wideband (UWB) devices. The particularity of these devices is that the
data rate is not directly linked to the bandwidth of the transmitted signals.
When talking about UWB the occupied spectrum is typically much larger
than required by the communication speed. Although it seems like they are
wasting a very precious resource, they provide capabilities that cannot be
easily achieved with classical narrowband radios. Large bandwidth relaxes
constraints on the precision of the frequency synthesizer. This allows the
implementation of radios without Phase Locked Lops (PLL) resulting in
higher agility and making them more suitable for duty cycling. The same
property also eliminates the need for a precise frequency reference, such as
a quartz oscillator, allowing the reduction in size and cost of the product.
UWSB signals are more difficult to detect and jam, and due to their low Power
Spectral Density (PSD) do not interfere with neighboring narrowband signals.
Furthermore, they are capable of resisting strong interferers and operating in
multi-path environments without a severe loss in performance.

In principle, the UWB radios that are in the focus of this book (targeting
low to medium data rates and low power) fit between the BLE and RFID
devices. They are not able to achieve the same sensitivity at the same data
rate as the BLE, but they can provide a lower power consumption, size and
cost. At the same time, there are no fully passive UWB solutions that can
compete in the RFID space, but they provide a symmetric link, longer range
and better overall performance.
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Before going into the in depth analysis of the FM-UWAB, this chapter will
summarize and compare the key radios targeting a similar application space
as the FM-UWB. The emphasis is on low power techniques, targeting low to
medium data rates and a fully symmetric link. Since the network performance
is almost entirely determined by the receiver performance, the rest of the
chapter will be devoted to them.

2.2 Narrowband Communications

Many different narrowband techniques have been developed targeting dif-
ferent WSN or IoT scenarios. Today, the absolute leader in the consumers’
market is the Bluetooth, which can be found in almost every portable device.
ZigBee found its market in industrial automation and puts more emphasis on
robustness and security. Both of these standards target distances up to 100 m
at moderate data rates.

Several recently emerged standards, such as SigFox, LoRa and NB IoT
are developed to cover lower data rates and provide a range of several
kilometers. This is typically done by reducing the data rate. Since the prob-
ability of error depends on energy per bit Fj, that is a product of signal
power and symbol duration, communication range can easily be extended
by using longer symbol duration. Symbol duration is inversely proportional
to the signal bandwidth, meaning that very long symbols occupy a very
narrow frequency band, hence the name ultra narrowband. The commercial
UNB receivers consume a similar amount of power as BLE transceivers [2]
but, owing to lower data rates, achieve sensitivity better than —140dBm
(compared to BLE receivers that fall in the range between —80dBm and
—100 dBm). Combined with the output power specified above 10 dBm, LoRa
radios typically provide a link budget above 150 dB.

An interesting class of receivers are the wake-up (WU) receivers. These
have mainly been a topic of academic work, and haven’t yet been truly
adopted by the industry. Unlike the previously mentioned receivers, the WU
receivers generally do not comply with any of the existing standards, there-
fore allowing much more freedom in optimizing different system parameters.
The idea behind wake-up receivers is to constantly listen to the channel
and check whether there is a signal being transmitted. Once they detect the
presence of a correct sequence, they turn on the main receiver that will be used
for data reception. Clearly, for the concept to work, the wake-up receivers
must consume a very small amount of power. This usually comes at a price in
sensitivity and speed, which is an acceptable trade-off in this case. Since WU
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and BLE receivers have have gained a lot of traction in recent years they will
be the subject of study throughout this section.

2.2.1 Bluetooth Low Energy

Aside from dominating the market, Bluetooth and BLE transceivers are often
a topic of academic work exploring new potential architectures and looking
into different trade-offs between power consumption and performance. BLE
is typically targeting a data rate of 1 Mb/s, although most commercial devices
support higher data rates. It is intended as a standard that provides a low
power connection between portable devices and sensor nodes.

The BLE uses the ISM band located between 2.4 GHz and 2.48 GHz. The
used band is split into 40 channels, each 2 MHz wide. The data is transmitted
at 1 Mb/s using the Gaussian Frequency Shift Keying (GFSK), meaning that
a Gaussian filter is used for pulse shaping. A 2 Mb/s option is added in the
Bluetooth 5 specification. An optional Enhanced Data Rate (EDR) mode
provides higher data-rates by using DQPSK and 8DPSK modulations. Output
power is limited to 100 mW, or 20 dBm, this limit was increased from 10 dBm
in the BT 5 specification in order to extend the maximum range to above
100 m. Minimum sensitivity of BLE devices is set to —70dBm, although
most devices are providing at least —80 dBm. Frequency hopping is used to
avoid collisions with other BLE transceivers or unwanted interferers.

The relatively loose BLE requirements allow a simple transmitter archi-
tecture that can be optimized for low power consumption. A typical BLE
transmitter block diagram is shown in Figure 2.2. The transmitted RF signal
is directly synthesized by a PLL. This approach allows to save power by
avoiding mixers and quadrature signal upconversion. The modulated signal
can be injected in different points of the PLL. Figure 2.2 shows the case
where the VCO/DCO is directly driven by the modulated signal. A different
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Figure 2.2 Typical BLE transmitter block diagram.
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approach would be to inject the signal at the fractional frequency divider
(usually controlled by a sigma-delta modulator). Injecting a signal at this
point provides a good frequency control, but the approach suffers from the
limited PLL bandwidth. Increasing the loop bandwidth to accommodate the
needed signal bandwidth increases phase noise of the PLL. For this reason
a hybrid approach has been used in some implementations, and is referred
to as the two point modulation [3]. In this case signal is partially injected
directly to the VCO to compensate for the limited bandwidth of the PLL.
One of the advantages of the GFSK modulation, used by BLE, is that it is a
constant envelope modulation. This means that the signal amplitude remains
unchanged during transmission, which allows for an efficient implementation
of the power amplifier. In general, power amplifiers are highly dependent on
the characteristics of the transmitted signal. Non-constant envelope signals,
such as 7/4-DQPSK, require linear power amplifiers which are always less
efficient. The advantage of non-constant envelope signals is better spectral
efficiency, meaning that they occupy a smaller frequency band and leak less
into adjacent channels. Efficient spectrum utilization is an important issue
in high-performance systems, while it is usually sacrificed in low-power
systems in order to obtain better power efficiency.

The two most commonly used receiver architectures in BLE receivers are
the sliding IF and the low IF architectures shown in Figure 2.3. The low IF
receiver was derived from the zero IF (or direct conversion) receiver. As the
name says, such a receiver converts the input RF signal directly to zero [4]. In
order to prevent a loss of information, the receiver must perform a quadrature
conversion, in other words it must separate the baseband signals by their
phases. The advantages of the direct conversion receiver are the absence of
image (interfering signal symmetrical to the useful signal with respect to the
carrier frequency), simple architecture and use of low pass filters for channel
selection. However, since the baseband signal is located around zero, these
receivers suffer from increased flicker noise, LO leakage, dc offset and are
sensitive to I/Q mismatch. Most of these drawbacks are resolved using the
low IF receiver. Centering the baseband signal between 1 MHz and 2 MHz
mitigates the problems with flicker noise and dc offset. An issue with a low
IF receiver is that an image now appears at negative frequencies. This image
must be suppressed by a sharp complex baseband filter (usually a polyphase
filter) prior to digitizing the signal. When it comes to power consumption
some authors claim that this type of receiver consumes a lot of power for
frequency generation, as it needs to provide quadrature signals at the RF
channel frequency [5, 6]. From this point of view the sliding IF receiver has
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Figure 2.3 Low power BLE receiver block diagrams, low IF (a) and sliding IF (b) receiver.

some interesting properties. Although the conversion is done in two steps,
only one oscillator is used. The second LO is derived from the first using a
fixed frequency divider. That mans that if the input frequency changes the
IF changes as well, hence the name sliding IF. If the division ratio is even,
quadrature signals are available practically for free. As frequency dividers
are in any case needed for the PLL, second LO generation doesn’t cause
additional burden in terms of power. Since the first LO frequency is lower
than the input signal frequency, the consumption of the VCO and the LO
buffers is somewhat reduced. For example if the fixed division ration is 2
then the LO frequency should be fr.o = 2/3 fi,. Additional gain comes from
the fact that the VCO doesn’t need to generate a quadrature signal. As with
all heterodyne receivers, the image might pose problems for the sliding IF
receiver as well. This issue is commonly addressed by placing an external
image reject filter that suppresses all signals at the image frequency.
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Table 2.1 Performance comparison of BLE receivers

Sens. Cons. Eff. Data Rate Supply
Ref. [dBm] [mW] [nJ/b] [Mb/s] [V] Mod.
Academic Work
[10] -95 0.98 0.98 1 1 GFSK
[11]* —80 0.23 2.77 0.083 0.75 FSK
[6] —98 3.8 3.8 1 1.2 GFSK
[5] —-90 5.5 5.5 1 0.6/1.2 GFSK
[3] —94.5 6.3 6.3 1 3 GFSK
[12]* —57.5 0.15 1.3 0.115 0.9/1.1 OOK
Commercial Devices
TI CC2540 [13] -93 39 19.5 <2 2-3.6 GFSK
PSoC 63 [7] —-95 22 11 <2 1.7-3.6 GFSK
nRF51822 [14] -93 23 11.5 <2 1.8-3.6 GFSK
nRF52832 [15] —96 16.2 8.1 <2 1.7-3.6 GFSK
EM 9301 [16] —83 27 13.5 <2 1.9-3.6 GFSK
DA14580 [8] -93 114 5.7 <2 0.9-3.45 GFSK
TC35679 [17] —-93.5 9.9 4.95 <2 1.8-3.6 GFSK
TC35681 [18] —-95.6 15.6 7.8 <2 1.8-3.6 GFSK
RSL 10 [9] —94 9 4.5 <2 1.1-3-3 GFSK

For all commercial devices reported sensitivity is at 1 Mb/s.
*BLE compatible WU receiver.

An overview of existing BLE receivers is given in Table 2.1. Key per-
formance metrics are given for selected academic work, as well as for
commercially available components. As seen in the table, most of commer-
cial devices target sensitivity better than —90 dBm. The power consumption
varies from 39 mW down to 9 mW in some of more recent implementations.
It should also be noted that some of these implementations are parts of entire
systems on chip (SoC), targeting IoT type of applications [7-9]. Most of
them also come with an integrated DC-DC converter that converts the 3.3 V
battery supply into voltages around 1V, typically used by today’s low power
radios, and provide a low power sleep mode, making them suitable for duty
cycling.

Seeing the consumption of devices reported in academic work it is clear
that there is still room for improvement. Various techniques are found that
enable different improvements. The receiver from [10] consumes less than
1 mW, while achieving sensitivity comparable to commercial devices. To
achieve such low power the design relies heavily on current reuse. The input
gain stages are stacked to maximize gain for a given bias current. Direct
conversion receiver is used and the PLL provides an LO at twice the RF
frequency. Such strategy is often seen in BLE radios as it reduces frequency
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pulling (frequency drift due to coupling to external signals) and provides an
easy way to generate a quadrature LO. The design also demonstrates other
useful tricks, such as placing the VCO circuitry inside the inductor to con-
serve area. This is possible because the magnetic field is mainly concentrated
close to the conductor, and therefore the circuits in the middle have minimal
effect on the inductor parameters. In this case the Q factor is degraded by 6%.
In [3] a full BLE transceiver with an integrated DC-DC converter is presented.
What makes this work interesting is that the LNA input and the PA output are
sharing the same pad. All the passive components of the IO matching network
are placed on chip, the only off-chip components required (aside from the
crystal resonator) are the inductor and capacitor for the DC-DC converter.
The matching network can be configured for transmit or receive mode using
MOS switches. In the receive mode it also acts as a notch filter that attenuates
the signal at the image frequency, hence eliminating the need for another
external component.

The two receivers from [11] and [12] are not true BLE receivers in the
sense that they do not conform to all the standard requirements, but they
are BLE compatible receivers. This means that they can be used to decode
information from a BLE compliant packet, but they are not as constrained as
regular BLE receivers, allowing them to further reduce power consumption.
They can be used to sample the RF channel instead of the main receiver
and only wake up the main receiver when useful data is transmitted, thereby
allowing global power reduction in the system. As seen in the table, they
use lower data rates than those specified by the standard, allowing to reduce
power while maintaining sensitivity. In order to allow for lower data rates,
BLE packets on the transmitter side must be formed in a specific way (e.g.
repeating the same bit several times), but such that they still conform to
the standard. In work from [11], the input sequence is pre-coded such that
after data whitening, that is mandatory in BLE, the output sequence gives a
desired bit repetition to reduce the equivalent data rate. Following this, since
the BLE packets have a limited payload length, there is a trade-off between
data rate and the wake-up sequence length. The receiver from [11] uses a
free running LC oscillator that is only calibrated once. Removing the PLL
reduces power consumption, but also allows the receiver to start more quickly
as there is no limit coming from the loop bandwidth. This approach allows
to duty cycle the receiver at a bit level, further reducing the consumption,
but also loosing approximately 3 dB in sensitivity. The problem with a free
running LC oscillator is the precision, so the carrier offset must be tracked and
corrected at IF. Given the small spacing between BLE channels the receiver
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could easily lock onto an undesired channel, which is the main downside
of the receiver from [11]. The second BLE compatible receiver described
in [12] uses quite a different approach. Instead of demodulating bits, it is
detecting presence of the BLE signal on different advertising channels. The
receiver is not capable of demodulating a GFSK signal, instead it is a simple
envelope detector (ED) that detects the signal level at a selected BLE channel.
In order to wake up the main receiver, a specific sequence of transmissions on
different advertising channels must be sent. This approach allows for power
reduction, owing to the demodulator simplicity, however the sensitivity is
greatly degraded compared to similar receivers. Nevertheless, the work shows
a very interesting way to exploit the available degrees of freedom, while
providing compatibility with the BLE.

The Bluetooth standard has evolved significantly over the past two
decades in order to adapt to the modern needs of a low power radio. At
the same time, the hardware itself has undergone significant changes in a
long lasting attempt to reduce size and power while improving performance.
Still, while having a standard facilitates widespread use of BLE devices, it
also imposes constraints and limits the achievable degrees of freedom. Once
the constraints are gone, a large variety of different performances can be
achieved. This is shown in the following section on wake-up receivers.

2.2.2 Wake-up Receivers

As the name suggests, the wake up receivers are used to listen to the commu-
nication channel and wake up the main receiver when data needs to be sent.
The idea behind this is to reduce the overall system power consumption by
keeping the power consuming main radio off most of the time. Clearly, the
consumption of the WU receiver must be sufficiently low for such a system
to be viable. For comparison, one can think of a typical BLE receiver that
consumes 10 mW. If such a receiver was in a small sensor node, and if it was
on all the time it would drain the battery quickly. Since in most cases the data
traffic is quite low (although this depends on the application) the receiver can
be kept off most of the time, and only turned on when there is a need. This is
called duty cycling. The question is: how to know when to turn the receiver
on? One way is to synchronize all nodes in a network. A receiver would then
turn on at specific time instants to check if the data is transmitted. However,
maintaining synchronization in a network often results in a significant over-
head that leads to increased power consumption. The communication can also
be initiated asynchronously, but in this case the transmitter needs to transmit
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Figure 2.4 Typical WU receiver block diagram.

continuously until the receiver replies. Now the transmitter needs to consume
more on average to initiate communication, but the synchronization overhead
is gone. Which option is better depends on a particular case. Either way,
assuming that the communication is initiated rarely, the overall power will be
dominated by the receiver consumption, as it must be turned on periodically
to sample the RF channel. The power consumption is directly proportional
to the duty cycle (or the on time) of the receiver. If a 10 mW BLE receiver
is turned on for 1 ms every second, in the idealized case the power would
be reduced to 10 uW. A note should be made here that receivers cannot start
immediately and that there is always an overhead associated to the start-up
that would increase the average consumption. In addition, in the described
scenario the worst case latency would be almost 1 s. It can easily be seen that
in duty cycled systems there is always a trade-off between consumption and
latency. This kind of trade-off can be broken using a wake up receiver. But,
as already explained, their power consumption must be brought down to a
microwatt level or below.

To achieve the low power levels needed, the WU receivers often employ
a very simple architecture and a very simple modulation scheme. In most
cases, the RF signal is modulated using the on-off keying (OOK), where the
presence of the RF signal corresponds to symbol 1 and the absence of it
to 0. Such a signal can be easily demodulated using an envelope detector.
A typical WU receiver architecture is presented in Figure 2.4. Envelope
detector is followed by a correlator that compares the received sequence to
the reference pattern. If the correlator output is higher than a certain value
the main receiver is woken up. This threshold can be adjusted to set the ratio
of false alarms and missed packets. It can be seen that the only active block
operating at RF frequency is the LNA. When it comes to WU receivers the
emphasis is usually on minimizing the number of blocks that operate at high
frequencies, as higher frequency always mean higher consumption. In some
more aggressive approaches even the LNA is omitted, allowing to go down
to nanowatt consumption, but this always comes at a price in noise figure
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(NF) and sensitivity. The non-linear characteristic of the envelope detector
makes the output signal to noise ratio (SNR) dependent on the level of input
signal. As a result the equivalent NF increases at lower signal levels, thus
quickly degrading performance in the absence of an LNA. Unfortunately,
this effect cannot be avoided as some kind of non-linearity is needed to
separate the envelope from the RF signal. The situation can be somewhat
improved if a high quality input matching network is available to boost the
input voltage of the ED, but costly and relatively large off-chip components
are needed. Boosting the input voltage using the on-chip passive components
is impossible due to a limited Q-factor available.

The second benefit of the simple receiver architecture is the absence of
the LO and the frequency synthesizer. Naturally these blocks consume a
significant part of the overall power and removing them provides significant
savings. This also makes the receiver more agile in the sense that start up
interval is much shorter. In standard BLE receivers there are two limiting
factors to increasing the start up time. The first one is the crystal oscillator.
Such oscillator is necessary in all the NB radios to provide a precise reference
from which all the other frequencies are derived. Because this reference
needs high precision and low jitter, a high quality resonator, such as a quartz
crystal, must be used. Unfortunately, the start-up time of the oscillator is
inversely proportional to the Q-factor of the resonator and proportional to the
oscillation frequency, resulting in a very slow start-up time. To avoid this, in
some cases the reference oscillator is kept on even when the receiver switches
off. If a 32 kHz clock is sufficient in the system, keeping it on all the time
might cost only 100 nW, in which case the overhead might not be that severe.
In most BLE receivers, however, the PLL needs a higher frequency reference
that operates at megahertz frequencies and therefore consumes power in the
order of microwatts. In these cases keeping the quartz oscillator always on
would dominate the receiver consumption and is commonly avoided. The
second limit to fast start-up is the loop bandwidth of the PLL. The lower the
bandwidth of the PLL the longer it takes for the output frequency to settle,
and the reception is not possible until the LO signal is stable. The settling time
can be decreased by increasing the bandwidth, but this comes with increased
phase noise of the PLL, which might limit the receiver performance. Finally,
the simplest way to make the receiver agile is to entirely avoid LO generation.
This doesn’t come for free, and as a consequence, WU receivers based on an
ED usually have poor selectivity and interference rejection (unless a sharp
external filter is used).
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Table 2.2 Performance comparison of WU receivers

Sens. Cons. Eff. Data Rate Freq. Supply

Ref. [dBm] [4W] [nJ/b] [kb/s] [MHz] [V] Mod.
[19] —69 0.0045 0.015 0.3 113 0.4 OOK
[20] =71 2.4 0.120 20 868 1 OOK
[21] —65 10 0.100 100 2400 0.5/1%* OOK
[22] —82 415 0.830 500 2400 1.2 IR-PPM
[23] =71 0.0074 0.037 0.2 433 1/0.6%* OOK
[24] —80.5 0.0061 0.183 0.033 109 0.4 OOK
[25] —83 3 47 0.064 868 2.5 OOK
[26] =72 52 0.500 100 2000 0.5 OOK
[27] —41 0.098 0.980 100 915 1.2 OOK
[28] —45.5 0.116 0.009 12.5 403 1.2/0.5% OOK
[29] —70 44 0.220 200 410 1 FSK
[30] -59 0.236 0.028 8.192 2400 1/0.5% BLE BC
[31] —100.5 400 80 5 1900 0.9 OOK
[32] —81 123 1.23 100 915 1 OOK
[33] —65 2500 2.5 1000 915 0.8 OOK
[34] —87 442 0.884 50 925 0.7 OOK
[35] =75 350 0.180 2000 2400 0.65 BFSK
[36] —97 99 9.9 10 2400 0.5 OOK
[37] —83 227 0.227 1000 2400 0.6 OOK

*Analog/digital supply.

A comparison of recent state of the art WU receivers is given in Table 2.2.
A large variety of operating frequencies, data rates and efficiencies can be
observed. A large number of implementations is targeting the license free
2.4 GHz ISM band. As already stated, most of them are using OOK modu-
lation, with several exceptions using PPM (pulse position modulation) and
FSK. Power consumption varies from 2.5 mW all the way down to 4.5 nW.
Different architectural and circuit techniques are used to arrive to such low
power levels.

The receivers from [22, 26, 36] use a so called “uncertain IF” architec-
ture. The name comes from the fact that the LO frequency is calibrated to
be within a given range, and is not as precise as in conventional receivers,
making the exact IF unknown. Low power free running oscillators are used
to generate the LO. All of them are mixer first receivers that place gain stages
at IF instead of RF in order to lower consumption. The IF amplifiers are
wideband (100 MHz in [26]) as they must cover the whole range of possible
IF frequencies. For interferer suppression, an external bulk acoustic wave
(BAW) filter is used in [26], while [36] uses a series of n-path filters. A
polyphase IF filter is used in [22] to provide rejection at the image frequency.
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Instead of OOK, in [22] a spread spectrum technique is used. The signal
is modulated using short pulses with a bandwidth of 12.5 MHz combined
with PPM. The receiver can operate using a frequency reference with up to
£0.5% error, making it possible to remove the quartz crystal from the system,
reducing both cost and size. However, the power consumption of 415 uW is
higher than most other WU receivers. The implementation from [25] is a
super-heterodyne receiver that uses bit-level duty cycling of all RF blocks,
allowing it to reduce power consumption from 100 uW to only 3 pW. All
circuits are optimized for fast start-up to minimize the overhead coming from
duty cycling. One downside is the reduction of sensitivity, since the receiver
is not exploiting the full energy of each symbol. The only FSK receivers are
described in [29, 35]. Receiver from [35] is a super-regenerative receiver that
injects the received signal into a VCO. Depending on the received frequency
and the resonance frequency of the VCO the oscillations will build up faster
or slower. This approach is used to distinguish between the two FSK symbols.
A low IF approach is used in [29], where a low power technique for LO
generation is presented. A ring oscillator that produces 9 phases is locked
onto a reference oscillator using injection locking. These 9 phases are then
combined to produce the LO at a frequency that is 9 times higher than the
reference frequency. This approach proves to be more efficient than using an
oscillator that operates directly at RF. Another super-regenerative receiver is
reported in [31], here used to detect an OOK signal. This receiver achieves
the highest sensitivity of all the implementations reported here. The SRR
receivers achieve good sensitivity for a given power, but their consumption
cannot be lowered beyond a certain point as they require an RF oscillator.
Implementations from [27, 28] were among the first that managed to
reduce the power to the level of 100 nW, allowing to supply these receivers
directly from an energy harvesting source. However, in these first attempts
the sensitivity was quite low, in the order of —40dBm, limiting the range
and scope of use of such receivers. In [30] sensitivity was improved, while
maintaining similar power consumption. Finally, receivers from [19, 23, 24]
all consume below 10nW and achieve sensitivities close to —70dBm. One
of the enablers for such low consumption is the low frequency of operation
between 100 MHz and 400 MHz. At this frequencies high-Q external passive
components can be used to provide large passive voltage gain before the
envelope detector. Still, the sensitivity improvement mainly comes from data
rates below 0.2kb/s. In [19] the signaling speed is only 15b/s. Assuming
the wake up sequence is 15 bits long it would take 1s to wake up the main
receiver. In all of the mentioned cases low power and decent sensitivity are
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traded for long wake up time and increased receiver size. These WU receivers
could be compared to a BLE receiver at a 0.1% duty cycle, that would be
turned on for 1 ms each second. In a worst case scenario with continuous
transmission, this leads to 1s latency. Referring to the lowest power BLE
receiver from Table 2.1, this receiver would consume an average power of
approximately 1 W, which is still 2 orders of magnitude above the WU
receiver. In return the BLE receiver provides better sensitivity.

Different performance trade-offs can be observed in the listed WU
receivers. It is important to notice that it is impossible to achieve low power,
good sensitivity and high speed at the same time. WU receivers tend to
sacrifice all other aspects in order to minimize power. This is likely why
they haven’t been widely adopted by the industry so far and remain only
a subject of academic research. Various other aspects such as selectivity and
interference rejection must be considered before these kind of receivers could
find use in practical applications.

2.3 Ultra-Wideband Communications

The ultra wideband signals are defined as signals whose —10 dB bandwidth
is either larger than 20% of the carrier frequency, or at least 500 MHz.
Historically speaking UWB is one of the oldest wireless technologies — some
of the first attempts to communicate over the air were done using short pulses
generated by a spark gap transmitter. Today, UWB is mainly used for wireless
sensing, radars and localization. The UWB radios became popular again
from the communications perspective owing to several different reasons.
Perhaps the most obvious one is that large bandwidth can accommodate
large data rates. The UWB can be used to transmit large quantities of data
over short distances in unlicensed parts of the spectrum. For security and
military applications UWB is attractive because of the low power spectral
density that makes the signal difficult to intercept and jam. When it comes
to low power communications UWB is interesting because it offers potential
for miniaturization and low power consumption, owing to the simple radio
architecture, as well as robustness to interference and multipath fading.
There are different communication schemes that implement UWB, two
are important with regards to wireless sensor networks and IoT. These are
the frequency modulated UWB (FM-UWB) and the impulse radio UWB (IR-
UWB). The two modulation schemes are illustrated in time and frequency
domain in Figure 2.5. The IR-UWB uses short pulses in time domain, the
shorter the pulses are the larger is the signal bandwidth. Some form of pulse
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Figure 2.5 Ultra wideband communication schemes, IR-UWB (a) FM-UWB (b).

shaping is usually employed to reduce the side lobes and provide better
frequency characteristics. Since the pulse is only present for a short period
of time, probability of detection and interfering with other signals is low,
making the IR-UWB fairly robust.

The FM-UWB can be seen as a direct frequency domain approach where
a slow moving RF carrier is sweeping a large frequency range. Compared to
IR-UWB, in this case a continuous signal is transmitted, providing an almost
ideal rectangularly shaped spectrum. Nice spectral properties of FM-UWB
make it easier to spread the available spectrum into channels. The downside
of continuous transmission is that the receiver and transmitter cannot be duty
cycled at the symbol level (at least not without a penalty in sensitivity). When
it comes to the radio implementation, the FM-UWB generally requires a sim-
pler architecture that consequently allows for lower peak power consumption.
The FM-UWB will be studied in detail in the following chapters, while the
remainder of this section presents main characteristics of the IR-UWB.

2.3.1 Impulse Radio UWB

As explained, the IR-UWB uses a sequence of pulses to convey information.
However, the pulses themselves can be modulated in different ways. Just
like in the case of NB radios OOK can be used. The presence of a pulse
then corresponds to one symbol and the absence to the other. A second way
to modulate pulses is to use PPM, where two or more time windows are
associated to different symbols. The receiver then detects energy in each
window in order to find the pulse and decode the symbol. Both of these
approaches are widely used, mainly owing to the simplicity of the receiver.
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The LO generation can be completely avoided and a simple envelope detector
used for demodulation. The advantage of the PPM is that a pulse is present
for every symbol, the energy is then integrated in the two timing windows
(for binary PPM) and simply compared, while some sort of threshold search
and track algorithm must be used for OOK. The advantage of the OOK is
lower PSD for the same energy per pulse and pulse repetition ratio (PRR).
A third option is to use PSK for pulse modulation. However, this modulation
was rarely used in combination with the IR-UWB as it requires a coherent
demodulator which makes the receiver more complex. The last option found
in literature is the FSK. Some of the spectral properties in this case can be
controlled through the FSK modulation index. When it comes to performance
it is equivalent to PPM, except that instead in time the integration is done
in two frequency bands. Although complexity is generally similar to that of
OOK and PPM [65], this type of modulation was rarely used in the literature.
Unlike with most NB radios, the output power of UWB radios is quite
constrained. This is done to prevent the UWB radios from interfering with
higher priority spectrum users (WiFi, BT etc.). The average output PSD of
a UWB device must not exceed —41.3 dBm/MHz. This imposes a limit on
the energy per pulse and the pulse repetition rate. In order to increase the
link budget the output power cannot be simply increased, the PRR must be
scaled accordingly in order to avoid violating the spectrum mask, effectively
imposing the limit on the maximum data rate. Care should also be taken when
interpreting sensitivity of IR-UWB receivers. Sensitivity is defined as the
minimum power of the signal at the receiver input for which a certain bit
error rate (BER) can be achieved. For low power receivers the required BER
is usually 10~3. For NB radios the average signal power doesn’t change with
the symbol duration (or data rate) because the signal is continuous. However,
the average power of the IR-UWB signal will reduce if the symbol duration
decreases. Even though the sensitivity improves, the total range and the link
budget stay the same. Since the average transmit power decreases as well, it is
possible to increase energy per pulse on the transmitter side without violating
the spectrum mask. This is sometimes referred to as the duty cycle gain. For
this reason some authors report sensitivity normalized to data rate. Another
thing to note is that for the case of IR-UWB increasing symbol duration
doesn’t increase energy per bit, so long as the pulse duration is unchanged.
A typical IR-UWB transmitter is shown in Figure 2.6. Even though the
whole PLL is shown it is not necessary to use it. Given the large bandwidth
of the signal, carrier frequency doesn’t need to be precise. Therefore, a free
running oscillator, such as a calibrated ring oscillator, is sufficient. In some
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cases even a tuned delay circuit can be used to generate a pulse. Precise
frequency control is mainly needed if FSK is used for pulse modulation.
Amplitude control in the PA is not necessary, but is often used to improve
the spectrum shape. Gaussian pulse shaping is typically used and since the
Fourier transform of a Gaussian pulse is also Gaussian, the resulting spectrum
will have a Gaussian shape. Proper pulse shaping helps not only to lower the
side lobes, but also to make the spectrum more flat, allowing higher output
power without violating the mask. Amplitude modulation adds a degree of
complexity and makes the transmitter less energy efficient, but the benefits
often outweigh the downsides. The fact that the pulse is usually much shorter
than the symbol duration can be exploited to duty cycle the transmitter. The
circuits can easily be kept off almost all the time and only switched on to
transmit a pulse, drastically reducing the average power consumption of the
transmitter. The requirement is simply to optimize circuits for fast start-up.
A generic receiver architecture of an OOK/PPM modulated IR-UWB
receiver is given in Figure 2.7. The envelope detector based architecture
resembles that of the standard WU receiver. The main difference is that all
the circuits need to support a much larger bandwidth. As a general rule, these
circuits consume a larger amount of power in order to provide the same gain
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and noise figure as the narrow-band circuits. This is the main disadvantage of
UWRB radios compared to NB radios.

Using the same reasoning as for the transmitter, one might also think
about duty cycling the receiver. The problem on the receiver side is that
it is not a priori known when the pulses are going to arrive. Before duty
cycling can be applied, the receiver must synchronize to the incoming pulses.
Usually the preamble of the packet is used to achieve synchronization so
that the receiver can be duty cycled while receiving the data payload. Such
a scheme is useful only if the data payload is sufficiently long to provide
significant overall power savings. A different scheme is proposed in [43],
where the receiver is always duty cycled. To accommodate this the preamble
is done in a specific way — the 31 bit synchronization sequence is repeated 19
times. The receiver is integrating the envelope of the signal over a certain
time window. Since the integration time is much shorter than the symbol
time, it might happen that there is no overlap between the transmitted pulses
and the receiver integration time. If this occurs the time reference of the
receiver is shifted. The process continues until the receiver correctly detects
the synchronization sequence. After that the correct pulse timing is known for
the data payload. The downside of this approach is that the synchronization
sequence is longer and that in the worst case the receiver will spend at least
the same amount of energy for synchronization as in the case without duty
cycling. The average energy needed for synchronization should still be lower
with the proposed data format from [43].

Selected IR-UWB receivers are compared in Table 2.3. A large variety
of performances can be observed, with the data rates going from 30kb/s
up to 500 Mb/s. The implementations interesting for WSN applications are
generally in the region between 100kb/s and 1 Mb/s. Although high speed
IR-UWB radios come with highest efficiencies (even compared to NB WU
radios), high peak power consumption might pose a problem in a battery
powered device, as large peak current might damage the battery. Moder-
ate data rates with low to moderate consumption are a preferred choice
in such scenarios. Most implementations are using OOK and PPM, and
some implementations come with a modified custom modulation in order to
improve performance. The S-OOK modulation, introduced in [41], stands for
synchronous OOK. In this type of modulation a leading pulse is introduced
for each symbol. This simplifies synchronization on the receiver side as
the position of the information carrying pulse is known with respect to the
leading pulse. It also allows to remove a precise timing reference from the
receiver, since it simply needs to lock to reference pulses (frequency drift
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Table 2.3 Performance comparison of IR-UWB receivers

Sens. Cons. Eff. Data Rate Freq. BW
Ref. [dBm] [mW] [pJ/b] [Mb/s] [GHz] [MHz] Mod.
[38] —59 13.3 26.6 500 7.875 1250 OOK
[39] -50 13 130 100 4 2000 OOK
[40] —76.5 0.75 375 2 4.35 500 OOK
[41] —60 1.64 1640 1 3.8 500 S-O0K
[42] —74 21 21000 1 34 <1000 FH-OOK
[43] —70 42 840 5 7.25-8 1000 PPM
[43] —87 42 4200 0.1 7.25-8 1000 PPM
[44] —65.8 30.5 305 100 3.1-49 1500 RA-OOK
[45] —67 0.406 1230 0.03 9.8 1000 PPM
[46] —87* 0.110 800 0.14 3.545 500 OOK
[47] —42%%* 18 180 10 3-5 500 OOK
[48] —176 225 1400 16 3-5 500 PPM/OOK
[49] —70 6.6 320 20.8 5 1000 OOK
[50] —99% 35.8 2500 <16.7 3-5 500 PPM
[51] —88 1.3 1300 1 4.85 600 OOK

*At 100 kb/s.
**Estimated.

of an on-chip oscillator should be negligible over one symbol period). The
downside of S-OOK is the increased PRR, as more than one pulse is now
needed per symbol, effectively decreasing the maximum allowed transmit
power. The transceiver described in [42] uses frequency hopping (FH) OOK.
each transmitted pulse is shifted in frequency, spreading the spectrum of
the transmitted signal and lowering the PSD. In this way a higher output
power can be achieved and link budget can be extended while conforming
to the PSD limits. The RA-OOK (random alternate OK) presented in [44] is
a simple modification of OOK that improves the spectral properties of the
signal. By randomizing phase of the pulses the spectral lines in the output
spectrum that might appear due to periodicity of the pulses are avoided. In
the same implementation symbol level duty cycling is replaced with a burst
level duty cycling. The authors have recognized the difficulty of performing
duty cycling at a higher PRR, typically above 10 MHz. This is equivalent to
sending very small packets of data and performing packet level duty cycling
as is generally done. Aggressive duty cycling of the entire chain is used
in the receiver from [40]. Even the bias circuits are on during only 3.9%
of the time. Unfortunately, there is power overhead associated to the duty
cycle control circuits that cannot be avoided, but the receiver still achieves
one the best efficiencies among the medium data rate devices. Similarly,
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symbol level duty cycling is employed in all the receivers from [45—49].
The implementation reported in [50] maintains similar efficiency over three
decades of data rates, with leakage currents degrading performance at very
low data rates. The transmitter from [49] uses digital delay cells for pulse
generation. These delay cells are calibrated using a delay locked loop and
a crystal oscillator. Once calibrated, the transceiver can practically operate
without a crystal reference. An effort was also made at a higher level to
synchronize IR-UWB radios at a protocol level in order to avoid the use of
crystal oscillators [46].

All together, the IR-UWB seems like a promising technique for WSN
and IoT types of applications offering a wide range of performance while
maintaining very low energy per bit. The main question currently is how
to maximize savings from symbol level duty cycling and adapt protocols to
minimize dependence on crystal clocks in order to allow further miniatur-
ization of future sensor nodes. Concepts have been proven to work, but the
technology still needs to mature before it can be adopted by the industry.

2.4 Concluding Remarks

Many different low power radios have been been developed, the aim of
this chapter is to present those that target a similar applications space as
the FM-UWB, meaning similar data rate and power consumption. All the
radios presented in the previous sections are shown together in Figure 2.8
that compares the data rate and power consumption. Three regions can be
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Figure 2.8 Low power receivers, data rate vs. power consumption.
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Figure 2.9 Low power receivers, sensitivity vs. efficiency.

differentiated, WU receivers consume the least, and occupy the left part of
the graph. The IR-UWB receivers consume the highest peak power and are
mainly located in the right part of the graph. Finally, the BLE receivers are
located between the two. A general trend that higher data rates require higher
power consumption can be easily observed, if we focus on constant efficiency
lines, we can see that most implementations are located close the 1 nJ/b, with
a few exceptions approaching 1 pJ/b.

Other than data rate, power consumption is also affected by sensitivity.
Sensitivity itself is affected by the data rate as decreasing the data rate
increases symbol duration, which consequently increases energy per bit and
therefore sensitivity. At the same time sensitivity is dependent on the receiver
noise figure. Lowering the NF to improve sensitivity requires more power
from the LNA, which is often the dominant block in a low power receiver.
Efficiency, defined as the ratio of power consumption and data rate, captures
both of these effects when compared against sensitivity. The same receivers
are shown in efficiency vs. sensitivity graph in Figure 2.9. Here, a product
of efficiency and sensitivity can be regarded as a kind of figure of merit
(albeit with some reserve). Once the power consumption is normalized to
the symbol duration, the three regions vanish and regardless of the type of
receiver, similar performance seems to be achievable. To improve sensitivity
we must either improve the receiver NF, which costs additional power, or
communicate more slowly, and both means increase energy per bit.

This is off course just a part of the whole story. Many other aspects play
an important role in receiver performance. Carrier frequency is one of them,
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as typically circuit consumption grows with frequency. Looking at an LNA as
an example, achieving the same gain and NF requires more power at higher
frequencies. Better, but also larger components are available at lower fre-
quencies, allowing better matching networks. Most of the wake up receivers
operate in the sub-GHz range, which contributes to their consumption. Such
low consumption cannot be achieved in the 4-10 GHz range where most
of the IR-UWB receivers are operating. The second important aspect is the
dynamic range, or linearity of the receiver. As an example, the consumption
of an LNA can be decreased by lowering its supply voltage. This results in
lower power consumption, but it also reduces headroom and consequently the
compression point. In an environment where multiple devices are present, a
signal of one radio will interfere with another. If a receiver is easily saturated
by the interfering signal it will be impossible to use it in such scenarios.

To understand all advantages of a certain communication scheme one
must look beyond just a few parameters. When compared to standard modula-
tions, FM-UWRB is inherently penalized in terms of to sensitivity. For the same
energy per bit, the BER of FM-UWRB is by construction worse than that of the
standard FSK. Instead it offers more robustness in realistic environments (in
the presence of multipath fading and interferers) and provides a high potential
for miniaturization. Both of these properties are highly important in the IoT
and WSN applications, and guarantee that the FM-UWB will find its place
among the existing radios.
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3

FM-UWB as a Low-Power, Robust
Modulation Scheme

3.1 Introduction

Ultra-wideband (UWB) systems were originally intended to provide robust,
low-cost, low-complexity and low power wireless solutions for localization
and communication. The first UWB systems were based on a time domain
approach, they used a very short pulse to carry the information. Initially,
they were used in radar systems, where pulse duration translated into spatial
resolution. When used for communications, these pulses could be modulated
using one of the standard approaches, such as OOK, PPM, PSK or FSK.
This was impulse radio (IR) UWB, and although it was able to provide
robust, high-speed communication, it came at the price of circuit complexity
and relatively high peak power consumption. The frequency-modulated (FM)
UWB was developed as an easy to implement, complementary solution, pre-
serving robustness and offering low to medium data rates. This analog spread
spectrum technique is intended for short to medium range applications that
require a reliable communication link, low cost and high degree of integration
and miniaturization, and therefore perfectly fits the IoT requirements.

This chapter begins by introducing the fundamentals of FM-UWB,
explaining the modulation and demodulation principles and basic transmitter
and receiver architectures. Then, the Gerrits’ BER approximation is presented
and extended to cases with multiple FM-UWB users and narrowband inter-
ferers. Finally, possible extensions of standard FM-UWB modulation are
briefly discussed, highlighting its potential evolution. In the second part of
this chapter, state of the art FM-UWB receivers and transmitters are discussed
and analyzed, and a brief summary of their key characteristics is provided.
They are also compared to narrowband and IR-UWB radios to point out the
advantages and disadvantages of the FM-UWB modulation scheme.
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3.2 Principles of FM-UWB
3.2.1 FM-UWB Modulation

The FM-UWB can be seen as an analog spread-spectrum technique. In its
basic form it is a double FM modulation. A low modulation index FSK,
called a sub-carrier, is followed by a high modulation index FM (8 > 1)
to achieve large bandwidth. The principle of FM-UWB modulation is shown
in Figure 3.1. The resulting FM-UWRB signal can be represented as [1]:

t

sywn(t) = Acos (wct + Aw/ m(t)dt> = Acos (w.t + ¢(t)), (3.1)

—0o0
where w, is the center frequency, Aw = 27wAf is the frequency deviation
and m(t) is the normalized, FSK modulated sub-carrier. According to defini-
tion, to be considered UWB the signal must either exceed 500 MHz or 20%
of its center frequency. The bandwidth of the FM signal can be approximated
using the Carson’s rule [1]:

Bry = 2fm(/8 + 1) = 2(Af + fm) (3.2)
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Figure 3.1 Principle of FM-UWB signal modulation.
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In the above equation f,, is the maximum frequency in the FSK signal
spectrum which depends on the sub-carrier center frequency fsc and the
data rate R, according to f,, = fsc + R. Spectral properties of the FM-
UWB signal depend on the sub-carrier waveform. For an FM signal with
modulation index much larger than unity, quasi-stationary approximation is
valid and the FM-UWB signal power spectral density (PSD) will be a function
of the probability density function (PDF) p,,, of m(t) [2]:

A2 - We c
Srv—-vwB(w) = % [Pm <wAww > + Pm (w;—ww ﬂ (3.3)

As long as the sub-carrier frequency is reasonably low (keeping the
second FM modulation index high, 5 > 1), the FM-UWB spectrum will
be largely determined by the sub-carrier waveform. For an ideal triangular
sub-carrier the FM-UWB spectrum will be flat with a relatively steep roll-
off. A steeper roll-off can be achieved by using a sinusoidal sub-carrier,
but this results in curved spectrum shape, with peaking at the edges of the
band [3]. As a result the maximum transmit power must be lowered in
order to comply with the spectral mask. At higher sub-carrier frequencies,
or equivalently lower modulation index (practically 5 < 20) Equation (3.3)
is no longer valid, and good spectral properties of the FM-UWB signal
are lost.

Performance of the FM-UWB modulation can be studied using a wide-
band FM demodulator presented in Figure 3.2. After multiplying the sig-
nal sywp with its delayed version and disregarding the high-frequency
components, signal at the output of the demodulator will be given by [1]:

2
Sdem(t) = A? cos(weT + ¢(t) — d(t — 7). (3.4)

By choosing the time delay equal to an odd multiple N of the quar-
ter period of the carrier center frequency 7 = NT/4 = Nr/2w,

suns(t) -~ Wm( t)

Figure 3.2 Wideband FM demodulator.
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(N =1, 3, 5,...) Equation (3.4) can be written in the following form:

2
Saenlt) = (COOP (o) — ot 7)) 3)
2
= (—1)<N+1>/2A7 sin (#ifl(tt)) (3.6)
A2 A
— (_1)(N+1)/27 sin (Ngw:’m(t)>, 3.7

under the assumption that the delay 7 is much smaller than the period of
the modulating frequency f,,. The bandwidth of the demodulator, herein
defined as the frequency range over which the demodulator characteristic is
monotonic, depends on N and is given by

2
Biem = ch (3.8)

A small delay deviation results in offset between the demodulator center
frequency and the FM-UWB signal center frequency. This offset will lead
to a distortion of the output signal that is dependent on the bandwidth of
the signal and the demodulator. It should be noted that the demodulated
signal is proportional to the square of the input amplitude (as seen from
Equation 3.7). This results in expanded dynamic range of the demodulated
signal, for example a 10dB variation in the input amplitude causes 20 dB
variation in the demodulated signal amplitude. Furthermore, the signal to
noise ratio (SNR) at the demodulator output will be a non-linear function
of the input SNR. Based on simplified analysis provided in [1] the SNR at the
demodulator output is given by

Brr SNRZ,
Bgsc 1+ 4SNR1H’

where SNR;,, and SNR,; represent the signal to noise ratio at the input and
the output of the demodulator, respectively. The ratio Brr/Bgc is the ratio
of the FM-UWB signal bandwidth and sub-carrier bandwidth, and can be
seen as a kind of analog processing gain. At the demodulator output the ratio
of the energy per bit and the noise PSD is given by

SNRout = (3.9)

B
(Eb/NO)dem = SNROM%; (310)

where R is the data rate. As shown in [1], assuming a coherent, optimal
demodulator and an orthogonal FSK sub-carrier modulation, the BER can
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be calculated as:

Py = %erfc ( wb/]\;))‘““) (3.11)
The erfc function is defined as:
erfc(z) = 2 /OO ") dt. (3.12)
VT Ja

In most cases, however, a practically implemented FSK demodulator will
be non-coherent. Even though there is a small performance penalty, a non-
coherent demodulator is simpler, easier to implement and consumes less
power. For a non-coherent demodulator the probability of error is given by

1 (E /N ) em
P, = ieib . (3.13)

The penalty for using a non-coherent demodulator is below 1.5 dB.

A comparison between coherent FM-UWB and FSK signals having equal
power is given in Figure 3.3. The ratio of energy per bit and noise power
spectral density at the input Ej/Np is used instead of SNR;, in order to
provide a fair comparison. This ratio is defined as

Brr
R

In the given example Brr = 500 MHz, the sub-carrier modulation index
is Bsup = 0.5 (the same modulation index is used for FSK) and R is the

Ey/No = SNRin (3.14)
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Figure 3.3 Comparison of standard orthogonal FSK and FM-UWB modulation.
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data rate. In terms of BER, the FM-UWB is clearly suboptimal compared
to standard FSK modulation. This is not surprising considering that the
larger signal bandwidth results in higher noise power, that ultimately lowers
the input SNR. Part of the lost SNR will be recovered in the process of
demodulation owing to the processing gain, however the BER degradation
compared to the FSK remains notable. The gap between the two modulations
decreases with increasing the FM-UWB data rate, and hence higher data rates
should yield better performance. However, higher data rates will also require
higher sub-carrier frequencies, which results in loss of the spectral properties
of the FM-UWRB signal.

Compared to narrowband modulations, FM-UWRB is clearly suboptimal
in terms of sensitivity. There are however some benefits that are perhaps not
apparent at a first glance. The FM-UWB offers robustness against frequency
selective fading and interferers. The behavior of FM-UWB signal in a mul-
tipath environment has been studied in [4]. It has been shown that even in
severe environments performance degradation of FM-UWB is only minor.
Owing to the fact that the signal is spread over a very large band, frequency
selectivity is not as harmful as it is for narrowband signals (this can be seen
as a kind of frequency diversity). The second benefit of using FM-UWRB is its
inherent robustness to narrowband interferers. Unlike narrowband systems
that rely purely on filtering, the FM-UWB provides some inherent interferer
rejection. This further implies that it does not require an increase of the
receiver complexity or external filters to provide good performance, hence
providing higher potential for miniaturization.

3.2.2 Multi-User Communication and Narrowband Interference

In a wireless sensor network, multiple nodes may need to communicate at
the same time. One way to resolve this is the time-division multiple access
(TDMA), that allocates time slots in which certain nodes can transmit or
receive. This approach requires precise synchronization between the nodes,
and as the number of nodes in the network grows, the latency increases
quickly. Use of other techniques, such as frequency-division multiple-access
(FDMA), where different frequencies are allocated to different users, may
reduce the overall latency and synchronization requirements. This section
studies the behavior of an FM-UWB system in the presence of multiple input
signals and is mainly based on the approach presented in [1].

Suppose there are two signals present at the input of the wideband FM
demodulator (Figure 3.2) s1(¢) and sa(t). At the demodulator output the
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signal will be given by:

Sdem = $1(t)s1(t — 7) + s2(t)s2(t — 7)
+ s1(t)s2(t — 7) + s1(t — 7)s2(t). (3.15)

Let us assume that the s1(t) is the FM-UWB signal and the sy(t) is
a narrowband interferer. The component s (t)s1(t — 7) corresponds to the
demodulated sub-carrier. The component s (t)s2(t — 7) is the FM demod-
ulated narrowband signal. Since its bandwidth is rather small compared to
the FM-UWB bandwidth, this component will be located close to dc and
can easily be filtered out. It will therefore not influence the sensitivity of the
receiver (at least in the ideal case). The last two terms in Equation (3.15)
constitute the residual signal that will pollute the useful signal [1]:

W(t) = Sl(t)SQ(t—T) —I—Sl(t—T)SQ(t). (3.16)

The low-frequency terms of the residual signal T (¢) will fall within the
sub-carrier band, effectively increasing the noise floor of the receiver and
lowering sensitivity. Assuming the narrowband signal is located close to the
FM-UWSB signal center frequency, residual signal will be located at baseband
frequencies from 0 to Brp /2. If flat spectrum of the residual signal is further
assumed, then the signal to interference ratio can be estimated as [1]:

A B
SIR = 20log <2Al> — 10log <QBRF > (3.17)
2 SC

where A; and Ao are the amplitudes of the two input signals. Factor
Bgrr/2Bgc is a result of sub-carrier filtering. Interestingly, the amount of
interference rejection is proportional to the FM-UWB processing gain.
Multiple FM-UWB signals can be distinguished by assigning different
sub-carrier frequencies to different users. This technique will be referred to
as the sub-carrier FDMA (SC-FDMA). Assuming that the signals s;(¢) and
s9(t), from Equation (3.15), are the two FM-UWB signals it is clear that
the simultaneous demodulation of different FM-UWB signals is possible.
The component sa(t)s2(t — 7) will in this case correspond to the second
demodulated FM-UWB signal. Provided that the sub-carrier frequency of the
second signal is separated from the first, the two can be distinguished and
demodulated separately. The principle of multi-user communications using
the SC-FDMA is illustrated in Figure 3.4. Multiple signals transmitted from
different nodes can be demodulated either by a single node (for example
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gathering data from multiple sensors simultaneously), or by different nodes
(e.g. to allow isolation of different parts of the network).

Just like in the case of the narrowband interferer, the residual signal will
cause sensitivity degradation. Assuming two FM-UWB signals at the input,
with aligned center frequencies, Equation (3.16) can be written as:

W) = 242 os (wer + da(t) — dlt — 7))
+ A12A2 cos (weT + ¢a(t) — ¢1(t — 7)) (3.18)
~ ()24, Ay sim (; (dﬁft) - d¢;t<f>>)
x o5 (61(8) + 62(1)) (3.19)
— ()24 ysin (257 () = ma(0)
x cos (61(t) + da(t)). (3.20)

The residual signal is proportional to the difference of the two modulating
signals multiplied by the factor cos (¢1(t) + ¢2(t)), which is a signal that
occupies a bandwidth of Brr = 2A f. Again, assuming the spectrum of the
residual signal is flat, signal-to-interference ratio can be estimated as [1]:

SIR = 201log (;X) — 101log <§RF>. (3.21)
2 SC

The achievable BER is limited by the SIR. Increasing the number of users,
or increasing the difference in power levels between the two users, reduce
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the SIR and could eventually prevent correct demodulation of the useful
signal. The maximum required BER will ultimately limit the tolerable SIR,
and subsequently, the number of users or the maximum acceptable power
difference.

The analysis conducted by Gerrits in [1, 5] can be extended to the case of
multiple FM-UWB users in the presence of noise. Assuming that the delay
can be considered relatively small and that the noise autocorrelation function
is R,,(7) = 1 for values of the delay 7 = N7 /2w,, the noise analysis can be
simplified while maintaining good accuracy. The result reported in [6] can be
generalized for the case of M FM-UWB users. Under the above assumptions
the demodulator output signal is given by

Sdem = (51 + 894 -+ + spr +n)? (3.22)
M M M M
:23?4-22 Z 3i5j+23m+n2. (3.23)
i=1 i=1 j=i+1 i=1

Terms of the form 312 correspond to the demodulated sub-channel 7. Terms

of the form 2s;s;, i # j, correspond to the interference among different
FM-UWB signals, the number of these terms is M (M — 1)/2. Finally,
following the same reasoning as in [1, 5], and assuming that all the noise and
interference terms are independent, the output signal to noise and interference
ratio (SNIR) is given by

Brr S?

SNIR]{, t —
U Bso N244y M SN +4AYY j]\/ii-&-l SiS;

. (3.24)

where S; corresponds to the input power of signal s; and N is the input noise
power. For a multi-user environment two cases are of particular importance:

1. Two FM-UWRB users of different input power levels
2. M FM-UWRB users of equal power levels

For the case of two users, Equation (3.24) reduces to

Bgrr S2
SNIR1 out = 3.25
LU T Boo N2+ 481N + 455N + 45,5, 6:2)
_ Brr SNR? ;, (3.26)
Bsc 1+ 4SNRyn(1 + SIRy,') + 4SNR? SIR;!"

where SIR;, = S7/S3. Compared to Equation (3.9) two additional terms
exist that depend on the input signal to interferer ratio SIR;,. Furthermore,
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for increasing values of SNR ;, the output signal to noise and interference
ratio SNIR 1 ous, is no longer limited by noise, but solely by the interference
and approaches

SNIR1 out = ?S“; SI4R1“,
which is the limit from Equation (3.21). As an example, consider that the
FM-UWB signal is used with RF bandwidth Brr = 500MHz, using a
100kb/s sub-carrier, with orthogonal FSK and a modulation index of 1
(Bsc = 200kHz). The required SNIR for orthogonal FSK to achieve a BER
of 1073 is approximately 13 dB. The maximum difference in power levels
between the two FM-UWB signals is then 21 dB.

for SIR;y > 1, (3.27)

For the case of M users of equal input power, 51 = Sy = --- = Sy = 5,
the Equation (3.24) reduces to
Brr 52
SNIRout = 3.28
"™ Bgo N2 +4MSN + 2M (M — 1)52 (3.28)
B SNR?
RE in (3.29)

" Bsc 1+ 4MSNRy, + 2M (M — 1)SNRZ,”

Again, if the signal power is sufficiently higher than the noise power, the
output SNIR,; becomes a function of FM-UWB signal bandwidth and the
number of users:
2M(M —1) Bs¢o’

SNIRout = for SIRi, > 1. (3.30)

The above equation can be used to determine the maximum achievable
number of users, for a given minimum required signal to noise and distortion
ratio. For example, assuming the same system parameters as above (Brp =
500 MHz, R = 100kb/s, Bsc = 200kHz), the maximum number of equal
power users is 16. In both described cases FM-UWB signal bandwidth can
be increased in order to increase the achievable SNIR ;.

The limits predicted by Equations (3.27) and (3.30) assume an ideal sys-
tem since they only take into account a limited number of effects. In practical
systems, these limits are upper bounds and will be difficult to achieve. The
above analysis only considers an ideal AWGN channel, with a perfectly flat
frequency characteristic. In reality, this will never be the case. Part of the
channel transfer function will come from the transmitter and receiver, and
part will come from the wireless channel (e.g. due to multi-path propaga-
tion). Intuitively, one can see the FM-UWB signal as a carrier that slowly
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moves across a broad frequency range. Since the equivalent channel transfer
function is not constant, the amplitude will vary with the instantaneous carrier
frequency. Assuming that the channel does not change with time, amplitude
will be a periodic function, with the period of the sub-carrier. Even if the
wideband FM demodulator is perfect, these amplitude variations will result
in the appearance of harmonics. Aside from the channel transfer function,
the harmonics will also appear as a product of non-linearities in the receiver
chain. Finally, these harmonics will limit the useful sub-carrier band to one
octave. If fsc min is the minimum sub-carrier frequency, then spectrum above
2 fsc.min Will be corrupted by the second and higher order components. The
quality of any useful signal at frequencies above 2 fsc min Would, therefore,
be degraded by the harmonics of other sub-carriers, effectively preventing
correct demodulation (Figure 3.5). With one octave limit for the sub-carrier
band, the lowest sub-carrier frequency fsc min = 1 MHz, and 200 kHz wide
FSK channels, the number of sub-carrier channels that can be accommodated
is 5. This number can be increased by increasing fsc min. In principle, the
effect of channel transfer function can be canceled out by equalization of the
input FM-UWB signal. However, equalization techniques are complex, they
would drastically increase power consumption of the receiver, and as such are
not suited for low power systems.

In the previous example, it was assumed that the FSK channels can be
placed adjacent to each other. This is impractical for two reasons. The first
reason is that the undesired channels must be filtered out before the final FSK
demodulation. Because of the finite quality factor of the filter, some spacing
must be introduced between the channels. The second reason is interference
among adjacent FSK channels. Theoretically the spectrum of the FSK signal
is infinitely wide. Although largest portion of the channel power is located
inside the band defined by Carson’s rule, part of the spectrum will leak
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separation (100 kb/s data rate, modulation index 1).

to side channels and interfere with adjacent users. This effect is quantified
by the adjacent channel power ratio (ACPR), and is defined as the ratio
of the power inside the channel to the power in the adjacent channel. The
ACPR generally depends on the type of modulation, pulse shaping filter and
transmitter non-linearity. In the case of FSK modulation, typically Gaussian
pulse shaping is used. The shape of the Gaussian pulse is determined by
the bandwidth-time (BT) parameter, defined as the ratio between the 3 dB
filter bandwidth and data rate. Decreasing the BT parameter results in more
compact spectrum, but increases the inter-symbol interference as the pulse
duration increases (over several bit periods). ACPR as a function of channel
separation, for different values of the BT parameter, is given in Figure 3.6.
Although filtering can be used to reduce interference, this was rarely done in
reported FM-UWB implementations. The reason is that it adds complexity on
both transmitter and receiver sides, and since multi-user communication with
FM-UWB has rarely been explored it was not needed. Interference among
channels can always be decreased by increasing the channel separation, but
this also reduces the number of available FSK channels. For a system with
Brr = 500MHz, R = 100kb/s, Bsc = 200kHz, the required SNIR of
the FSK signal to achieve a BER of 1073 is 13dB. If a channel separation
of 100kHz is used, with no filtering, then the adjacent channel power can
be at most 20dB above the desired channel power. This will correspond
to 10dB difference in power between the two FM-UWB signals. For this
particular case, it is the ACPR that will limit the maximum tolerable power
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difference between the two users and not the interference from the residual
signal (Equation (3.27)).

Additional constraints may come from the receiver non-linearity and
limited dynamic range. Due to the quadratic demodulator characteristic, the
dynamic range requirements are higher for the circuits following the wide-
band FM demodulator. If one of the FSK signals is sufficiently strong it may
saturate the circuits causing suppression of weaker FSK signals (FM capture
effect). Since there is typically a trade-off between power and dynamic range
in amplifiers, a larger acceptable power difference between the received
signals will come at the cost of increased power consumption.

Different choice with respect to the system parameters leads to different
performance in terms of complexity, sensitivity, data rate, number of chan-
nels and power consumption. By modifying the RF bandwidth, sub-carrier
frequencies, dynamic range etc., it is possible to perform various trade-offs
and to optimize the FM-UWB transceiver according to the specific needs of
the system.

3.2.3 Beyond Standard FM-UWB

The FM-UWB modulation was originally intended as double FM modulation,
where a low modulation index FSK is followed by a large modulation index
FM. It is an optional mode in the IEEE 802.15.6 standard for wireless body
area networks [7]. According to the UWB PHY specifications, two modu-
lations are supported; IR-UWB as mandatory and FM-UWB as an optional
mode. For FM-UWB, the data rate is set to 250 kb/s, using a continuous phase
(CP) FSK modulation, centered at 1.5 MHz, with a frequency deviation of
250kHz. A Gaussian filter is used for pulse shaping with the BT parameter
set to 0.8. For the sub-carrier waveform, either a triangular, a sawtooth, or a
sine waveforms are allowed.

Strict standard definitions do not allow different sub-carrier frequencies,
higher or lower data rates, or multi-user communication. The lack of flexi-
bility limits the use of FM-UWB in WBAN applications, and does not allow
FM-UWSB to reach its full potential. In general, the sub-carrier modulation
does not need to be limited to 250 kb/s 2-FSK. Speed and modulation order
could be modified according to the channel conditions (a less frequency
selective channel allows higher data rates). A transmitter implementing a data
rate of 1 Mb/s has been reported in [8], that demonstrates the feasibility of
moving to higher data rates. Furthermore, higher order FSK can be explored,
such as 4-FSK and 8-FSK, allowing to further boost communication speed.
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One such transmitter is reported in [9]. Finally, it would also be possi-
ble to use PSK modulations without affecting the good spectral properties
of FM-UWB (note that standard PSK modulation requires a coherent SC
demodulator). Other variations are possible, and one example is the Chirp-
UWB (C-UWB) modulation [10], that is a trade-off between FM-UWB and
IR-UWB. Instead of continuous frequency sweep, a single up or down chirp
is transmitted depending on the input bit. The duration of the chirp is much
lower than the symbol duration and allows duty cycling of the transceiver
at a symbol level, thus saving power. At the same time the duration of the
pulse is much longer than in the case of IR-UWB and does not require precise
synchronization. One downside of C-UWB is that the good spectral properties
of the FM-UWRB signal are lost.

A minor modification of a standard FM-UWB signal can be used to enable
simultaneous transmission on multiple sub-channels. Instead of using a single
FSK sub-channel, multiple sub-channels can be summed, and the resulting
signal used to modulate the RF carrier. This would allow a single transmitter
to transmit different messages to multiple receivers at the same time. The con-
cept is shown in Figure 3.7. In order to preserve the same frequency deviation,
if M sub-channels are used, sub-carrier signals are scaled by a factor 1/M.
The example for two sub-carriers is shown in Figure 3.8. Unfortunately, the
flat spectrum of the transmitted signal is lost and, as a consequence, transmit
power will have to be decreased in order to maintain the signal below the
spectral mask defined for the UWB band. The spectrum will take the shape of
the PDF of the modulating signal (as shown by Equation (3.3)) which is in this
case an average of the two sub-carrier signals, and is no longer a triangular
waveform. The exact shape of the resulting sum of sub-carrier signals will
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depend on the number of sub-channels, their frequencies and initial phases.
The BER calculation can be extended to the case of M sub-channels. The
only difference compared to standard FM-UWB is that the power of each
channel is scaled by M. This is equivalent to reducing the RF bandwidth by
the same factor and hence the SNRy, will be scaled as well. Equation (3.9)
can then be modified accordingly to estimate the output SNR:

Brr SNRZ /M?

NRout = .
SNRout Bsc 14 4SNRy, /M

(3.31)

The probability of error is then calculated in the same way as for the
single user case. One advantage of the proposed modification compared to the
described multi-user scheme is that a larger number of channels can be used
in the same bandwidth. If orthogonal sub-carrier frequencies are used, there
will be no interference between the channels on the receiver side (in that sense
the proposed scheme resembles OFDM). In the multi-user case, transmitters
would have to be perfectly synchronized to preserve orthogonality, which is
practically impossible, and as a result produces interference among different
users. The only way to solve this is to separate and filter out the unwanted
channels.

An existing degree of freedom in the proposed modulation technique is
the sub-channels scaling. If different receivers are located at different dis-
tances from the transmitting node, the received power, and subsequently the
BER, may vary. This can be circumvented by using a different scaling factor
for each of the channels. Smaller scaling factor could be assigned to more
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distant receivers, in order to improve the BER on their sub-channels. As long
as the sum off all scaling factors is 1, the maximum frequency deviation will
remain the same, maintaining the signal spectrum within the defined limits.

3.3 State-of-the-Art FM-UWB Transceivers

One of the main advantages of the FM-UWB is the simplicity of the
transceiver architecture, which offers a low power consumption and a high
degree of integration. Different transmitter and receiver implementations
have been presented in the literature. They will be discussed in the following
paragraphs, with a focus on both architecture and circuit level techniques.
Finally, FM-UWB will be compared to state of the art narrow-band and IR-
UWRB receivers, to gain insight into some of the advantages and drawbacks
of the chosen modulation scheme.

3.3.1 FM-UWB Receivers

Different FM-UWB receiver architectures found in the literature are pre-
sented in Figure 3.9. The originally proposed wideband FM demodulator
based on a delay line demodulator is depicted in Figure 3.9(a). Two other
implementations are based on an FM discriminator, they rely on filtering
to convert the input FM signal into an amplitude modulated (AM) signal.
Conversion characteristics of all the demodulators are shown in Figure 3.10.

The FM-AM characteristic of the delay line demodulator was studied in
the previous section (Equation (3.7)). The output AM signal will be a sine
function of the input frequency. It can be seen that the choice of delay is a
trade-off between the conversion gain and the bandwidth of the demodulator.
Decreasing delay leads to lower conversion gain, but also increases the useful
frequency range. In addition, this delay is constrained to a discrete set of
values and must be equal to an odd multiple of the quarter period of the
carrier frequency. It must be determined precisely in order to avoid frequency
offset. In practice, a small offset will always be present as a result of process
variation, however since the transmitted signal is at least 500 MHz wide, this
offset should not have a major impact on the receiver performance. The first
fully integrated FM-UWB receiver based on a DL demodulator was described
in [11]. It achieves a sensitivity of —88 dBm while consuming 9.4 mW. The
demodulator itself consumes around 5.8 mW, and the additional 3.6 mW are
used by the LNA.

An LNA that provides high gain across a large bandwidth inevitably
requires more power compared to a narrowband LNA. In order to reduce
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Figure 3.9 FM-UWB receiver architectures reported in the literature.

the power consumption, a narrow-band regenerative receiver was proposed
in [12]. This approach allows for preservation of high gain and relatively
good noise figure, while minimizing the power consumption. The high-
Q filtering is in fact implemented in the LNA and its center frequency
corresponds to either the highest or the lowest frequency of the FM-UWB
signal. The band-pass filter behaves as a frequency discriminator that converts
the input FM signal into an AM signal, that is then converted to IF using
an envelope detector. Due to the high-Q factor of the filter that results in
a very nonlinear FM-AM conversion characteristic, the demodulated signal
will be a train of pulses whose frequency corresponds to the sub-carrier
frequency (Figure 3.10). The receiver from [12] consumes 2.2 mW while
achieving —84 dBm sensitivity. A later implementation presented in [13]
introduced several improvements at the circuit level (most notably current
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reuse among several blocks) which resulted in power consumption of only
560 uW and only a slight reduction of sensitivity. Although the regenerative
receiver achieved significant power savings, there are some downsides to
this architecture. Narrow-band interferer rejection mostly relies on the high-
Q input filtering. If the interferer falls inside the pass-band it could easily
saturate the stages following the LNA and prevent reception. Indeed, such
a scenario could be avoided by introducing the on-chip tuning circuit that
could shift the filter center frequency, but this adds complexity to the system.
The second downside comes from the nonlinear FM-AM conversion. If
several FM-UWB signals were to occupy the same RF band, the weaker
signals would be attenuated in the nonlinear conversion process, which would
prevent correct demodulation. This is known as the capture effect [14], and
limits the regenerative receiver to cases where only one FM-UWB signal is
transmitted in the given RF band.

In an attempt to improve the linearity of the regenerative demodulator,
a modified architecture was proposed in [15]. Instead of using just one
band-pass filter, a second branch was added (Figure 3.9(c)), resulting in a
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Dual Band-Pass Filter (DBPF) demodulator, otherwise known as a balanced
frequency discriminator. The two filters are tuned to the highest and the
lowest frequency in the FM-UWB signal spectrum, they are followed by the
two envelope detectors that remove the RF carrier from the signal, and the dif-
ference of the two IF signals finally yields the demodulated sub-carrier. The
equivalent linearized characteristic is shown in Figure 3.10. Compared to the
original regenerative receiver, the Q-factor of the two filters can be lowered,
which allows some power savings per filter, but the two still consume more
than the single filter from [13]. The dominant source of power consumption
remains the wideband LNA, that must provide equal gain over the entire
band in the DBPF receiver. The two architectures perfectly illustrate the
trade-off between linearity and power consumption in FM-UWB receivers.
The implementation from [15] consumed 3.8 mW, and achieved —78 dBm
of sensitivity. The same architecture was reused in [10] for demodulation
of a Chirp-UWB signal, where symbol-level duty-cycling of the receiver
was used to bring down the average power consumption to 0.6 mW. The
DBPF receiver exhibits better narrow-band interferer rejection compared to a
standard regenerative receiver and should perform better in scenarios with
multiple FM-UWB users, although such capability was not confirmed by
measurements.

A performance summary of different FM-UWB receivers is given in
Table 3.1. Each of the proposed architectures has its own advantages and
disadvantages. Receiver from [11] generally has the best performance but is

Table 3.1 Performance summary of state-of-the-art FM-UWB receivers

Reference [11] [12, 16] [17] [15] [10] [13, 18]
Year 2009 2010 2012 2013 2014 2014
Demodulator RF-DL Reg RF-DL DBPF DBPF Regen.
Frequency [GHz] 7.5 3.75 3.8 3.75 8 4
Power cons. [mW] 94 2.2 7.2 3.8 0.6/4* 0.58
Supply [V] 1.8 1 1.6 1 1 1
Data rate [kb/s] 50 100 50 100 1000 100
Sensitivity [dBm] —88 -84 -70 —78 -76 —80.5
NB SIR [dB] =25 -30 - —-23 - —18
SC-FDMA Yes No - No No No
Efficiency [nJ/b] 188 2.2 144 38 1 5.8
Tech. node [nm] 250 90 180 65 65 90

*Power consumption is 0.6 mW with duty-cycling and 4 mW without duty-cycling.
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also the most power hungry. The regenerative receiver can provide a very
low power consumption while maintaining good sensitivity, but at the cost
of linearity. A trade-off between linearity and interference rejection on one
side, and power consumption on the other, is demonstrated with the balanced
frequency discriminator from [15]. One thing that is common for all the archi-
tectures is that the largest contributors to the power consumption are the RF
blocks, mainly the LNA. Therefore, one approach to decreasing consumption
would be to minimize the number of RF blocks, or to completely remove
them if possible. This approach will be studied in the following chapters.

3.3.2 FM-UWB Transmitters

Unlike the FM-UWRB receivers, the architecture of FM-UWB transmitters has
remained unchanged over the past several years. Considering its simplicity
(Figure 3.1) it is clear that there is not a lot of potential for improvement at
the architectural level. In fact, the reduction of power on the transmitter side
is mainly a result of improvements at the circuit level. Every FM-UWB trans-
mitter consists of three blocks, the sub-carrier generator, the VCO (sometimes
as a part of a PLL or an FLL) and a power amplifier (PA).

The sub-carrier generator synthesizes the triangular waveform that is used
to drive the VCO. As the sub-carrier frequencies are rather low (typically
1-2 MHz) this block does not contribute significantly to the overall trans-
mitter consumption. One way to implement it is a Direct Digital Synthesis
(DDS) as described in [19]. The advantages of digital implementation are
the simple and precise frequency control without the need for calibration.
The drawback of the fully digital approach becomes apparent at higher data
rates, where higher sub-carrier frequencies are needed. In [8] 51 MHz sub-
carrier frequency is used. Since roughly 20 points per period are needed to
generate a reliable sub-carrier waveform, a DDS would need to operate at a
clock speed of more than 1 GHz, which would be difficult to implement and
would consume a significant amount of power. Instead, a relaxation oscillator
is used within a PLL, a simpler and lower power solution in this case. Another
interesting approach that leads to a very low power consumption is a free-
running relaxation oscillator that is periodically calibrated using an FLL [20].
In this case, a digital frequency control is provided through a capacitor bank,
however this approach is usually not precise enough if multiple sub-carrier
channels are to be used. Additionally, it might occupy a larger area due to the
size of capacitors needed at the frequency of interest.
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The two main parts of the FM-UWB transmitter that essentially determine
its power consumption are the VCO and the PA. In cases where the transmit-
ted power is 10 dBm or more, the transmitter efficiency is dominated by the
PA, however at lower output powers, such as —10dBm the contribution of
the VCO becomes quite significant. In some of the earlier implementations,
the RF carrier was synthesized using an LC VCO within a PLL [8, 21].
To decrease power, the frequency synthesizer is duty cycled, making the
frequency dividers active for only 10% of the time. Although this allowed
some savings, the power consumption was still on the order of 10 mW. A
significant improvement was made when the LC oscillator was replaced
with a ring oscillator [9, 20]. This was possible owing to the loose phase
noise constraints of the FM-UWB modulation. Additionally, instead of the
quasi-continuous PLL, an FLL calibration loop was used [20]. Since the
FM-UWB spectrum is very wide, the center frequency can deviate slightly
without a major impact on performance and it does not need to be monitored
continuously. Therefore, once calibrated, the VCO can operate in a free
running manner until temperature or some other external factor causes a
significant frequency shift. Since these external processes are usually slow,
calibration only needs to be done once in a few hours or days, which makes
the average power consumption of such an FLL practically negligible. The
described approach led to the first sub-milliwatt FM-UWB transmitter [20].
The next step in reducing the VCO consumption was reducing the frequency
of oscillation. Since an N-stage ring oscillator produces N equally spaced
phases, these phases can be combined to produce a frequency that is IV times
higher [22]. It is then possible to use a ring oscillator that works at a frequency
that is IV times lower than the carrier center frequency. The approach was
demonstrated in [22] and used for the FM-UWB transmitter in [13] to reduce
the power consumption down to 0.63 mW. A three-stage ring was used that
oscillated at one third of the carrier frequency, which resulted in the VCO
power consumption of less than 90 pW.

Even though the VCO cannot be neglected, the PA remains the most
power-hungry block in the system. The key to further reducing the power
consumption of an FM-UWB transmitter is an efficient power amplifier.
However, design of an integrated PA for such a low power and wide band
poses a number of challenges. In standard narrow-band applications target-
ing 10dBm output power or more, the most efficient approach is to use a
switching PA such as class D or E. The first problem with class E is that the
output matching network is set to a very narrow range of frequencies and
achieving good efficiency over a large band would be impossible. The second
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problem with switching amplifiers is that their efficiency is directly related to
the on-resistance of the switch, which dictates the minimum size of the output
transistor. In addition, the PA must be driven by a square wave with very sharp
transitions to minimize the turn-on time of the switch. The two requirements
impose very hard constraints, resulting in power dissipation in the driving cir-
cuits that is comparable to that of the PA. Therefore, when the driving circuit
is also accounted for, switching PAs seem not to be the best solution. The
linear power amplifiers, classes A, AB, B and C, do not achieve as high effi-
ciency, but their driving requirements are also lower. Moving from class A to
class C operation, the maximum attainable efficiency increases, but the power
gain decreases and larger driving signal is necessary, thus again shifting the
burden from the PA to the driver. A good compromise is the class AB that
attains decent efficiency and does not need a rail-to-rail input signal. In fact,
all of the transmitters reported in [9, 13, 20], which achieve the lowest power
consumption reported so far, use a complementary class AB power amplifier.

For linear PAs in general, optimal efficiency is obtained when the output
voltage swing is maximized. In case of a complementary class AB or B
amplifier, maximum output voltage swing is equal to the supply voltage.
The load resistance seen from the power amplifier, must therefore be chosen
such as to provide the desired output power. The problem with low power
transmission is that the value of the optimal load resistance is relatively high.
As a consequence a large transformation ratio of the matching network is
needed, which then increases the losses in the network. One way to solve this
problem would be to reduce the supply voltage. However, such an approach
would require another circuit that would lower the voltage to the desired level,
such as a DC-DC converter. This would not only increase complexity but also
introduce its own losses and possibly require off-chip components. A better
and simpler way is to apply current reuse technique demonstrated in [13],
where the PA and the driver share the same current. Since the effective PA
supply voltage is lower, there is no need for such a high transformation ratio
of the matching network and, at the same time, the PA bias current is used to
supply the driver. The efficiency of the transmitter can therefore be improved
without any increase in complexity, which led to the current lowest power
FM-UWRB transmitter [13, 18], as shown in Table 3.2.

3.3.3 FM-UWB Against IR-UWB and Narrowband Receivers

So far the main characteristics of FM-UWB have been discussed, the potential
of FM-WUB has been shown and the existing implementations of FM-UWB
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Table 3.2 Performance summary of state-of-the-art FM-UWB transmitters

Reference [21] [8] [20] [17] [9] [10] [13,18]
Year 2010 2011 2011 2012 2013 2014 2015
SC Modulation 2-FSK 2-FSK 2-FSK 2-FSK 8-FSK 2-FSK  2-FSK
Frequency 3.8 3.8 4 3.8 3.75 8 4
[GHz]

Bandwidth 600 700 500 560 500 500 500
[MHz]

Power cons. 9.6 18.2%* 0.9 8.7 1.14 3.5%* 0.63
[mW]

Supply [V] 1.6 1.6 1 1.6 1 1 1
Data rate [Kb/s] 10 1000 100 50 750 1000 100
Out. power —14.5%*  —128 —102 —13.7 —14 —11***  —10.1
[dBm]

Efficiency [nJ/b] 960 18.2% 9 174 1.5 0.39 3.1
Tech. node [nm] 180 180 90 180 65 65 90

*Excluding the output PA.
**In continuous mode, 0.39 mW with duty cycling.
##+Estimated from figure.

transmitters and receivers have been presented. The question now is how
does the FM-UWB compare to other low power modulation schemes? In
Figure 3.11 FM-UWRB receivers are placed together with low power receivers
from Chapter 2, showing the data rate against power consumption. They
consume a somewhat lower power than BLE receivers, but also target lower
speed. In terms of power consumption they cannot achieve nanowatt levels of
wake-up receivers.

As explained previously, if FM-UWB is compared to a standard FSK
modulation, there is an inherent loss in sensitivity. Unfortunately, this is
an unavoidable drawback of FM-UWB. If a narrowband receiver and an
FM-UWB receiver using the same data rate perform similarly in terms of
noise figure, the narrowband receiver will provide better sensitivity. This
can be observed in Figure 3.12, where efficiency of receivers is plotted
against sensitivity. The FM-UWB receivers cannot achieve the same sensi-
tivity at comparable efficiency levels as the narrowband receivers. However,
FM-UWB provides other benefits that may not be apparent at first. It is
inherently robust against interferers, unlike NB radios that need to rely
on filtering. Owing to the spread spectrum, FM-UWRB is also robust against
frequency selective fading. Narrowband radios might be unable to establish
a link due to a notch in the channel frequency characteristic, whereas the
FM-UWB only suffers a minor performance degradation. Also, FM-UWB
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Figure 3.11 Comparison of FM-UWB receivers and other low power receivers from
Chapter 2, data-rate against power consumption.
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Figure 3.12 Comparison of FM-UWB receivers and other low power receivers from
Chapter 2, efficiency against sensitivity.

could provide support for multi-user communication at almost no increase
in power consumption. Finally, FM-UWB has better potential for minia-
turization, enabling implementations with no off-chip components. Every
narrowband radio needs a crystal oscillator to provide a precise frequency
reference, and in most cases other off-chip components are needed to provide
additional filtering, or output matching. Thanks to robustness to reference
frequency offset, that partially comes from the large signal bandwidth, FM-
UWRB is capable of using an imprecise, on-chip reference oscillator, while still
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providing reliable communication. The combination of robustness, architec-
ture simplicity and high degree of integration are, finally, the main arguments
in favor of FM-UWB when compared to narrowband radios.

IR-UWB receivers cover a very wide range of data rates, from kb/s
to almost Gb/s, while maintaining an almost constant efficiency. This is
possible assuming symbol-level duty cycling can be applied. In order to
benefit from symbol-level duty cycling the IR-UWB receivers must have a
good timing reference, and require initial synchronization, both of which
add complexity and cost to the system. The FM-UWB generally requires a
fairly simple receiver architecture and has a lower peak power consumption
making it cheaper and more appealing for battery powered systems. One other
advantage of FM-UWB compared to IR-UWB is the multi-user capability.
FM-UWB devices can transmit in the same RF band at the same time.
A similar TDMA based scheme at the symbol level would be possible with
IR-UWB wherein each transmitter has a time slot in which it can transmit a
pulse during one symbol period. However, this would require a nanosecond
level synchronization among the nodes, adding a prohibitively high level of
complexity to the system.

3.4 Summary

The first part of this above chapter describes the main principles of the
FM-UWB modulation. Basic calculations related to the modulation tech-
nique are presented and extended to the cases with multiple users. The
described techniques, such as multi-user communication and multi-channel
transmission, can be used to optimize the system performance according to
the specific needs. Different sub-channels can be used, trading data-rate per
channel with the number of available sub-channels, depending on the number
of nodes in the network and their purpose.

In the second part of the chapter, the state of the art FM-UWB transceivers
are discussed along with the the most important power reduction tech-
niques reported in the literature. These techniques, combined with technology
scaling, led to sub-milliwatt power consumption levels in today’s imple-
mentations. The evolution of power consumption over the past 8 years is
illustrated in Figure 3.13 for both transmitters and receivers, from which
a decrease by a factor of 20 can be observed. However, the narrow-band
receivers still have the edge, at least with respect to power consumption. The
proposed wake-up receivers found in literature consume from 100 W [23] all
the way down to 100 nW [24]. FM-UWB can hardly compete with such low
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Figure 3.13 FM-UWB transmitters and receivers, evolution of power consumption. Type of
demodulator used in each receiver is indicated on the graph.

levels, a simple consequence of the fact that wide-band circuits require more
power to achieve the same performance in terms of gain and noise figure.
On the other hand, the FM-UWB brings higher resilience to interferers,
without off-chip components such as SAW filters, better performance in
frequency selective channels and higher potential for miniaturization. All of
these are very favorable capabilities that could assure a place for FM-UWB
in short-range applications such as wireless body area networks.
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4

The Approximate Zero IF Receiver
Architecture

4.1 Introduction

One of the primary goals of this work is to reduce the power consumption
of an FM-UWB transceiver. In duty cycled wireless sensor networks the
bottleneck is typically the receiver. This is because transmitters only need
to be turned on when there is a need to transmit data. As a result their power
consumption will only be a small fraction of the overall power consumed by
the network. Receivers, on the other hand, need to capture the transmitted
data and must therefore be turned on periodically to check whether data is
being transmitted. This is why the power consumption of the network will
almost entirely be determined by the receiver power consumption. Lowering
the duty cycle ratio, or equivalently, increasing the duration of the period
between the two on states of the receiver, can be used to bring down network
power consumption, but it will also increase latency.

In body area networks, such as [10], where sensors need to provide pres-
sure information from the prosthetic limb to the patient, latency constraints
are imposed by the physiological characteristics of the human body. In order
to provide a natural sense of touch, the delay from sensors to actuators must
not be larger than the time it takes for neurons to convey information from
the fingers to the brain. Once the maximum delay limit is reached the only
way to reduce network power consumption is to reduce the consumption of
the FM-UWRB receiver.

Another property that could be of use in the receiver is the capability to
handle multiple FM-UWB signals at the same time. This requirement comes
from the fact that potentially a large number of sensor nodes may be located
close to each other. Providing the multi-user capability would then allow
to parallelize data transfer and decrease network delay. Normally, receivers
with such capability need good linearity and dynamic range, which again
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come at the price of power consumption. If the distance between nodes is
not large, and WBAN is a typical example of such an application, sensitivity
is not a limiting factor, and can be sacrificed for the benefit of multi-user
communication and energy efficiency.

This chapter describes the proposed architecture, intended to further
reduce the power consumption of an FM-UWB receiver. Two variations
of the architecture are explored, one that aims to provide the multi-user
communication capability, and another that attempts to aggressively lower
the power consumption, while essentially neglecting all other aspects.

4.2 The Uncertain IF Architecture

It is a common observation that in any type of circuits there is a correlation
between the frequency of operation and power consumption. The simplest
example is the CMOS logic gate, where it can be shown that the dynamic
power consumption is proportional to the frequency of operation Py, o
fCV?2, Similar conclusion holds for other types of circuits, for example,
amplifiers typically need more power to achieve the same gain at higher
frequencies (or to provide larger bandwidth). As a consequence, the most
power-hungry blocks in the receivers are the ones that operate at RF. These
are usually the Low Noise Amplifier (LNA), needed to provide a good noise
figure, and the frequency synthesizer, where the dominant consumers are the
voltage controlled oscillator and frequency dividers. A typical example could
be the Bluetooth receiver presented in [1], where the LNA consumes around
25% of the overall power, and 53% of the power is used for the PLL, including
the DCO.

Due to the large bandwidth of the FM-UWB signal, precise frequency
synthesizers can be completely removed. Gain at high frequencies, however,
remains a bottleneck. Consider the FM-UWB receiver from [2], where the
LNA consumes 1.6 mW, or 73% of the overall power consumption. A similar
case is found in [3], where the LNA consumes 55% of the entire receiver
consumption. The preamplifier and the demodulator in the FM-UWB receiver
from [4], both operating at RF, consume around 3 mA and 6 mA, respectively.
Removing the LNA from the design, or loosening the specifications on RF
gain and noise figure, could lead to significant power savings.

The opportunity to decrease power consumption by moving the gain
stages from RF to IF was first recognized by Pletcher [5], who demonstrated
this approach through the implementation of the “Uncertain IF” receiver. In
this design the LNA is merged with the mixer into a single current reuse
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Figure 4.1 Principle of operation of the uncertain IF receiver.

block, the active mixer. Combined with the external bulk acoustic wave
(BAW) resonator, it provides the input matching, and converts the RF signal
to IF, where the gain stages are located. The lack of voltage gain at RF
simplifies the design and allows for low dc current of the active mixer.
Although the power hungry LNA is eliminated from the design, the LO signal
must now be generated in order to perform the downconversion. For the
proposed design from [5] to be truly power efficient, the LO generator must
consume sufficiently low power. A simple three-stage, CMOS ring oscillator
used in this design consumes very little power and provides a rail to rail
output signal, but this comes at a price. Ring oscillators are generally sensitive
to changes in supply voltage and temperature, phase noise is relatively high
compared to LC oscillators, and finally the output frequency is rather unstable
and tends to drift with time. This is the key point of the architecture from [5].
Instead of using a PLL to stabilize the oscillator frequency, the IF amplifier
bandwidth is increased to allow for LO frequency offset. Hence the name
“uncertain IF” receiver is used. The described principle is illustrated in
Figure 4.1. The designed oscillator generates the LO signal that remains
within the £100 MHz range from the center frequency. To account for this
offset, the IF amplifier is designed with a bandwidth of 100 MHz, assuring
that the downconverted signal falls inside the desired band. Using 100 MHz
amplifiers to amplify a signal with 10 kHz bandwidth is a necessary overhead,
but still results in less power consumed than if a PLL were used to generate
the LO signal. The oscillator, however, does need to be calibrated periodically
to compensate for the drift due to temperature or supply voltage variation, and
maintain the LO frequency within the defined limits. Owing to the fact that
these changes are slow, the calibration will only be done once in a few hours,
resulting in a negligible overhead in terms of power consunmption. The final
stage of the receiver is the envelope detector that demodulates the transmitted
OOK (on-off keying) signal. It should still be noted that a relatively good
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noise performance in this case was achieved using a narrowband BAW filter
that is precisely tuned to the frequency of the transmited signal. Finally,
the receiver from [5] reached a power consumption of only 50 uW, for an
input signal at 2 GHz, and is still among the lowest consuming narrowband
receivers in the literature today.

The same principle can be applied to the FM-UWB signal. Instead of
implementing the wideband amplifiers at RF, the input signal is directly
downconverted to zero center frequency using an active mixer (LNA and
mixer stack), allowing amplification and processing to be done at low fre-
quencies. Since the LO signal is generated using an imprecise ring oscillator,
a certain frequency offset will always be present between the LO signal and
the center frequency of the input signal. Hence, the proposed receiver is
referred to as the “Approximate Zero IF” receiver. The aforementioned offset
should be relatively small compared to the 500 MHz wide input signal, and
so the necessary overhead, i.e. larger bandwidth of the IF amplifiers and the
demodulator, will be relatively small. Moving the main gain stages from RF
to IF results in higher noise figure (NF) of the receiver chain. Since only a
limited amount of gain is available at high frequencies, noise of the IF stages
will contribute more significantly to the overall noise figure. At the same
time, the power consumed by the IF amplifiers can now be greatly reduced
since they operate at low frequencies instead of RF, and the same overall gain
comes at a lower price.

4.3 The Approximate Zero IF Receiver with Quadrature
Downconversion

The first proposed receiver architecture is based on a delay line demodulator
described in the previous chapter. This demodulator has already been used in
some receiver implementations [4, 6]. In its original form it operates directly
at RF, and the delay needs to be tuned precisely to the signal center frequency.
The demodulator can be moved from RF to baseband, without changing its
functionality, if two signal branches are used with a 90° phase shift between
them [7]. The two signals can easily be generated by using quadrature LO
signals for downconversion.

The proposed receiver architecture is shown in Figure 4.2. Some of the
blocks that will be present in the actual implementation are omitted for clarity,
and to emphasize functionality. The input signal is directly converted to zero
frequency by the mixer. Since a ring oscillator will be used to generate
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LF Filter

Figure 4.2 Block diagram of approximate zero IF receiver with IQ downconversion.

the LO signal, some frequency offset will always be present, meaning that
the downconverted signal will never be precisely centered at zero, and the
architecture is therefore named the “Approximate Zero IF” architecture.
The downconverted signal will then be amplified by the IF amplifiers. In
Figure 4.2 only filters are shown to emphasize limited bandwidth of the
IF path. In this work a 500 MHz wide FM-UWB signal is used. After
downconversion, the signal would ideally occupy frequencies from zero to
250 MHz. Accounting for a frequency offset of +50 MHz, 300 MHz should
be sufficient for the bandwidth of the IF path. The case remains the same with
the demodulator bandwidth. It needs to be larger in order to accommodate the
input signal with a frequency offset.

The principle of operation of the demodulator can be described through
the following mathematical model. The simple calculation presented here
follows the approach from [8], extending it to account for the LO frequency
offset. The aim of the calculation is to explain the principle of operation
and provide insights into the main trade-offs when choosing the delay of the
demodulator, which is the main design parameter in this case and determines
the bandwidth of the demodulator. The FM-UWB signal at the input of the
receiver can be represented as:

s(t) = Acos(wet + ¢(t)), 4.1

where w, = 27 f. is the carrier center frequency of the signal and ¢(t) is the
time varying phase, which is the integral of the sub-carrier wave (usually a
periodic triangular or sine signal):

t

o(t) = Aw/ m(t)dt. (4.2)

— 00



72 The Approximate Zero IF Receiver Architecture

The sub-carrier wave m(t) is normalized to the interval [—1,1], and Aw is
the frequency deviation corresponding to half of the FM-UWB signal band-
width Aw = 27Af = wBywp. The signal is first converted to baseband,
such that the signals in the in-phase and quadrature branches are given by

si(t) = Acos(wet + ¢(t)) cos(wosct) 4.3)
sq(t) = Acos(wet + ¢(t)) sin(wosct) (4.4)

where the conversion gain of the mixer is assumed to be unity for simplicity.
Note that since the carrier frequency w. does not correspond ideally to the
locally generated frequency w,s., there will be a residual term after mixing
that is equal to the difference of the two frequencies. The two filtered,
downconverted components at the demodulator input are:

A

sigp(t) = 5 cos(worst + (1)) (4.5)
A

sqip(t) = =5 sin(worst + ¢(t)) (4.6)

where worr = 27 forf = We — Wosc 18 the frequency offset of the LO signal.
The two quadrature signals are then multiplied with the delayed copy of each
other in the process of demodulation. The signals at the output of the two
demodulator mixers are:
AQ
Sidem(t) = — T cos(worf(t — 1) + ¢(t — 7)) sin(worst + @(t)) (4.7)
2
Sq.dem(t) = — AZ cos(worft + @(t)) sin(werf(t —7) + @(t —7)). (4.8)

Finally, the difference of s; gey, (t) and sq gem (t) results in the following
signal:
A2

Sdem (t) = e sin(wor s + @(t) — ¢t — 7)). 4.9)

Following the same approach as in [8], assuming the time interval 7 is
small enough that ¢(¢) does not change too significantly, Equation (4.9) can
then be approximated by

A? do(t
Sdem (t) =~ e sin(wo T + 7 (Zi )) (4.10)
A2
= — sin(wof 7 + TAwmM(1)), (4.11)

4
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Figure 4.3 Principle of operation of approximate zero IF receiver with IQ downconversion.

which in fact corresponds to the demodulated signal. The last equation reveals
the sinusoidal FM-AM characteristic of the demodulator, showing that it, in
fact, acts as a baseband equivalent of the RF delay line demodulator. The
illustration of the demodulation principle and the equivalent demodulator
characteristic are given in Figure 4.3. The shape of the output demodulated
signal is shown for two different values of the delay, assuming that a certain
frequency offset is present in the LO signal. The amplitude and the shape of
the demodulated signal depend on the demodulator delay 7 and the frequency
offset f,s, as illustrated in Figure 4.3. The demodulator bandwidth can be
defined as the monotonic part of the characteristic, i.e. 7 X Bpgy = 7/2.
Increasing the delay results in decreased demodulator bandwidth, which
increases the amplitude, but also distorts the output signal. Note that unlike
with the RF delay line demodulator, the delay 7 is no longer related to
the input signal center frequency. Ideally, in the case of the RF delay line
demodulator, 7 should be equal to the integer multiple of the quarter period
of the center frequency N7 /4. Any deviation of 7 results in mismatch
between the demodulator center frequency and the signal center frequency.
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The end effect is equivalent to the LO frequency offset in the approximate
zero IF receiver.

The conversion gain is defined as the ratio of the fundamental ampli-
tude of the demodulated signal and the amplitude of the signal at the
demodulator input:

Ag _ C1A%/4 A
A2 A2 2

The coefficient C corresponds to the fundamental component of the
demodulated signal normalized to A?/4 and accounts for the non-linear
characteristic of the demodulator. This coefficient will depend on 7 and
for- Assuming a triangular sub-carrier wave, C and C (normalized second
harmonic amplitude) are calculated and plotted in Figure 4.4 as functions
of the frequency offset, for several different values of the delay 7. These
graphs show the trade-off between the distortion and the conversion gain
mentioned above. Choosing larger 7, such that the demodulator bandwidth
is smaller than the signal bandwidth, for example Bg.,, = 200 MHz, will
indeed result in a higher gain, but will also make it more sensitive to the
carrier offset. For the value of 7 selected to provide 500 MHz bandwidth, the
conversion gain is practically half of that obtained for Bpgys = 200 MHz,
but remains almost constant even for a very high carrier offset. The con-
version gain remains the same for both noise and signal at the input, and
in that sense doesn’t affect the SNR. However, in a practical realization
the demodulator itself will generate noise, and with this noise taken into
account higher conversion gain will yield a higher output SNR. It should
also be noted that a high demodulator bandwidth (together with IF band-
width Bjg) also results in a higher noise bandwidth, which combined with
lower gain inevitably leads to a degradation of sensitivity. Looking at the
second harmonic, the increase of distortion that comes with the decrease
of bandwidth becomes evident. In the ideal case, with no carrier offset,
the second harmonic will be zero. However, for the proposed receiver
architecture this will never be the case and the amplitude of the second
harmonic will depend on offset and demodulator delay. Finally as a com-
promise between the gain, sensitivity to frequency offset and distortion, a
bandwidth of 300 MHz can be chosen for the demodulator implementation
and the same value should be used for the bandwidth of the preceding IF
amplifiers.

The proposed demodulator can be used to simultaneously demodulate two
or more FM-UWRB signals. If an additional FM-UWB signal, occupying the

Geonv = Ch. 4.12)
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Figure 4.4 Normalized fundamental C; and second harmonic amplitude C at the output
of the demodulator vs. the offset frequency. First harmonic is proportional to conversion gain.
Four curves are plotted for four different values of the demodulator bandwidth (or equivalently
different values of the delay 7).

same RF bandwidth but using a different sub-carrier frequency, is present at

the input of the receiver, the signals in the I and Q branches are given by

A A
Silp = 71 cos(wof T + ¢1(t)) + 72 cos(wof T + ¢2(t))

A . Ay
Sqlp = _71 sin(woy T + ¢1(t)) — 72 sin(wos 7 4 Ga2(t)).

(4.13)

(4.14)



76  The Approximate Zero IF Receiver Architecture

Following the same steps as in the above calculation the demodulated
signal can then be derived as

A3 doi(t), A3 . dpo(t)
Sdem = N sin(wo st + 7 o )+ 1 sin(wo st + 7 p )+ W (t).
(4.15)

Aside from the first two terms, which represent the two demodulated
signals, an additional term, W (¢) appears. This term corresponds to the
intermodulation product of the two FM-UWB signals. The effect is the same
as for the case of the RF delay line demodulator, where the additional term
corrupts the two useful signals and limits the achievable BER. Fortunately, as
will be shown, this term will be spread across a large frequency, allowing to
filter out most of it in the baseband. The W (t) term is given by

AlA

W () = == sin(wors7 + d1(t) — ba(t — 7))
A14A2 sin(worfm + ¢2(t) — P1(t —7)). (4.16)

Using the same approximation as in the single-user case, assuming 7 is
very small W (¢) can be rewritten as

W(t) = A4, sin <woff7' + ;d(i}t(t) + ;d¢;t(t)> sin (¢1(t) + ¢a(t))
4.17)
= A12A2 sin <w0ff7 + TAw (my(t) + m2(t))>
¢
X sin (Aw/ (my(t) — mg(t))dt> (4.18)
= 2. (4.19)

The intermodulation product W (¢) consists of two factors. The first one,
proportional to the sum of the two sub-carrier signals, is the slow-varying
envelope. Clearly the shape of the envelope will depend on the demodulator
delay 7, and the frequency offset f,fs, and therefore these two parameters
will affect the average power of the intermodulation product. The second
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factor is spread from O to 2Aw, which is equal to the signal bandwidth
Byw B, with the instantaneous frequency that is proportional to the difference
of the two sub-carrier signals. Since the intermodulation product is spread
over a very wide band, only a small fraction of its power will fall into the
useful sub-carrier band Bgc. The effect of inter-user interference will be
similar to the elevated noise floor at the output of the receiver. This results
in a degradation of sensitivity as either the number of users or the power
of additional users increase. For a given targeted bit error rate, interference
among users will ultimately limit the number of users or the difference in
power levels between the two FM-UWB signals that can be handled at the
same time.
The average power of the intermodulation product can be calculated as
2 42 2 42

W(t)? = Aiigbw(tp = Aii?QCMU (4.20)
Factor C)y is the normalized average power of the intermodulation product
and depends on 7 and f,s. It is calculated for two triangular sub-carrier
waves and presented in Figure 4.5(a). The decrease of the demodulator
bandwidth (increase of 7) in this case leads to increased power of the inter-
modulation product. Making the approximation that the spectrum of W (t)
is flat across the entire band [8], the output signal-to-interference ratio (SIR)
can be calculated as

4.21)

A?|C1|? B
SIRoutZIOIOgl(]( 1| 1| UWB>7

A2Cyu Bse

where factor |C1]?/Chyy is added to the original formula from [8] to account
for the frequency offset [9]. Figure 4.5(b) shows how this factor changes with
the frequency offset for different demodulator bandwidths. As expected the
best result is obtained for the highest demodulator bandwidth. The difference
is, however, not too significant compared to the case with 300 MHz band-
width. At the same time, extending the demodulator bandwidth also requires
the extension of the IF amplifier bandwidth, which finally leads to increased
power consumption. For this reason 300 MHz is chosen as a good trade-off
between power and distortion and is the bandwidth that will be used in the
receiver implementation described in the following chapter.
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Figure 4.5 Coefficient C'ysy (a) and correction factor |Cy |2 /Cwu for SIR (b) as functions
of the frequency offset. Four curves are correspond to three different values of the demodulator
bandwidth (or equivalently values of the delay 7).

4.4 The Approximate Zero IF Receiver with Single-Ended
Downconversion

As a general rule, quadrature downconversion is needed in direct downcon-
version receivers, otherwise part of the information will be lost, and it will be
impossible to recover the data. However, because of the properties of the FM-
UWRB signal, transmitted bits can be recovered even if the signal is directly
converted to zero using only a single branch. Shift to a single-ended receiver
architecture enables some power savings. First of all, only one IF amplifier
can be used, allowing to halve the power of the IF stages. In addition, the
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Figure 4.6 Block diagram of approximate zero IF receiver with single-ended
downconversion.

simplified FM demodulator should also allow some savings compared to the
1Q delay line demodulator. Finally, the most important savings come from
the DCO. Quadrature demodulation requires quadrature LO generation that
tends to be power costly. Using a single-ended oscillator simplifies the circuit
and allows to reduce power by a factor of more than 2 for the same oscillation
frequency.

The operation of the demodulator can be explained using a simplified
receiver model, presented in Figure 4.6. Like in the previous case the input
FM-UWB signal can be represented as

s(t) = Acos(wet + (1)), (4.22)

where ¢(t) is again the integral of the sub-carrier wave, and w, is the center
frequency. After downconversion, the signal at the mixer output is given by

Smiz(t) = kA cos(wet + ¢(t) + Po) cos(wosct) (4.23)

The IF low-pass filter removes all the high frequency components, resulting
in the signal at the filter output given by

A
sif(t) = 3 cos(wor st + o(t)), (4.24)

where w, s is the offset frequency, that is equal to the difference of the
LO frequency and the signal center frequency. The following stage, a
differentiator, converts the FM signal into an AM signal given by

dsif(t) A . dg(t
° ;t( ) 3 sin(worst + (1)) (waffro + 70 gfli )>, (4.25)

where 79 is the time constant of the differentiator. The resulting signal is then
demodulated using the envelope detector. Here, an ideal square law envelope
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detector is assumed, resulting in the output signal given by

2

2
sdem () = AT sin(woy st + ¢(t))* <woff70 + 10 d(flit))

2 2
= Iz(l — cos(2worft + 26(1)) (woffTo + 70 dd)(t)) (4.26)

dt

The low-pass filter following the envelope detector will practically
remove the fast changing component cos(2w, st + 2¢(t)), resulting in the
signal at the filter output given by
A? do(t)\>
Sdem(t) = ? <Woff7_0 + 70 ¢( )) . 4.27)

dt

For simplicity, let us assume that the sub-carrier signal is a sine wave. The
demodulated signal is then

AZ
Sdem(t) = - (WorfT0 + AwTp s1n(wsct))2 (4.28)
A2
-5 e (w gff + 2w pAw sin(wsct) + Aw? sin? (wset))  (4.29)
A? 20,2 .
5 ( worf + 2worfAw sin(wsct)
1 1
+Aw? (2 —5 cos(2wsct)> > (4.30)

In the ideal case the offset frequency is zero, w,rr = 0, and the only
remaining useful term is the term at twice the sub-carrier frequency

A
Sdem,2(t) = Aw 78 cos(2wset). 4.31)

The demodulation can now be performed using this signal. The same
conclusion holds for the triangular wave since it can be represented by the
Fourier series, in which case again, the second harmonic of the demodulated
sub-carrier wave can be used for the final FSK demodulation. Interestingly,
if an ideal differentiator is used and if infinite IF bandwidth is assumed,
the amplitude of the second harmonic will be independent of the frequency
offset. The first harmonic will appear with the increase of the frequency
offset, however in this case, this component can be filtered out by the LF
band-pass filter.
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Figure 4.7 Principle of operation of the approximate zero IF receiver with single-ended
downconversion.

The principle of the single-ended baseband FM demodulator is shown in
Figure 4.7. In the derivation, an ideal differentiator was used and infinite IF
bandwidth was assumed. In a realistic implementation the IF bandwidth will
affect the useful signal and will cause the second harmonic of the demodu-
lated signal (used for demodulation) to decrease with frequency offset. Also,
the ideal differentiator, used for derivation, will be replaced by a lossy (non-
zero dc gain) first order high-pass filter. This filter will have a certain cut-off
frequency after which the transfer function flattens. The equivalent FM-AM
characteristic should finally resemble the characteristic at the bottom of the
Figure 4.7.

The first and second harmonic of the demodulated signal are plotted
in Figure 4.8 as functions of the offset frequency. The calculation is done
for a triangular sub-carrier signal with varying IF bandwidth. As explained
previously, the first harmonic is close to zero for small frequency offsets, and
increases as the offset increases. The second harmonic (useful part of the
signal), decreases with the frequency offset. This decrease is purely a con-
sequence of the limited demodulator bandwidth, since the second harmonic
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Figure 4.8 Normalized fundamental C; and second harmonic amplitude C' at the output of
the demodulator.

after a perfect square law envelope detector remains constant regardless of
the offset. The amplitude of the second harmonic shows less variation with
the frequency offset as the IF bandwidth increases. Ideally, the IF bandwidth
should then be extended to get the best performance, however this again
requires more power for the IF amplifiers, and in the receiver implementation
a bandwidth of 300 MHz will be used as a good trade-off.

4.5 Receiver Sensitivity Estimation

The first step in estimating the receiver sensitivity is to find the output BER
as a function of the SNR at the receiver input. For the approximate zero IF
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receiver with quadrature demodulation, the FM-AM conversion characteristic
is equivalent to the one of the RF delay line demodulator. The only difference
between the two is that the demodulator is located at the baseband instead of
RF. The expectation is then that the BER performance of the two receivers
remains the same, meaning that the same approximation can be used to
estimate the BER. The hypothesis is verified using the high-level model
corresponding to the one shown in Figure 4.2. A bandwidth of 300 MHz was
used for the IF filters, and 2 MHz for the LF filter that filters the demodulated
FSK signal. The bandwidth of the demodulator is chosen larger than the IF
bandwidth and is set to aproximately 350 MHz. The simulation results are
compared to the Gerrits’ approximation [8] in Figure 4.9, using the formula
for a non-coherent probability of error. The simulation points match well
with the calculated curve, validating the use of Gerrits’ approximation for
the proposed quadrature receiver.

In the case of the single-ended receiver architecture, the Gerrits’ approxi-
mation no longer holds in it’s original form. However, looking at the receiver
structure, after the squaring operation of the envelope detector, the same
products appear as in the case of the delay line demodulator. In principle
the same approach can be used as in [8], with the difference that the useful
signal amplitude is half of the one in the case of the delay line demodulator.
The resulting output SNR is then given by

_ Bgp (SNRjn/4)?

SNR.., — ] 4.32)
ou Bgsc 1+ SNRj,
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O Simulation
----- Calculation
Single-Ended Rx:
< Simulation
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Figure 4.9 Simulated and calculated BER curves for the approximate zero IF receiver.
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The rest of the calculation remains the same as for the delay line demod-
ulator. The resulting calculated BER curve is shifted by approximately 6 dB
compared to the BER of the quadrature receiver. This is the price paid for
the simplified receiver architecture. The calculated BER curve is compared
to the simulated points in Figure 4.9. The used model corresponds to the
block diagram of Figure 4.6. The IF bandwidth of 300 MHz was used in
the simulation, and a high-pass filter with a cut-of frequency of 300 MHz
replaced the differentiator. Such implementation should roughly correspond
to the actual implementation of the single-ended receiver.

The two BER curves provide the information on the minimum SNR
needed at the receiver input in order to achieve the desired BER. Typically,
for low power wireless receivers a BER of 1072 is taken as the reference
point. The sensitivity of the receiver is then defined as the signal level at
the receiver input needed to achieve this BER. To calculate this sensitivity,
the noise power at the receiver input must first be calculated. The equivalent
input referred noise of the receiver in dBm is given by

N = 10log(kTByw /1 mW) + NF, (4.33)

where N F' is the noise figure of the receiver, and 10log(kTBywp/1 mW)
is the thermal noise power in dBm at the receiver input at a temperature of
T = 25°C. The used FM-UWB signal bandwidth is Bywp = 500 MHz.
Considering that the main target is to lower the receiver power consumption
and that the LNA will be either completely removed, or have very limited
performance, relatively high noise figure of the receiver should be accounted
for. In [5] the total noise figure of the active mixer and the IF amplifiers is
23 dB. The high noise figure is a consequence of the mixer first architecture
and low power gain of the first stage, which results in significant contribution
from the IF amplifier. For this design, a 20 dB noise figure will be assumed
in order to calculate the achievable sensitivity of the FM-UWB receiver. The
sensitivity is then calculated as

Sin = 101og(kTByw /1 mW) + NF + SNRymin. (4.34)

For the quadrature receiver minimum input SNR,,;,, = —11.5dB, which
results in a receiver sensitivity of around S;,, = —78.5dBm. For the single-
ended receiver the minimum input SNR is approximately 6 dB higher, which
results in sensitivity of S;;, = —72.5dBm. Achievable sensitivity, although
low compared to typical narrowband receivers that achieve levels lower
than —90dBm (for example, typical Bluetooth receivers), is sufficient for
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communication in body area networks at distances below 1 m. The presented
calculation and simulation are valid in an ideal case, where the LO frequency
is perfectly aligned with the center frequency of the FM-UWB signal. Since
the idea behind power reduction is to use a low quality oscillator whose
frequency might drift with time, the sensitivity degradation due to frequency
offset should be estimated as well. This is done using the same high-level
model, and the results are presented in Figure 4.10.

The 50 MHz offset is taken as a maximum offset that should be toler-
ated, and the LO frequency must be maintained within these limits. In the
practical implementation this will be achieved using a calibration FLL loop
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Figure 4.10 Simulated and calculated BER curves with and without frequency offset
for the approximate zero-IF receiver with quadrature downconversion (a) and single-ended
downconversion (b).
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that is periodically turned on (e.g. by a microcontroller when temperature
exceeds certain limits). The sensitivity degradation for a 50 MHz frequency
offset and for the receiver with quadrature downconversion is reported in
Figure 4.10(a). As can be seen, this degradation is below 1dB, confirming
empirically the initial hypothesis that the frequency offset does not cause
a major sensitivity degradation. In the case of the receiver with single-
ended downconversion this degradation amounts to around 1.6 dB, as seen
in Figure 4.10(b) showing that the simplified architecture is slightly more
susceptible to frequency offsets.

It should be noted here that the given calculation and simulation models
only account for a noise source at the input of the receiver. The separate
contributions of receiver blocks are accounted for through the noise figure,
however what is not accounted for is the noise generated by the FM demodu-
lator (delay line demodulator for the quadrature, and envelope detector for the
single-ended receiver). Due to the nonlinear nature of FM demodulators, the
output noise will depend on the input signal level. In order for the presented
sensitivity estimation to be valid, the noise of this block must be negligi-
ble compared to the noise from other sources. This requirement is simply
achieved by increasing the gain of the stages preceding the demodulator, and
it is in fact this requirement that sets a limit for the combined gain of the
LNA, mixer and the IF amplifier.

4.6 Summary

This chapter presents the general approach to receiver power reduction
through use of “uncertain IF” and “approximate zero IF” architectures. The
main idea is to loosen constraints on RF stages, that usually consume the
most power, and shift the burden to IF where high gain comes at a lower
price in terms of power. Two different receiver architectures are proposed.
The quadrature approximate zero IF receiver targets to reduce consumption,
but also to provide enough linearity to support multi-user communication.
Potential to parallelize communication through sub-carrier FDMA, on top
of existing TDMA could bring both latency and power savings at a net-
work level. The second architecture, the single-ended FM-UWB receiver
architecture, aims solely to reduce power consumption. The used approach
sacrifices all other performance aspects in order to provide the lowest possible
consumption level, and could be used when there is no need for SC-FDMA.
The analysis of the two architectures is presented, providing some insight into
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the key points and the principle of operation, together with a short sensitivity
analysis that estimates the achievable receiver performance.

The implementation of the concepts presented here is the subject of
the following chapters. First, the quadrature approximate zero IF FM-UWB
receiver is implemented and characterized standalone. Then, in the second
iteration, a full transceiver is integrated. Both receivers are placed on the
same die, with the idea to use the single-ended FM-UWB receiver as a low
power mode.
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Quadrature Approximate Zero-IF
FM-UWB Receiver

5.1 Introduction

The previous chapters explained the basics of FM-UWB modulation, dis-
cussed the existing state of the art and introduced two new architectures for an
FM-UWB receiver. The concept of the proposed approximate zero-IF archi-
tecture with quadrature downconversion is brought to life in this chapter. The
work is mainly oriented toward exploiting the short communication range, in
order to lower power consumption of the receiver, but also to provide means
to efficiently communicate as the number of sensor nodes in the network
scales up. This is achieved through the use of the sub-carrier FDMA, that
allows to distinguish multiple FM-UWB signals sharing the same RF band.

The chapter starts by introducing the top-level architecture of the inte-
grated receiver. The following section deals with the details of circuit design,
focusing on the key approaches and techniques used to reduce the power
consumption of the most important circuits. Measurements of the imple-
mented receiver are presented in Section 4.3. Beyond the intended data
rate of 100 kb/s, the receiver is characterized in additional scenarios (higher
speed, M-FSK modulation, multi-channel transmission) showing the true
potential of the FM-UWB modulation. Finally, the chapter is concluded with
a summary of achieved results and a comparison with similar receivers from
the literature.

5.2 Receiver Architecture

The aim of this work is to reduce power of the FM-UWB receivers beyond the
current state of the art while preserving the demodulator linearity and multi-
user communication capability. As the LNA and other blocks operating at
RF have been shown to consume the most power in previously implemented

&9
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receivers, the strategy here is to first downconvert the signal to baseband, and
then perform all the processing at low frequencies. Since power consumption
in all of these blocks typically increases with frequency, moving them to
baseband should result in significant power savings.

An oscillator, that was not needed in previous FM-UWB receiver imple-
mentations, is now necessary to generate the LO signal. Only if the LO can
be implemented with a reasonable power budget can the approximate zero-
IF architecture lower the overall consumption. Fortunately, ring oscillators
in deep sub-micron technology nodes are known to consume very little and
can be used here for such LO generation. The downside of using a low
power ring oscillator is its high phase-noise, unstable oscillation frequency
and high susceptibility to environmental changes. Ring oscillators are almost
exclusively used in closed loop systems such as PLLs, where the oscillator
is locked to a reference frequency, and all the aforementioned problems
disappear. However, a PLL would require frequency dividers and these would
add a significant contribution to the receiver power consumption. Instead of
implementing a PLL, a free-running oscillator is used for this implementation
and owing to the large FM-UWB signal bandwidth, some of the issues, such
as phase noise, are circumvented. Frequency dividers are still needed, but they
are used as a part of the FLL calibration loop and are turned on only when
calibration is necessary. That is mostly to compensate for frequency drift due
to temperature or supply voltage variations. Fortunately, since these changes
are slow and the calibration is not needed very often, the FLL calibration
circuits will not pose a significant overhead to the receiver consumption.

The high-level block diagram of the implemented receiver is shown in
Figure 5.1, with the main receiver at the bottom and the test receiver at the
top. The two receivers are implemented in order to asses the performance loss
due to the on-chip, low power ring oscillator. They are identical in all aspects
except for the LO. The main receiver uses the ring oscillator, whereas the
test receiver uses an external signal to drive the mixer. Since this is a direct
conversion receiver, quadrature LO signals are generally needed to perform
correct demodulation. In the main receiver these are generated directly by
the ring (multiple stages produce different phases, as will be shown later),
while the test receiver uses an RC-CR network to provide quadrature signals,
allowing to reduce the number of input pads. The difference in performance
between the two receivers will be reported in the measurement section.

As already mentioned, the idea is to reduce power consumption by remov-
ing the RF blocks. It can be seen in Figure 5.1 that the LNA is still present,
however, in this implementation it is simply a transconductance amplifier



5.2 Receiver Architecture 91

Figure 5.1 Receiver block diagram.

that converts the input voltage into current that is then downconverted by the
mixer. The two can also be regarded as an active mixer with an input matching
network. Since this is practically a mixer-first receiver the noise figure will be
higher compared to a more standard approach with the LNA in front, but this
remains an acceptable price for the achieved power savings. The main gain
stages are placed at baseband (here referred to as IF amplifiers), allowing to
achieve higher gain at lower power. Since the oscillation frequency of the
ring oscillator is not stable, the bandwidth of these amplifiers is increased to
account for a 250 MHz carrier frequency offset. Instead of 250 MHz that
would normally be sufficient to amplify a downconverted 500 MHz wide
signal, the bandwidth of IF amplifiers is extended to 300 MHz. The IQ delay
line demodulator is a modified version of the demodulator from [1], adjusted
for baseband operation, as described in the previous chapter.

The receiver presented here only implements the first FM demodulation.
The resulting demodulated sub-carrier signal is buffered and is available at
the receiver output. This signal is then converted to digital domain using
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an ADC, allowing the further data processing to be conducted off-line.
The second FSK demodulation, and all the additional baseband processing
(e.g. channel filtering) is implemented in software, allowing to measure BER
performance of the receiver. It should be noted that this idealized approach
yields a somewhat better performance than otherwise achievable with a low-
power hardware implementation, but can nevertheless be used to assess the
performance of the integrated blocks. All of the implemented circuits can be
controlled through an SPI bus, allowing to tune the bias current, resonance
frequency, gain and bandwidth of different blocks and switch them on or off.
Details of circuit implementation are given in the following section.

5.3 Circuit Implementation
5.3.1 RF Frontend

The LNA and the mixer, shown in Figure 5.2, are stacked in order to save
power. The circuit can also be seen as an active mixer with the input matching
network. An active mixer is chosen for downconversion because unlike a
passive mixer, it provides voltage gain and does not require a rail to rail
LO swing, preventing excessive consumption in the LO buffers. The used
LO swing is around 300 mV peak to peak (single-ended), which is sufficient
for the chosen circuit topology. Increasing the swing to 1V, would result in
an increase of the LO buffer power consumption by more than a factor of
9 (proportional to VLQO), hence justifying the choice of an active mixer. The
transistor M acts as a main transconductance stage, that converts the input
voltage into current before the downconversion. Center-tapped symmetric
inductor L acts as a transformer and boosts the equivalent transconductance
of transistor M; [2, 3], without the increase of power consumption, making
this approach ideal for a low power design. Disregarding capacitor C for the
moment, and assuming Cs is large enough to be considered as a short circuit
at the frequencies of interest, the equivalent transconductance seen from the
gate of M is given by

AL B (k‘ + I)Gml
AVa 1 +ijGm1(1 — /€2)’

Gm,eq = (51)

where k is the transformer coupling coefficient. As k& approaches 1 (ideal
transformer) the equivalent transconductance becomes purely real and equal
to 2G 1. It has been shown that, for the same current consumption, this



5.3 Circuit Implementation 93

%%
R Rz Rus Rua
Rep I L Q. Q
Vo Wr— M, Jkeo. Jlro. JFLoe. JFLoo
L M1 My Mz M
Cs
. <L M

Figure 5.2 Schematic of the LNA/Mixer.

approach achieves higher gain and larger bandwidth compared to the standard
inductively degenerated LNA [3].

It was shown in [2] that the input impedance of the transformer feedback
LNA is given by (assuming Cs is large, Cgs < C1, k = 1, Cr = 0 and
wiL2G%, > 1)

1
Zin & ol + jwL 4 2w LG 1. (5.2)

Resonance frequency is then wg = 1/LC). In this design, tuning capaci-
tor C7 is added to provide capability to tune the resonance frequency and to
compensate for small component variations. With Cr the expression of the
input impedance becomes:

1 —w?LCr(2 — k?)
1—2w2LCr

1 —w?LCr(1 — k)
1 —2w2LCr

+ jwL

in ~

jwCq

+ W LG k(1 + k)

(5.3)

In the above expression it is assumed that C'r < (4, which means
that close to resonance w?LCp < 1. Assuming £ = 1, 5.3 can be further
simplified to:

1 . 1—=W?LOy 22 L2G 1

Lin =
in ooy T T ey T 1 -2t

5.4
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which shows that the resonance frequency is now a function of Cr. Unfor-
tunately, Cr also affects the real part of the input impedance, however it is
still possible to achieve good matching and roughly 10% tuning range of the
resonance frequency.

A common problem in active mixers is that the bias current required
by the transconductance M; and switching transistors Mjs;—4 is not the
same. Bias current of M; is set by the input matching condition and the
desired voltage gain. Voltage gain of the active mixer is proportional to
the product of the transconductance and the load resistance G,1 Rar1—4. At
the same time, the dc point of the output voltage and the LO feedthrough
(I /- and Q/_ outputs) are dependent on the product of the bias current
and load resistance I R 1 4. Increasing the voltage gain, either through G,,1
(and consequently [) or through Rjs1—4 lowers the output bias voltage and
increases the LO feedthrough. To add a degree of freedom and break this
dependence, “current stealing” technique can be used. This is accomplished
using the transistor My, that sinks part of the M bias current. In this way,
mixer bias current can be set independently of the M bias current, allowing
to break the dependence between the voltage gain on one side and dc bias
and LO feedthrough on the other. As a consequence, load resistor values
can be increased to maximize voltage gain without causing excessive LO
feedthrough. In addition to current stealing, since the gate of M5 is connected
to the LNA input through a large capacitor Cj, it also contributes to the
overall transconductance, further increasing voltage gain. The approach is
similar to the complementary LNA presented in [4], with the difference
that the bias currents of M and M5 are not the same. The addition of M
has some downsides in a practical implementation. More complex layout
of the LNA will result in increased parasitics, and more importantly drain
capacitance of My will be added to the parasitic capacitance at the mixer
input, effectively reducing bandwidth of the RF front-end. To compensate for
the added capacitance, the equivalent input resistance of the mixer can be
reduced by increasing the size of the switching transistors M4, but this
comes at price of increasing the load of the LO buffers.

In this design, resistors Rjs1—4 can be switched between 22k() and
14 k(2 and provide two gain steps for the mixer. Since the voltage gain is
obtained entirely at baseband frequencies, after mixing, it comes at a lower
cost in terms of power, and eliminates the need for a resonant load, thereby
saving silicon area. Achieved voltage gain is around 15 dB over a 600 MHz
bandwidth, for the maximum gain setting. Simulated current consumption
is 70 pA from a 1V supply. The input referred 1dB compression point
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Figure 5.3 Schematic of the IF amphﬁer, and the equivalent small-signal schematic of half
circuit.

of the RF frontend is at —19dBm. The price to be paid for low power
consumption is elevated noise figure, which in this case is 15 dB according
to simulations (this is including the LNA and the mixer). Even though it is
higher than the typical values found in standard receiver implementations, it
is still acceptable for communication over short distances.

5.3.2 IF Amplifier

The mixer is followed by the I and Q IF amplifiers that provide most of
the voltage gain. Each IF amplifier is a cascade of three modified CMOS
Cherry-Hooper (CH) amplifiers shown in Figure 5.3. The basic concepts that
come from [5] were further developed in [6], where emitter-follower was
introduced in the feedback, and the first CMOS version was presented in [7].
A CH amplifier is a feedback amplifier with a second order transfer function.
Compared to a cascade of standard differential pairs, feedback amplifiers
offer larger bandwidth for the same power consumption. This is why these
amplifiers were originally used for high data rate optical receivers, targeting
bandwidths of more than 1 GHz. In this case, the design was optimized for
300 MHz bandwidth and low power consumption. By controlling the Q-factor
of the transfer function, behavior close to the edge of the pass-band can be
controlled. In this particular case peaking was used to compensate for the
slight drop in the LNA/mixer conversion gain close to the band edges and
provide a relatively flat overall gain characteristic.

The small-signal schematic of the half-circuit is given in Figure 5.3.
Capacitors C; and (5 are a combination of gate capacitance (in the case
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of Cs this would be the gate capacitance of the following stage) and layout
parasitics. Capacitance C', introduces a zero in the transfer characteristic, and
is used to prevent offset accumulation in the IF amplifiers. Although, strictly
speaking, the downconverted FM-UWB signal occupies frequencies from 0
to 250 MHz, a zero in the transfer function will not affect the performance of
the demodulator as long as this zero is low compared to the signal bandwidth.
In this case the zero is placed around 1 MHz, and since it will not affect the
behavior in the pass-band it is not considered in the small-signal analysis.
Gain in the pass-band is given by [7]:

Gmi(R1+ R2)(1/Gms + Ry)
(1/Gm3 + R1)

Assuming G5 > 1 and G,3R1 > 1 the above expression reduces to

AUO =

. (5.5)

G (R1 + RQ)Rf
Ry '

Ay =~ (5.6)

As the voltage gain is a function of the ratio of the two load resistors 12y
and Ry, gain switching can be implemented by switching the value of Rs.
The second order transfer function of the CH amplifier is given by

_ Gmleg(Rl + Rg)(l + Gm5Rf)
Ay(s) =
a + bs + cs?
a=Gpns(l+ GnaRy),
b= (Ci(1+ Gm5Rf) + GsCa(R1 + R2)),
c=C1Cy(R1 + Ro)(1 + G5 Ryp).

; (5.7

Again, assuming the transconductances are high enough that G,,,5 Ry > 1
and G,,3R1 > 1 leads to the simplification of the expression that reduces to

Gmleg(Rl + RQ)Rf

GmaR1 + s(C1Ry + Co(R1 + Ro)) + s2C1C5(Ry + RQ)Rf.
(5.8)

Ay(s) =

Capacitors C'; and C5 are determined by the size of the differential pair
transistors and the layout parasitics. Gain, bandwidth and Q-factor of the
amplifier transfer function are then set by the resistances of Rq, R2 and Ry,
which can be used as design parameters.

Simulated gain of the standalone LNA/mixer, and the LNA/mixer
together with IF amplifiers is shown in Figure 5.4(a). Overall gain of all the
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Figure 5.4 Simulated conversion gain and noise figure of the RF and IF stages.
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stages preceding the FM demodulator is around 53 dB, with approximately
38 dB provided by the IF amplifier. Each CH amplifier cell requires 20 pA
of current, which results in 120 A consumed by the I and Q IF amplifier
chains. Equivalent 6th order filtering characteristic provides the attenuation
of 32dB at an offset frequency of 500 MHz. Gain control is implemented
through switching of Ry, that can take one of the values 6k{2, 18k(2
and 30 k2, while R; = 24 k(2. With three cascaded stages, the designed IF
amplifier provides 6 different gain levels and one additional level is provided
by switching the mixer load resistors Rps1_4. Different gain levels can be
seen in Figure 5.4(b). Figure 5.4(b) shows the simulated noise figure of the
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standalone RF frontend and of the RF frontend and the IF amplifiers together.
The RF frontend provides around 15 dB of voltage gain, however the power
remains low. This is a consequence of low bias current of the LNA/mixer, that
results in a low value of transconductance. As a result, the noise added by the
IF amplifiers will increase the total noise figure by approximately 3 dB. The
noise figure of the standalone IF amplifier is around 5 dB in the pass-band.
Finally, even though the noise figure is higher compared to more conventional
receiver implementations, the achieved levels still provide enough sensitivity
for communication over short distances.

5.3.3 LO Generation and Calibration

The proposed receiver is intended for use in the lower part of the UWB
band, targeting 500 MHz wide signal centered around 4 GHz. The emphasis
of the work described here is on reducing the power consumption of the
receiver, while still preserving the capability to operate in an environment
where several FM-UWB transceivers might be communicating at the same
time. The power reduction dominantly comes from the fact that the gain
stages operate at low frequencies, while no voltage gain is provided at RF.
However, such an approach can only be beneficial if the LO signal can be
generated efficiently. Additional difficulty is the need for quadrature signals
since a 90° shift is generally required for correct demodulation in a direct
conversion (zero IF) receiver. Providing such signals at 4 GHz tends to be
power costly. Fortunately, owing to the properties of FM-UWB and the
chosen receiver architecture, the oscillator constraints are quite loose. Due to
the large bandwidth of the FM-UWB signal, phase noise is not a major con-
cern (—80dBc at 10 MHz offset according to [8]) and no precise frequency
generation is needed, therefore a simple free-running ring oscillator can be
used to provide carrier signals for downconversion. When it comes to power
consumption, ring oscillators are advantageous compared to LC oscillators,
as they benefit from technology scaling. Inductor quality factor, which is a
limit to power consumption of integrated LC oscillators, remains constant and
practically independent of technology. On the other hand, gate capacitance
and interconnect parasitic capacitances, that determine consumption of ring
oscillators, decrease with technology scaling. This enables the reduction of
power consumption of the ring oscillator, making the proposed approach
favorable for future implementations.
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Figure 5.5 Simplified schematic of the quadrature DCO.

The oscillator schematic is shown in Figure 5.5. A chain with an even
number of inverters is needed to provide quadrature signal generation, how-
ever such a circuit would latch on its own. In order to prevent latching,
and force a 180° phase shift, parallel inverters are added between the cor-
responding nodes (grey inverters in Figure 5.5). A different way to see the
implemented oscillator would be as a pseudo-differential two stage ring
oscillator, where each stage consists of four inverters and the differential
mode is enforced by the parallel inverters [9, 10]. The two stages provide
a 90° phase shift, and an additional 180° shift is provided by cross-coupling
the stages, hence assuring a reliable start-up. The series and parallel inverters
are sized differently, W/L ratios in nm are shown in Figure 5.5, dimensions
were optimized for low power consumption. One of the difficulties in design-
ing very low power ring oscillators is that capacitive load is dominantly
determined by the capacitance of the interconnect wires, and is layout depen-
dent. Careful layout design with several iterations is needed to minimize
power consumption. Correct phase relations between different signals are
guaranteed by symmetry, however a small quadrature error is present due
to mismatch between transistors. The error will vary from die to die and
according to Monte Carlo simulations their standard deviation is oy = 2.6°.
Frequency is controlled via supply current of the current starved CMOS
inverters. All inverters share the same current source as this approach was
proven to perform better than the solution with a separate current source for
each inverter, or inverter pair [9].
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Figure 5.6 Simulated frequency and current consumption of the DCO.

Since process-voltage-temperature (PVT) variations can have a signifi-
cant impact on the oscillation frequency, the digitally controlled oscillator
(DCO) was designed to cover the frequency range from 3 GHz to 5 GHz,
thus assuring that it can be tuned correctly under all conditions. A 6-bit
current DAC is used to provide the supply current, resulting in less than
30 MHz frequency resolution. The frequency step is not constant due to non-
linear characteristic of the DCO and decreases as the oscillation frequency
increases. At 4 GHz the DCO produces a 300 mV peak-to-peak single-ended
signal while consuming 140 uA (including the buffers). Simulated oscillation
frequency and current consumption of the DCO, as functions of input code,
are shown in Figure 5.6 for different DAC reference currents.

Since the oscillation frequency of the DCO is imprecise and prone to
environment changes it must be calibrated periodically to assure correct
operation (e.g. to compensate for temperature). Since environmental changes
are slow, the calibration would only need to be done once in a few hours
or potentially even days, meaning that the consumption of the calibration
circuitry on average remains negligible compared to the receiver consump-
tion. The calibration can be done using a frequency-locked loop (FLL) that
is turned on as needed. The FLL was not integrated in this implementation,
however it can be added externally using a microcontroller or an FPGA, and
the available output from the on-chip frequency divider. A fixed ratio, integer
frequency divider is implemented as a cascade of 10 divide-by-2 cells. By
selecting outputs from different dividers, one of the four divide ratios 128,
256, 512 and 1024 can be selected as an output for calibration. Each cell is a
simplified version of a dynamic 2/3 divider circuit described in [11]. It was
designed to cover a somewhat larger range of frequencies than the DCO
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Figure 5.8 Schematic of the buffer between the DCO and the frequency divider.

to assure reliable operation. Owing to the simplified structure, the circuit
from Figure 5.7 can work up to 6 GHz. Since the divider requires a rail-
to-rail input signal, it is preceded by a buffer from Figure 5.8 that performs
differential to single-ended conversion and amplifies the signal. The first stage
of the buffer is a pseudo-differential amplifier that uses positive feedback
to boost the gain. The positive feedback is implemented using the cross-
coupled transistors M3 and My that provide a negative transconductance.
This negative transconductance is used to minimize the equivalent output
conductance of the amplifier and increase gain. The differential amplifier
is followed by inverters that further amplify the LO signal and produce a
rail-to-rail voltage at the output. The whole buffer consumes around 250 uW
at 4 GHz and its power consumption is proportional to the input frequency.
Figure 5.9 shows simulated waveforms at the buffer input and output, and
divider signals in different points. The whole divider chain consumes around
150 W, and the largest part of the consumption is coming from the first two
stages that operate at the highest frequencies.

The frequency divider buffer itself is connected to the LOy4 and LOj_
outputs of the DCO buffers. Dummy load is added to LOg4 and LOg_
prevent amplitude mismatch between the I and Q LO signals. Even though
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Figure 5.9 Frequency divider, waveforms at different points.

the DCO itself can produce a sufficiently large output amplitude, the four
buffers (Figure 5.5) need to be placed between the internal nodes of the
DCO and the inputs of the mixer and divider. This is done to decouple the
oscillation frequency from the mode of operation (reception or calibration).
The input capacitance of the divider buffer varies with the bias current of
the two input transistors, and is different in the on and off state. If these
buffers were connected directly to the DCO, the change in load capaci-
tance would cause a shift in frequency after calibration. In addition, the
presence of DCO buffers reduces coupling between the external signal and
the DCO, thus preventing the pulling effect (shift in frequency caused by
external signal). The four buffer inverters consume around 80 1A, almost
60% of the entire DCO consumption which is a significant but necessary
overhead.
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5.3.4 FM Demodulator

The implemented wideband FM demodulator is a modified version of the
delay-line demodulator presented in [1]. In order to conserve power, the
demodulator has been moved from RF to baseband, but it now requires
quadrature inputs to perform correct FM demodulation. Additional benefit
of moving the demodulator to baseband is that there is no need for precise
delay generation, as it is no longer related to the input signal frequency. The
only limit is coming from the demodulator bandwidth that is inversely propor-
tional to the delay. The implemented delay-line demodulator is presented in
Figure 5.10. Two double-balanced Gilbert’s mixers perform multiplication of
the I and Q signals with their delayed copies. The output currents of the two
cells are combined to implement subtraction and produce the demodulated
signal. Top inputs of Gilbert’s mixer are connected directly to the outputs
of the IF amplifier (gates of transistors M3_g). Source followers are placed
between the IF amplifier and bottom inputs (gates of transistors M 2) to
provide a correct dc level of the input voltage. The delay path consists of
source followers Mg 2 and bottom transistors of the Gilbert’s mixer M 5.
For a first order filter with a pole at w, it can be shown that the delay
through the filter is equal to 1/w), for a signal whose maximum frequency
is sufficiently below the cut-off frequency. In this case the total delay is a sum
of delays that come from two poles. The first one is associated to the source

w]

Vout+o—

—~

|Q-mixer

Figure 5.10 Schematic of the wideband FM demodulator.
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follower and is given by

Can
)
Gm,sF1

T R 5.9
where the capacitance C1 accounts for the total capacitance seen at the gate
of M. Since M; is a relatively small transistor, parasitics will contribute a
significant portion of the total load.

Due to the asymmetry of the double balanced mixer with respect to the
two signal paths, some delay will inherently exist between the bottom and
top inputs. This delay is caused by the pole that exists due to the parasitic
capacitance at the drain of M;. To provide better control of the delay and
reduce dependence on parasitics, an additional MOM (metal-oxide-metal)
capacitor is added in this node (C' 2), resulting in the delay that is given by

Cq

T 5.10
Gm?) + Gm4 ( )

To =
All the transistors in the FM demodulator are biased in weak inversion.
Since the transconductance of each transistor is proportional to the bias
current, delay of the demodulator can consequently be controlled by the
bias currents I g and I, 5. Two bit control of the bias current is provided
to allow delay tuning after production. Load resistors R; and Rs can be
switched between the two values to provide two gain settings. The FM
demodulator input and output waveforms are shown in Figure 5.11. The
figure shows the input sub-carrier signal (top), the I and Q signals (middle)
and the demodulated signal (bottom). A small distortion can be seen at the
peak values of the demodulated signal. This is a result of the IF amplifier
bandwidth, combined with the fact that delay decreases at higher frequencies.
The demodulator consumes only 25 uW, mainly due to the fact that it
operates at baseband. Compared with the demodulators from [12, 13], that
require close to 6 mW, this is an improvement by two orders of magnitude,
allowing significant power savings and still providing sufficient linearity to
handle multiple input FM-UWB signals. Additionally, there is no need for
inductors and no need for a complex passive network that provides a precise
delay, thus resulting in area savings as well.

5.3.5 LF Amplifier and Output Buffer

For the targeted sensitivity levels, the signal amplitude at the output of the
demodulator will be too low. Before it can be digitized and analyzed, the
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Figure 5.11 Wideband FM demodulator, input and output waveforms.

signal must be amplified and filtered. The two low-frequency (LF) amplifiers
that follow the FM demodulator provide a band-pass characteristic from
1 MHz to 2.5MHz and a maximum voltage gain of roughly 20dB while
consuming 15 A. As shown in Figure 5.12, each stage is implemented
as a fully differential amplifier with resistive source degeneration. Source
degeneration provides better linearity, and more precise gain control. The gain
of the amplifier is given by

GmR, = Rg

AU:_ ~ .
1—|—Gm1RS/2 RS/2

5.11)

The approximation is valid if G,,1Rs/2 > 1, in which case the gain
is solely determined by the ratio of load and source resistors. Two bit gain
control is provided, both Ry and Rg can be switched between the two values.
Since the higher cut-off frequency is determined by Ry, and the capacitance
loading the amplifier output (gate capacitance of the following stage in series
with C,.), decreasing the gain also extends bandwidth. The lower cut-off fre-
quency is determined by the elements of the ac coupling network as 1/ RyCie.

Source followers M,; and M,y are placed at the output to provide a low
impedance stage that drives the external circuits. They are design to drive
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Figure 5.12 Schematic of the output buffer.

a load of 10pF, which corresponds to the capacitance of the oscilloscope
probes or an external ADC, used to digitize the signal, although if necessary
an additional external buffer can be added. External resistors define the bias
current of the source followers, and can be chosen to have any value between
1k and 10kS2, while still providing sufficient bandwidth.

5.3.6 Current Reference PTAT Circuit

All the circuits described so far require a reference current that defines
the bias point. All the reference currents are derived from a single current
generated by the circuit from Figure 5.13. The circuit provides a PTAT (pro-
portional to absolute temperature) reference current and reuses the approach
from [14]. It is a closed loop circuit made up of two current mirrors, a 1:1
current mirror Ms—Mg and a 1:K current mirror M;—Ms. Transistors M3
and M, are used as cascode transistors that define the drain voltage of M,
and Ms. The bias current is defined by the ratio of M; and Mo, and since
they are both biased in weak inversion the generated reference current I, is
given by

Urln K
—r

The output current is proportional to absolute temperature through ther-
mal voltage Uy = kT'/q. The generated current is used as a reference current

Iout = (512)
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Figure 5.13 Schematic of the PTAT current reference.

for an array of current DACs that provide a reference current for each block
of the system. Each of the reference currents can be digitally controlled with a
resolution of 1.25 pA, allowing some room for adjustment of the bias current
after production.

5.4 Measurement Results

5.4.1 General Receiver Measurements

The proposed receiver was integrated in a standard 65 nm bulk CMOS pro-
cess. The die photograph is presented in Figure 5.14. The active area of the
receiver is approximately 0.4 mm?, including roughly 450 pF of decoupling
capacitance. The receiver only requires one inductor, with no additional
off-chip components, which results in smaller area than most existing

Figure 5.14 Die photograph.
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Figure 5.15 Measured S1; parameter for different values of input capacitance.

implementations. As already mentioned, two receivers were implemented on
the same die for testing purposes. Rx1 is the main receiver that uses the ring
oscillator described in the previous section to generate the quadrature LO
signals. Rx2 is the test receiver that is identical to the first receiver except that
it uses an externally generated LO signal. Two input pads are used for the
differential LO, and the on-chip RC-CR network produces quadrature signals.
The test receiver is integrated to serve as a reference that allows assessment of
performance degradation due to a non-ideal locally generated carrier signal.

Figure 5.15 shows the simulated and measured S;; parameter of the
receiver for different values of tuning capacitor C'r. A small difference in
measured and simulated values is observed. The measurement was done on
an FR4 test board with a 10 mm long 50 €2 coplanar waveguide between the
pad and the connector. This line was not taken into account in the simulations
and might be the cause of the shift in the resonance frequency. Nevertheless,
the reflection coefficient is below —10dB in the band of interest, providing
sufficiently good matching.

The DCO frequency was measured using the on-chip frequency divider.
As shown in Figure 5.16 the oscillation frequency can be varied from 3.1 GHz
to 4.7 GHz. At the same time the supply current of the DCO changes from
32 uA to 85 uA. At 4GHz the DCO consumes around 60 pA, while the
buffer consumes an additional 80 A, a consequence of the fact that differ-
ential quadrature signals need to be buffered. Only one die measurement is
presented here, however the frequency characteristic will vary significantly
from one die to another as a result of process variation. Nevertheless, all of
the measured dies covered the range from 3.6 GHz to 4.4 GHz and could be
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Figure 5.16 Measured frequency and current consumption of the DCO.

Table 5.1 Power consumption breakdown

Block Current Cons. (uA)  Relative Cons. (%)
LNA & mixer 91 21.5
DCO & buffers 140 33.1
IF amplifier 122 28.8
Demodulator 26 6.1
LF amplifier 15 35
Bias 29 6.9

calibrated properly. In all cases the power consumption remains practically
the same for the DCO oscillating at 4 GHz. A slightly non-linear behavior can
be observed in the output frequency, which is of no significance in this case
since the only requirement for the calibration loop is monotonicity, which is
satisfied.

The proposed receiver consumes 423 W of power from a 1V supply.
Power breakdown is shown in Table 5.1. The highest consumer is the DCO
together with buffers, followed by the IF amplifiers and the LNA. The
demodulator, with only 26 uW of power consumption consumes two orders
of magnitude less power than the same type of demodulators implemented
previously in [12, 13].

5.4.2 Single User Measurements

The test setup used for the bit error rate (BER) measurements is presented in
Figure 5.17. A random bit sequence is generated by software and mapped to
the corresponding quadrature FM-UWB symbols. A 12 GS/s, 12-bit arbitrary
waveform generator, M8190A was used to generate the baseband quadrature
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Figure 5.17 Measurement setup.

FM-UWB signals. These signals are subsequently up-converted to 4 GHz by
the Keysight PSG signal generator and used for receiver characterization. The
flexibility provided by the M8190A allows to generate FM-UWB signal with
different characteristics. Measurements with different data rates as well as
with different modulation orders are reported in this section. The generator is
also capable of producing different scenarios, that include multiple FM-UWB
signals in the same RF band, but using different sub-carrier frequencies.
The waveforms for different scenarios, as well as the test vectors for the
BER measurements are generated using a PC. The same PC is then used
to compare the original test vector with the demodulated data recorded by an
oscilloscope, and finally produce the BER curves.

The on-chip demodulator performs the first, wideband FM demodulation,
and provides the FSK sub-carrier at the output. The second FSK demodula-
tion is performed by software. The receiver output signal is first recorded and
digitized using the MSO oscilloscope (that acts as a 10 bit 20 MS/s ADC).
The recorded vector is then demodulated using software. The FSK demodu-
lator is implemented as a correlator, which is an optimal maximum-likelihood
detector for this case.

As explained previously, two receivers were implemented on the same
die in order to compare the receiver performance with the ideal LO and
the integrated ring oscillator. Tests were performed using a nominal data
rate of 100kb/s, and the sub-carrier modulation index of 1, meaning that
the frequency deviation from center frequency is Af = 50 kHz. This is
the minimum frequency deviation that preserves orthogonality between the
two FSK frequencies for the case of non-coherent signaling. The BFSK
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sub-carrier signal is not filtered (no pulse shaping is applied), which simplifies
the receiver implementation but causes higher ACLR. For this measurement
the sub-carrier signal is centered at 1.55 MHz, resulting in two sub-carrier
frequencies at 1.5 MHz and 1.6 MHz, although different center frequencies
could have been used as well.

In all cases, FSK frequencies are selected so as to have a continuous
phase FSK signal. This is generally prefered in order to avoid discontinuities
in the signal driving the VCO on the transmitter side, and is therefore used
for testing. Sensitivity is defined as the input power that provides a BER of
1073, The result is shown in Figure 5.18. Measured sensitivity of the receiver
with an external LO signal is around —72 dBm. The approximate calculation
presented by Gerrits in [1] suggests a sensitivity of —78 dBm for the noise
figure of 18dB. The difference is a result of imperfections present in the
implemented receiver, most likely lower gain and increased noise figure of the
RF frontend compared to the values obtained by simulation. The measured
sensitivity with the internal ring oscillator is —70 dBm, a value approximately
2dB worse than the sensitivity of the receiver with the external LO. This
difference is a result of several factors. First, due to the limited frequency
resolution of the internal DCO, it can never be configured to generate the
carrier at exactly 4 GHz, meaning that a slight frequency offset will always be
present. In this case, the minimum offset that could be achieved was 10 MHz.
The second factor that deteriorates the sensitivity is the phase noise of the
ring that after demodulation translates into the amplitude noise of the sub-
carrier signal and degrades the SNR. The third factor is the amplitude of
the LO signal. In the case of an external LO it was increased to provide
the best achievable performance. The amplitude was set to 600 mV peak-to-
peak at the receiver LO inputs, which results in approximately 420 mV after
the RC-CR circuit. This value is larger than the simulated 300 mV peak-to-
peak amplitude, that could be generated by the internal LO. The resulting
difference is a small price to pay in order to reduce the power of the DCO,
although it still remains the most power-hungry block in the receiver.

Additional degradation of sensitivity is expected as the frequency offset
increases, as depicted in Figure 5.18(b). Each BER curve was measured
after incrementing the DCO control word, roughly corresponding to 25 MHz
increase in frequency offset. As shown in the previous chapter, the demodu-
lator conversion gain decreases with the increase of the frequency offset. This
effect is further emphasized by the finite bandwidth of the IF amplifier that
attenuates the signal amplitude at the edges of the band for a frequency offset
above 50 MHz. The effect can be observed in the output waveforms, shown in
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Figure 5.18 Measured BER curves for different carrier offset.

Figure 5.19. As the frequency offset increases the demodulated signal further
deviates from the sine wave, thus increasing the power contained in the higher
harmonics. The final result is the sensitivity degradation of about 5dB for
the frequency offset of 110 MHz. Depending on the maximum sensitivity
degradation that can be allowed, the maximum tolerable frequency offset can
be defined, which then translates into the maximum period between the two
calibrations and the power overhead due to calibration [15].

Although different receiver architectures have been explored, most of
them focused only on standard 2-FSK sub-carrier modulation, targeting data
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Figure 5.19 Measured demodulator output waveform for different carrier frequency offsets.
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Figure 5.20 BER curves for different data rates.

rates of 100kb/s and below. Transmitters proposing higher data rates and
higher order M-FSK modulations have been implemented, but the full com-
munication with one of the existing receivers has never been demonstrated.
In principle, any kind of modulation can be combined with wideband FM
modulation to produce the FM-UWB signal. The proposed receiver can
then be used to perform the first FM demodulation, while the subsequent
sub-carrier demodulation is performed digitally, by software. Two cases are
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Figure 5.21 BER curves for different modulation order.

of interest here, first is increasing data rate, and second is increasing the
modulation order.

The BER curves for different data rates are shown in Figure 5.21. In all
cases orthogonal, continuous phase FSK modulation is used. Modulation
index is kept constant at 1, meaning that the frequency deviation and the
sub-carrier bandwidth increase proportionally to data rate. The limit for the
implemented receiver is coming from the bandwidth of the LF amplifier
that was intended for operation from 1 MHz to 2.2 MHz. It could easily be
extended, at an almost negligible increase in power consumption, if higher
data rates are needed. In this case, the receiver is tested up to 400kb/s.
As expected, the sensitivity degrades as the data rate increases, but at a slower
rate than in the case of narrow-band modulations, where doubling the data
rate results in sensitivity shift of 3 dB. This is a consequence of the non-linear
wideband FM demodulator characteristic and is typical for FM-UWB.

Measurements in Figure 5.21 show symbol error rate (SER) results for
different FSK modulation orders. The equivalent BER depends on the used
coding scheme, and should always be better than the SER. Assuming the
same equivalent data rate, increasing modulation order leads to better per-
formance in terms of equivalent BER. This comes at a price of increased
sub-carrier signal bandwidth, and demodulator complexity that grows expo-
nentially with the number of bits per symbol. In the reported measurements,
the symbol rate is kept constant at 100 ksym/s, leading to 200kb/s for
4-FSK and 300 kb/s for 8-FSK modulation. Figure 5.22 shows the sub-carrier
spectrum at the output of the FM demodulator, shape and bandwidth depend
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Figure 5.22 Spectrum of the demodulated sub-carrier signal.

on the modulation order and data-rate. In principle, the proposed FM-UWB
receiver could use different modulations and data rates to conform to channel
conditions (e.g. if path loss is low, higher throughput can be achieved) and
available sub-carrier bandwidth, and optimize network performance.

The FM-UWB modulation scheme inherently provides some robustness
against narrow-band interferers. In the process of demodulation, the interferer
itself is transformed into a dc component that can be filtered out. The cross
product of the interferer and the FM-UWB signal results in a component that
is spread over a large bandwidth and effectively increases the noise floor at
the receiver output [1]. The performance of this receiver in the presence of a
narrow-band interferer is shown in Figure 5.23. Sensitivity slowly degrades
with the increase of interferer power up to —48 dBm. After that point, the
interference becomes the dominant factor that causes erroneous reception
and sensitivity begins to degrade linearly with the interference power. The
lowest SIR that can be tolerated by this receiver is —17dB (at —48 dBm
interferer power) for an interferer frequency offset of 100 MHz from the
center frequency.
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5.4.3 Multi-User Measurements

As shown previously, multiple FM-UWB signals transmitted in the same
RF band can be demodulated simultaneously as long as the sub-carrier
frequencies are different. At the demodulator output, the FSK modulated
useful components will be found along with the spread component that is a
result of the cross product between two or more FM-UWB signals. Unlike the
useful components that can be filtered out in the baseband, the spread com-
ponent will always be present and will cause the degradation of sensitivity
as the power or number of interfering FM-UWB signals increase. The BER
curves in the case of two FM-UWB users are presented in Figure 5.24. The
measured sub-carrier channel is the same as in the single user case, centered
at 1.55MHz. Same parameters were used for both channels, 100 kb/s data
rate and modulation index of 1, corresponding to sub-carrier bandwidth of
200kHz. The interfering channel is centered at 1.25 MHz, which provides
100kHz spacing between the two sub-carrier channels to avoid excessive
ACPR. As expected, sensitivity decreases with the increasing power of the
interfering FM-UWB signal. The quadratic characteristic of the demodulator
will cause the sensitivity degradation to occur quite rapidly. As an example,
a 3 dB stronger interferer at the RF input results in 6 dB stronger FSK sub-
carrier in the baseband. In order to tolerate significant difference of power
levels, high dynamic range baseband circuitry would be needed together with
sharp channel filtering. In this case, channel filtering is performed in the
digital domain, using a band-pass FIR filter. Since the interfering signals are
not filtered before the analog to digital conversion, receiver dynamic range
is limited by the dynamic range of the output buffer. Instead of increasing
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Figure 5.24 BER curves for 2 FM-UWB users and varying input level between the two
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the dynamic range of the receiver, which would inevitably result in increased
power consumption, the problem could be approached at the protocol level
by regulating the power on the transmitter side. For the case of HD-WSNs,
this approach should not carry too much overhead in terms of complexity as
the nodes should not move significantly relative to each other (in comparison
with, for example, CDMA in the cellular network).

Just like the inter-user interference increases with the increasing power
of the second FM-UWB signal, the increasing number of FM-UWB users
will also increase the inter-user interference [16]. Figure 5.25 shows the
scenario where the number of users increases from 1 to 4, while the power
remains equal in all the channels. The increasing number of channels leads
to degraded sensitivity and, just as in the previous case, requires larger
dynamic range. Limiting factors to the number of channels, are sub-carrier
frequencies, ACLR, channel separation, dynamic range, data rate and inter-
user interference. For the given system parameters, 200 kHz wide channels
with 100 kHz channel spacing, a maximum of four channels can be used
if the lowest sub-carrier channel is located at 1.25 MHz. The demodulator
output spectrum is presented in Figure 5.26 for different multi-user scenarios.
The measured channel (channel 2, centered at 1.55MHz) is highlighted
in green, and the interfering channels are highlighted in red. A different
number of occupied channels can be observed in different figures. As sus-
pected, it can be seen that the spectrum above 2.3 MHz is polluted by
the harmonics of the sub-carrier signals and intermodulation products, thus
preventing the placement of additional channels in this band. The harmonics
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that can be observed in Figure 5.26 are a combined result of the IF ampli-
fier bandwidth, demodulator bandwidth and the non-linearity of the output
buffer.
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5.4.4 Multi-Channel Transmission Measurements

The multi-channel (MC) transmission concept was also tested with the imple-
mented receiver. The BER curves for different number of sub-channels are
shown in Figure 5.27. Compared to the case with multiple transmitters, a
significant sensitivity loss can be observed. This is a consequence of scaling
since the SNR of a single channel is proportional to 1/M?, where M is the
number of sub-channels. Nevertheless, for short range applications, where
distance between nodes does not exceed several meters, such as BAN, the
proposed scheme could still be used and could be of particular interest
when a large number of nodes are present and need to receive different data
simultaneously. The transmitted spectrum is compared in Figure 5.28 for the
cases of a single FM-UWB signal and multiple sub-carrier FM-UWB signal.
Since the modulating signal is no longer a triangular waveform, spectral
flatness is lost.

One important difference between SC-FDMA with multiple transmitters
and a single transmitter is that, in the latter, sub-channels are perfectly syn-
chronized. For multiple transmitters, even if the orthogonal frequencies are
used for different sub-channels, the orthogonality is preserved only if symbols
are perfectly synchronized. Since it is practically impossible to synchronize
multiple transmitters, sub-channels must be separated and a channel filter is
required. In the case of a single transmitter, the sub-channels remain perfectly
orthogonal, so there is no need for separation, and hence more channels
can be placed in the same sub-carrier band. As long as the orthogonality is
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Figure 5.29 Demodulated signal spectrum, with and without spacing between adjacent sub-
channels.

maintained, this separation will not influence the BER. In this regard, the
proposed FDMA scheme is similar to the Orthogonal Frequency Division
Multiplexing (OFDM) combined with the FM-UWB spread spectrum tech-
nique. The spectrum of the demodulated sub-carrier signal with and without
separation is shown in Figure 5.29. Measured BER was not influenced by the
channel separation.

5.5 Summary

The proposed receiver is compared to the State-of-the-Art receivers in
Table 5.2. Of all the implemented FM-UWB receivers it consumes the lowest
amount of power while still attaining sufficient sensitivity for short range
communications in a HD-WSN. The delay-line demodulator based receivers
from [12, 13] have an order of magnitude higher power consumption. The



5.5 Summary 121

Table 5.2 Comparison with the state-of-the-art receivers

This
Parameter [13] [12] [18] [19] [17] Work
SC-FDMA Yes Yes - No No Yes
Demodulator DL DL Regen. Regen. Regen. DL
Frequency 7.5 GHz 4GHz 3.775GHz 8GHz 4 GHz 4GHz
Power 9.1 mW 10 mW 3.8mW 0.6 mW 580 uW 423 W
Conns.
Supply 1.8V 25V v v 1v 1v

Max. Data 50kb/s 62.5kb/s 100 kb/s 1 Mb/s 100 kb/s 400 kb/s
Rate

Sensitivity —88dBm —46dBm —78dBm —76dBm —80.5dBm —70dBm
Efficiency 182nJ/b  160nJ/b  38nJ/b 0.6nJ/b 5.8nJ/b 1.06nJ/b
Technology 0.25 pm 0.18 um 65 nm 65 nm 65 nm 65 nm

BiCMOS BiCMOS CMOS CMOS CMOS CMOS

receiver in [17] achieves comparable consumption while providing better
sensitivity. The low power consumption is obtained by using a narrow-band
amplifier at the input. Since the demodulation is performed using a high-Q
RF filter, with a very non-linear FM-AM conversion characteristic, it will not
be possible to distinguish between different FM-UWB users. A modification
of a regenerative receiver was proposed in [18] that uses two RF filter paths to
achieve better linearity and loosen the Q constraints, but it consumes 3.8 mW.
This receiver could potentially be utilized in a multi-user scenario; however,
this capability was not demonstrated. The same receiver architecture was
used to demodulate a Chirp-UWB signal in [19]. Even though the receiver
consumes a peak power of 4 mW, the average power is decreased to 0.6 mW
by employing duty cycling. The receiver proposed here already consumes low
power in continuous operation, however, by applying the same duty-cycling
technique, its power consumption could be reduced below 200 W, which
might be addressed in future research.

Aside from the low power achieved, the proposed receiver offers the
capability for several FM-UWB users to communicate in the same RF band
at the same time. In an environment where a lot of nodes need to operate in a
small area, SC-FDMA can provide more flexibility for protocol optimization,
and lead to lower latency by allowing multiple nodes to communicate at
the same time. The only two other receiver implementations offering the
same capability require an order of magnitude higher power, thus making
the proposed receiver a better solution for the given scenario. In addition,
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the implemented receiver could support different data rates and different
M-FSK modulations. With a flexible digital baseband it would be possible
to dynamically adjust the number of channels and data rate per channel,
allowing to further optimize network performance.
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6

FM-UWB Transceiver

6.1 Introduction

The previous chapter dealt in details with the implementation of the quadra-
ture approximate zero-IF receiver. The next step is to integrate a full FM-
UWRB transceiver. Aside from the quadrature AZ-IF receiver, that provides the
multi-user communication capability, the single-ended receiver is added, and
can be used to reduce the power consumption of the transceiver when lower
performance is acceptable. Furthermore, the integrated transceiver includes a
baseband that performs the sub-carrier FSK demodulation and symbol clock
recovery, and provides fully digital outputs that can be interfaced by an FPGA
or a microcontroller. Although there are no major architectural innovation
on the transmitter side, the clever use of circuit techniques provides means
for some improvements compared to the state of the art in terms of power
consumption and efficiency. The emphasis is on the fully integrated output
matching network, that allows to use the same RF pad for both reception and
transmission, eliminating the need for an external switch or any other passive
components.

First, the top level architecture of the transceiver is described. Then, in the
following section, the details of transmitter circuit implementation are given,
followed by the circuit implementation of the two receivers in Section 5.3.
The results of transceiver characterization are presented in Section 5.4,
demonstrating the capabilities of the proposed approach with emphasis on
robustness and low power consumption. Finally, the chapter is concluded with
the summary of performance and comparison with the state of the art.

6.2 Transceiver Architecture

The implemented FM-UWRB transceiver consists of two receivers and a trans-
mitter (Figure 6.1). Aside from low power consumption, the emphasis of this
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Figure 6.1 Top-level block diagram of implemented transceiver.

Test

work is also on high level of integration and miniaturization, robustness to
narrowband interferers and tolerance to reference frequency offset. A single
RF pad is used as both receiver input and transmitter output, eliminating
the need for an off-chip switch that was needed in all the previous imple-
mentations found in the literature. In addition, the matching network is fully
integrated and no passive components need to be added externally.

Large signal bandwidth of the FM-UWB signal means that the transceiver
inherently possesses some robustness against the RF carrier frequency off-
sets. In the baseband section of the receiver, a relatively small offset (e.g.
less than 0.5%) between the transmit and the receive symbol clock can be
compensated using a simple clock recovery scheme. As a result, there is
no need for a precise frequency reference in the system and no need for a
crystal oscillator. Instead, an RC reference oscillator can be integrated on-
chip and calibrated before use, allowing to completely remove all the external
components.

Just like in the previous section, the LO signal is generated using ring
oscillators. Owing to the loose phase noise constraints and the large signal
bandwidth, such an approach is acceptable and is exploited to reduce the
receiver power consumption. Normally, ring oscillators operate in a loop
that stabilizes the oscillation frequency (PLL), however here they are used
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in a free-running mode so as to reduce the significant power overhead
that would otherwise be present due to continuous operation of frequency
dividers. Instead, the oscillators are periodically calibrated using a successive
approximation register (SAR) FLL, assuring that the frequency offset remains
within the required limits.

The transmitter architecture is similar to other implementations found in
the literature. The sub-carrier signal is synthesized digitally, allowing easier
control and switching of sub-carrier frequencies, as well as better precision
compared to an analog solution with a capacitor bank. The sub-carrier signal
is used to drive a current DAC that controls the DCO frequency, that finally
produces the desired FM-UWB signal. The resulting signal is then amplified
by the preamplifier (PPA) and the power amplifier (PA) before transmission.

The two implemented receivers are intended for two modes of operation.
The multi-user (MU) receiver consumes more power and is capable of dis-
tinguishing multiple FM-UWB signals and providing SC-FDMA. Its purpose
is to provide multiple channels and speed up communication when network
traffic is high. It is based on the receiver described in the previous section with
the addition of the channel filtering and baseband processing. The low power
(LP) receiver provides a low power, low performance mode, that can be used
when the network traffic is low and a single channel is sufficient. Instead of
quadrature demodulation, it only uses a single branch, allowing to simplify
the receiver architecture and save power. However, due to the non-linearity
of the frequency-to-amplitude conversion characteristic of the demodulator,
it cannot distinguish multiple channels allowing only a single FM-UWB user.

6.3 Transmitter Implementation

A more detailed block diagram of the transmitter is given in Figure 6.2. The
DCO is in fact driven by two DACs. The first one, referred to as the static
DAC, only determines the highest frequency in the FM-UWB signal spectrum
fm - Its output remains constant during transmission. The second DAC, or the
dynamic DAC, is driven by the digital sub-carrier signal and controls instan-
taneous frequency of the DCO, and hence all the modulation characteristics.
Two DAC:s are calibrated prior to transmission using an on-chip SAR FLL.
In the first step, the static DAC is calibrated to set fz. In the second step, the
dynamic DAC is calibrated to set the FM-UWB signal bandwidth. The third
DAC is added for testing purposes. It is an exact copy of the dynamic DAC
that provides the sub-carrier signal at its output, allowing to verify the correct
operation of the SC-DDS and to measure the sub-carrier frequency.
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Figure 6.2 Block diagram of the implemented transmitter.

The DCO is separated from the PA and frequency dividers by buffers.
These buffers prevent frequency pulling that might be caused by an outside
signal, or by the change in capacitance value in the on and off state of the
frequency divider. The frequency divider is implemented in the same way as
in the receiver described in the previous chapter. It is a chain of ten divide-by-
2 circuits from [1] that provide the signal for calibration. The divider buffer,
that is needed to amplify the DCO signal and provide the rail-to-rail swing at
its output, is adjusted here for a single-ended input.

6.3.1 Sub-Carrier Synthesis

The sub-carrier synthesizer is a fully digital block that provides a 6 bit value
at its output. This implementation is following the principles described in [2].
The sub-carrier signal is generated in two steps. First, an accumulator gen-
erates a saw-tooth waveform, and then in the second step this saw-tooth
waveform is folded to produce a triangular waveform. The frequency of the
sub-carrier is controlled by controlling the slope of the saw-tooth waveform,
or equivalently the increment value of the accumulator (SC1 and SC2 in
Figure 6.3). The sub-carrier frequency is given by

M
fsc:fclkﬁa (61)

where f.i is the input clock frequency, N is the number of bits of the
accumulator, and M is the increment. Although only 6 bits are used to
control the DAC, 16 bits are used for the accumulator to provide the needed
frequency resolution. Nominal clock frequency is 40 MHz, which results in
frequency resolution of approximately 600 Hz, which is more than enough
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to generate a 100 kb/s FSK signal with a modulation index of 1. No pulse
shaping or filtering is used in this implementation. Compared to fully analog
implementations, such as those described in [3, 4], DDS approach requires
slightly more power. However, since the SC synthesizer consumption is
typically small compared to other blocks in the transmitter, this overhead
is negligible, and DDS provides better frequency precision (relative to the
reference clock) and easier control, both highly desirable especially in a
multi-user scenario.

6.3.2 DCO Digital to Analog Converters

Two current mode digital to analog converters are used to drive the current
starved ring oscillator, as explained previously. The static DAC is used to set
the high frequency of the FM-UWB signal fz and the dynamic DAC is used
to generate the FM-UWB modulation.

The static DAC is shown in Figure 6.4. Digital control word can be either
written manually, using the SPI bus, or a calibration loop can be used to set
the register value. Once set, the control word remains constant throughout the
transmission. Therefore, there are no specific constraints regarding speed or
glitches, and a relatively simple solution can be used. Six bits (bg — b5) control
the binary weighted current mirror that provides the bias current of the ring
oscillator. Although linearity is not paramount for the static DAC, a relatively
good characteristic is obtained (as shown in Figure 6.9). The only requirement
of this DAC is monotonicity of the characteristic, that is needed to assure the
proper functionality of the SAR FLL calibration scheme. Considering that
only 6 bits are used, no special matching techniques are necessary to achieve
the desired precision.
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The dynamic DAC is shown in Figure 6.5. This DAC is actually sink-
ing current from the static DAC. As the value of the digital control word
increases, so does the current, effectively reducing the bias current of the
oscillator and consequently its frequency. This approach keeps current of the
static source constant and provides the good linearity needed for FM-UWB
signal generation. As opposed to the static DAC, cascode current mirror is
used here, in order to provide better precision of the output current. The
dynamic DAC is controlled by the digital sub-carrier signal, which means that
it must operate at the clock frequency of 40 MHz, even though the sub-carrier
frequency is below 2.5 MHz. For this reason, the current steering approach
is used. In this way, the bottom reference transistors M3z and M, never
switch off, and there is no additional delay coming from the time required for
transistors to turn on (time it takes to charge gate capacitance through the bias
transistors Mp, and Mys). As a consequence, this technique produces smaller
glitches at the output. A capacitor is placed at the output of the two DACs to
filter the DCO current and avoid sharp pulses in DCO supply current.

Bandwidth of the FM-UWB signal is controlled using the reference
current [. The sub-carrier DDS signal always produces a full scale DAC
output (all 6 bits are used), and the reference current determines the maximum
value of the current, and subsequently the lower frequency f,. The reference
current is generated using yet another current DAC (again static during
transmission), with a 5 bit resolution. To calibrate the reference current, bits
b to bs are all set to ‘1°, resulting in the maximum output current, and then
the SAR FLL sets the control bits of the reference current DAC to provide
the desired lower frequency fr. In this way, FM-UWB bandwidth is entirely
decoupled from the sub-carrier generation.
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Figure 6.6 Dynamic DAC test output buffer.

As explained above, an exact replica of the dynamic DAC is added for
testing. This DAC is driven from the same SC DDS circuit, and will add
additional capacitive load to its output. However, since the consumption of
the SC DDS remains negligible compared to the DCO and the PA, presence
of the testing circuits will not have a significant impact on the overall power
consumption. The test DAC drives a buffer that provides analog sub-carrier
signal at its output. Resistor R converts the DAC output current into the input
voltage of the buffer. This buffer is shown in Figure 6.6. Its main purpose is
to verify the sub-carrier frequency. It consists of a resistively degenerated
differential pair and a source follower that provides a low impedance output
capable of driving a 10 pF capacitive load. Bias current and bandwidth of the
source follower are set by the external resistor Re;.
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6.3.3 DCO

The implemented transmitter DCO is shown in Figure 6.7. Since only a
single-ended output is needed, the simplest topology, that consequently con-
sumes the lowest amount of power for a given frequency of oscillation,
is used. The three inverters of the ring oscillator are scaled progressively,
with increasing transistor width from left to right (for both NMOS and
PMOS). This was done to increase the driving capability of the inverter
driving the buffer, without increasing the overall power consumption. A ring
oscillator that is not fully symmetric, i.e. with different stages, generally
exhibits higher phase noise [S]. However, in this case symmetry is already
broken by the presence of the buffer, and phase noise is not a limiting
factor due to the large signal bandwidth, allowing to concentrate on power
reduction.

Buffers are placed between the DCO on one side and preamplifier and
frequency divider driver on the other. Since the input capacitance of the
driver changes in on and off state, buffer is needed to avoid frequency
shift after calibration. In addition, it provides isolation in order to avoid
frequency pulling if a strong external signal is present. The buffer inverters
are current starved, allowing to control the output amplitude by controlling
the supply current. There is also a possibility to bypass the current source
and connect the buffers directly to the supply voltage, providing the max-
imum amplitude. Driver of the frequency divider (shown in Figure 6.8)
is needed to amplify the DCO output and provide a rail-to-rail signal. It
is designed to provide a rail-to-rail signal for a minimum input amplitude
of 10mV, at 5.5 GHz. It consists of 5 inverter stages, two of which are
self biased using a large resistor. Since the driver will be on only when
calibration is needed it will not contribute significantly to the overall power
consumption.
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Figure 6.9 Simulated DCO frequency, current consumption and output voltage amplitude.

Figure 6.9 shows simulated frequency, current consumption and output
amplitude of the designed DCO, including the two buffer inverters. Resonant
load at the preamplifier input is used to boost the signal amplitude close to
4 GHz. The DCO covers the range from 3.5 GHz to 5.2 GHz, and with the 6
bit DAC, this results in frequency resolution of roughly 25 MHz. At 4 GHz,
the DCO consumes 150 W, for a 120 mV signal amplitude at the output. The
linearity of the DCO is sufficient for the generation of the FM-UWB signal,
and does not cause notable distortion in the output spectrum.
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6.3.4 Preamplifier and Power Amplifier

The output stage of the transmitter consumes the largest portion of power and
is therefore the most critical for the overall performance. As any other FM
modulation, the FM-UWB is a constant envelope modulation, meaning that
there is no need for use of special techniques such as outphasing, envelope
elimination and restoration, adaptive biasing etc. However, low constraint in
terms of output power (maximum output power is below —10dBm), com-
bined with large bandwidth of the FM-UWB signal, result in more complex
output matching network, and consequently lower achievable efficiency.

Design of a power amplifier for low output power poses specific chal-
lenges, usually different than those seen in more common applications.
Generally, for every power amplifier there is an optimal load impedance
that results in highest efficiency for a given output power. Consider a PA
that needs to provide 20 dBm output power. For a 50 €2 load this translates
into a voltage swing of more than 6 V peak to peak. This becomes diffi-
cult to achieve in deep sub-micron technologies with a low supply voltage,
and a matching network is required that will lower the load impedance
to the optimal value, much smaller than 50 €2. For the case of FM-UWB,
the maximum output power is limited to —10 dBm, which translates into a
200 mV swing over a 50 load. In this case, the optimal impedance seen
from the PA needs to be higher than the load, and the matching network
instead needs to boost the load impedance to maximize efficiency. This adds
different constraints and changes the design approach compared to the first
case. The second important difference between the high and low power PA
design is in the driving circuits. At 20 dBm output power, driving circuits will
consume only a small portion of the overall power, and will not affect the
efficiency significantly. They become much more important when the output
power becomes comparable to the consumption of the driving circuit and may
greatly affect the choice of the PA class of operation.

In most mid and high power applications, with a constant envelope
modulation, class E PA is commonly used as the most efficient solution.
To achieve high efficiency, such PA requires a matching network precisely
tuned to a certain frequency. Achieving high efficiency over a wide bandwidth
(500 MHz in this case) becomes a difficult task with class E. Additionally,
class E and other switching PAs have very high driving requirements, which
pose problems for the driving circuits at low output power levels. For proper
class E operation the switch needs to be driven with a full swing rectangular
signal, with very short transition times, in order to minimize switching losses.
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In addition, the efficiency of every switching PA is inversely proportional
to the switch on resistance. This condition sets a limit to the minimum
size of the PA transistor and consequently sets its input capacitance. Since
the driver consumption is proportional to f C’VE) p» at 4GHz and —10dBm
output power, it will become comparable to the PA consumption, resulting in
significant overall efficiency penalty. For this reason, linear power amplifiers
are a better choice for this application.

For the proper choice of a linear PA, its efficiency must be taken into
account together with the needed input signal amplitude. Going from class A
to class C, the conduction angle of the PA decreases, and the efficiency
increases. However, to maintain the same output power, the input signal
must increase its amplitude at lower conduction angles, thus imposing higher
driving requirements. Higher input amplitude means higher preamplifier
consumption (proportional to the square of the amplitude). A good trade-off
between driving requirements and PA efficiency is a class AB amplifier and
is therefore used in this design.

As explained previously, for —10 dBm output power and 1 V supply, opti-
mal impedance seen from the PA is proportional to VB 1/ Pout, which is in this
case much larger than 50 €2 [6,7]. The matching network that will implement
this ratio is difficult to implement on chip due to the limited quality factor
and limited inductance value of the integrated inductors. The problem can be
solved by lowering the supply voltage which consequently lowers the optimal
impedance and the transformation ratio. Instead of using a separate circuit to
lower the supply voltage, such as a DC-DC converter, the preamplifier and
the PA can be stacked (similarly to the approach from [3]). At the same time,
this simplifies the matching network, as the equivalent PA supply is reduced,
and saves power since the preamplifier reuses the bias current of the PA.

The designed output stage, with the preamplifier and the main PA is
shown in Figure 6.10. Capacitors C;,1 and Cjy,s, together with the inductor
Lppa provide the resonant load for the DCO buffer in order to boost the
amplitude around 4 GHz. Capacitor Cj,5 can be tuned to compensate for
process variations. Bias current of the entire stage is determined by the bias
point of the PPA transistor M. Just like the main PA, the PPA is also biased
in class AB. Output power can be controlled by controlling the bias point of
M, . Filter that consists of the RF choke Lpp4 and a decoupling capacitor
Cyec provides a steady voltage at the source of Ms. Depending on the bias
current this voltage will vary from 0.3V to 0.4V, and is determined by the
Vs of My and M3. The resonance frequency at the PPA output is determined
by the L pp 4 and the equivalent capacitance seen from the drain of M7, which
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Figure 6.10 Preamplifier and power amplifier schematic.

is mainly determined by the Cp 4 and the gate capacitances of My and Ms.
The two resonant frequencies at the input and output of the PPA are offset
from 4 GHz in opposite directions in order to provide a relatively constant
signal amplitude at the PA input over 500 MHz bandwidth. The main PA
is a complementary class AB power amplifier. It is self biased via a 95k()
resistor Rp. The PA input amplitude above 250 mV in the desired band is
enough to drive the class AB amplifier in saturation and provide a relatively
good efficiency. Output matching network that consists of inductors Lsn1 2,
and capacitors Cjs1—3 transforms the output 50 €2 impedance into roughly
700 €2 over the entire band of operation, as seen from the PA output. This is
enough to provide an almost rail to rail signal at the PA output (with respect to
the PA supply, meaning from 0.3 V to 1 V), that minimizes power dissipation
in the two output transistors.

The output matching network is designed together with the matching
network of the two LNAs. To simplify the overall design procedure, the LNA
is designed to present a capacitive load at the RF IO in the off state. The
total capacitive load at the RF IO is determined by the pad capacitance and
the two LNAs. Since matching requirements are not the same in the receive
and transmit mode, the matching network must be able to adjust to both. This
can be achieved by adjusting the capacitance of C'js 1 and Cys 2. The value
of Chsn1 changes from 120 fF to 520 fF in transmit and receive mode. The
Cre is actually set to O in the transmit mode. Generally, the capacitance at
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this node (RF I0) should be minimized in order to maximize the efficiency.
Inductor Ljsn2 is placed to partially compensate this capacitance and to
extend the bandwidth. In the receive mode, the value of Cjsn9 increases
to 600fF. In the actual implementation 3 bits are used to control the two
capacitors, the first bit switches from transmit to receive state, and the addi-
tional 2 bits allow some frequency tuning, that allows small modifications of
the resonance frequencies once the chip is placed on a PCB. Simulated S1;
parameter at the RF IO port is shown in Figure 6.11 for the two modes of
operation. It can be seen that in the transmit mode, the reflection coefficient
is quite high, around —5 dBm in the band of interest, and would not provide
adequate matching to a 50 §2 antenna. Once the capacitors are switched, the
input reflection coefficient drops below —10 dBm from 3.6 GHz to 4.35 GHz.

Simulated output power, power consumption and efficiency of the output
stage are shown in Figure 6.12. The shown characteristic of the PA is static in
the sense that the signal frequency is constant. However, assuming a relatively
slow moving FM-UWRB carrier, the simulation should provide a good estimate
of performance during transmission. The PA was designed to provide roughly
constant output power over the desired frequency range of 500 MHz. The low
equivalent Q factor of the output matching network results in lower peak
efficiency of the amplifier, which is an inherent drawback of wideband power
amplifiers, and the price to be paid for large signal bandwidth. As shown
in Figure 6.12(a) the simulated output power varies less than 1 dB between
3.7 GHz and 4.4 GHz, with an average output power around —9.4 dBm. This
level is somewhat higher than the allowed power in the UWB band. The
design is intentionally targeting a higher output power since the actual power
level is expected to be lower than the one simulated (due to losses on the PCB
and imperfect matching). In the same band power consumption from a 1V
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Figure 6.12 Simulated power amplifier output power (a), consumption (b) and efficiency
(c) including the preamplifier.

supply varies between 510 4W and 460 W, with an average value of 481 uW.
The PA efficiency including the PPA is above 20% in the range of interest,
with the average simulated efficiency of 24%. With the reported results, the
proposed transmitter should consume the lowest amount of power of all the
so far implemented FM-UWB transmitters.
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6.4 Receiver Implementation

The two implemented receivers, MU and LP receiver will be described in
detail here. The MU receiver is very similar to the receiver described in the
previous chapter, only minor modifications are done at the circuit level. In the
baseband, after the wideband FM demodulator, a channel filter and an FSK
demodulator are added, so that the entire processing is now done on-chip.
The same FSK demodulator is used by the LP receiver, however, in this case
there is no need for the channel filter as only a single FM-UWB channel can
be used.

6.4.1 RF Frontend

As in the previous case, the LNA and mixer are stacked (active mixer) to
conserve power in both LP and MU receivers. The two schematics of the
active mixer for the case of the MU receiver and the LP receiver are shown
in Figures 6.13 and 6.14 respectively. Again, a transformer based approach
is used to boost the equivalent transconductance of the input transistor
to approximately 2G,,1. As opposed to the previous version, there is no
complementary input transistor, only the NMOS is used, which simplifies
the layout of the LNA and reduces parasitics, however, the output bias
point and the LNA gain are no longer decoupled. Switch, sw; is placed to
disconnect the transformer when transceiver is in the transmit mode. This is
done to avoid the impact of the transformer to the PA output impedance and
efficiency degradation. Resistors R ;14 are fixed to 15 k{2, no gain switching
is present in this design, although G,,; can be varied by slightly tuning the
bias current.

The LP RF frontend only has a single differential output, and therefore
only needs one LO input. This allows to simplify the oscillator and save
power in the the LO generation. Although a single LO signal is present,
mixing is done using a current steering differential pair My —Mjpr2, where
gate of Mo is tied to V4,,,. Because a single-ended LO signal is used, voltage
gain will be lower and noise figure will be higher compared to a case with a
differential driving signal with the same amplitude. Load of the LP mixer is
done using PMOS transistors M3 and M jy4, that provide the output bias
point and load resistors Ry;1 and Rj;o that determine the output impedance,
allowing some decoupling between the two.

Input matching network is implemented in the same way for both fron-
tends. The input reflection coefficient is given in Figure 6.11, and is the
same for both (although there is a small difference in G,,1). The MU
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Figure 6.14 LP receiver LNA/mixer schematic.

LNA/mixer provides 13 dB differential voltage gain, together with a noise
figure of around 15dB, while consuming 100 uW. The LP LNA/mixer
achieves 11 dB gain and 19 dB noise figure (it should be noted that a single
ended LO signal of a lower amplitude is used) while consuming 70 puW.
In both MU and LP implementation the main source of noise is transistor
M;. For both active mixers the input referred 1 dB compression point is
around Pjgp = —16dBm, and the third order intercept point is around
IIP; = —-3dBm.
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6.4.2 IF Amplifiers

A Cherry-Hooper amplifier described in the previous chapter was reused in
this design. First difference that can be noticed compared to the previous
design is that the capacitor C1, used to prevent offset propagation, is now
placed in the source of the first differential pair. The second difference is
that resistor Ry is now used to provide gain switching. It was established
by simulation that additional parasitics due to switching circuitry at 2y have
less impact on the amplifier bandwidth than was the case previously. A single
gain control bit is provided per stage, resulting in 3 control bits for the 3
cascaded IF stages, that provide gain switching in roughly 5 dB steps. As in
the previous case, lower gain setting slightly extends bandwidth.

Although schematics of the two, LP and MU, IF amplifiers are identical,
values of different circuit elements are different in order to conform to
slightly different design requirements. Output resistors are slightly lower
in the two last stages of the IF amplifier in order to cope with the higher
capacitive load at this node. The capacitive load is mostly due to the buffers
that precede the wideband FM demodulators. Additional difference exists in
the LP IF amplifier and is concerning the capacitor C'j. Namely, in the LP
receiver case, the IF amplifier is also part of the FM demodulator, and acts
as a frequency discriminator (performs FM-AM conversion). The high pass
frequency characteristic needed for demodulation is implemented using a
small capacitor C'y. The zero and pole coming from this capacitor are given by

1 G

—  pa -l 2
2ClRo’b, p 201) (6 )

z
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where R, is the output resistance of the tail current source. The approxima-
tion is valid if G,,,1 R, > 1. The cut-off frequency of the high-pass filter
is determined by the M; transconductance and the source capacitor. This
small capacitor of 200 fF is placed at the third stage of the IF amplifier. Large
capacitors of 2.5 pF used for the first two stages provide a cut-off frequency
below 5MHz and should not have a significant impact on demodulation.
Finally, the chosen values result in a first order high pass characteristic with
the cut-off frequency above 200 MHz.

Simulated characteristics of the implemented amplifiers are shown in
Figure 6.16. The high-pass characteristic of the IF amplifier in the LP receiver
provides the FM-AM conversion before the envelope detector. In the pass
band the IF amplifier provides more than 35dB of gain, which together
with the RF frontend results in the conversion gain of around 45dB. The
MU receiver IF amplifier provides around 40dB gain, resulting in almost
50 dB conversion gain together with the RF frontend. Both amplifiers provide
more than 300 MHz bandwidth, that should be enough to compensate for the
+50MHz carrier frequency offset. Sharp, 6th order filtering characteristic
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Figure 6.16 Simulated characteristics of the LP and MU Rx frontend.
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provides good rejection of out of band interferers. The total noise figure of all
the stages preceding the demodulator is around 22 dB for the LP receiver and
around 18 dB for the MU receiver. The limited gain of the LNA/mixer stage,
results in increase of the noise figure due to the noise of the IF amplifiers.
Higher noise in the LP IF amplifier is coming purely from the RF frontend.
Together with the 6 dB difference in sensitivity, coming from the demodulator
implementation, the 4 dB difference in noise figure should amount to roughly
10dB difference in sensitivity between the two receivers. In this case, this
sensitivity loss is a price to pay for low power consumption. In both cases,
a single IF stage consumes around 20 W, amounting to a total IF power
consumption of 60 uW in the case of LP, and 120 uW in the case of MU
receiver.

6.4.3 Receiver DCO

The quadrature DCO described in the previous chapter was reused in the
MU receiver without any significant changes. Since the LP receiver does not
require quadrature LO signals, a different DCO was designed, allowing to
save power needed to generate the LO signal. Knowing that the DCO is one
of the biggest consumers in the receiver, such an approach allows to further
reduce the overall power consumption of the LP receiver.

The implemented LP DCO is shown in Figure 6.17. The architecture
presented here uses the concept from [8] to lower the DCO consumption.
The ring oscillator itself (transistors Mr7_11) oscillates at one third of the
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Figure 6.17 LP receiver DCO schematic.
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desired frequency. The three phases ¢;_3 are then combined using an edge
combiner (transistors M;_g) in order to multiply the output frequency by
3. The oscillator and the edge combiner are stacked on top of each other
and reuse the same current. The two stages are separated by an LC filter
that provides a stable voltage for the source of the ring oscillator NMOS
transistors on one side, and high impedance for the combiner output on the
other. The stable source voltage sets at approximately 0.35V and does not
change significantly with the oscillation frequency. The resonance frequency
at the edge combiner output is set by the values of the inductor L and the
capacitor C3, and can be tuned by switching the capacitor bank C's. The edge
combiner acts at the same time as the LO buffer in the sense that a change
of the load capacitance at its output does not affect oscillation frequency (in
the first order approximation). No additional buffers are added before the
mixer and frequency divider input. Oscillation frequency is controlled via
the supply current of the ring oscillator. One downside of the chosen DCO
implementation is the fact that output amplitude and oscillation frequency
cannot be set independently. The oscillator bias current, is at the same time
bias current of the frequency trippler and therefore also sets the output
amplitude. As a consequence, the output amplitude is lower than in the case
of the MU oscillator resulting in lower mixer conversion gain and hence in a
higher noise figure.

Simulation results of the designed oscillator-trippler are shown in
Figure 6.18. The oscillator covers a range from 3.5 GHz to 5 GHz, which for 6
control DCO bits corresponds to a resolution of around 25 MHz. At the same
time power consumption varies from 57 uW to 88 uW. At 4 GHz the oscillator
is expected to consume 65 W from a 1 V supply. At this power consumption
the DCO output amplitude is equal to 85 mV. As it can be seen in Figure 6.18,
the amplitude is highly dependent on the resonance frequency of the output
LC network, which was not the case in the MU DCO that provides an almost
constant amplitude over the entire frequency range. The tuning capability
is added, in order to compensate for process variations and precisely tune
the resonance frequency and maximize the output amplitude at 4 GHz after
production.

6.4.4 Demodulator

The demodulator of the MU receiver, shown in Figure 6.19, is similar to
the previously implemented demodulator. The only difference is the load
of the double balanced mixer, that here has a band-pass characteristic
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Figure 6.19 MU receiver demodulator schematic.

instead of a low-pass characteristic. In principle, this should improve the
suppression of narrowband interferers. After the first FM demodulation the
narrowband interferer should be located at very low frequencies, deter-
mined by the signal bandwidth, that should be filtered out. Capacitor Cy(5)
attenuates components at frequencies higher than 2.5 MHz, and doesn’t
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play a role below 1MHz. Disregarding this capacitor the mixer load
impedance is given by

1 14+ 2sR1C5
Gm7 1+ 2803/Gm7.

Zout = (63)

At low frequencies, the mixer output impedance will be low, and equal to
1/G 7, thus attenuating potential interferers. At frequencies above the high-
pass cut-off frequency wy = Gy,7/2C3, the impedance seen from the mixer
increases to R, providing higher voltage gain.

The LP demodulator consists of the frequency discriminator and the
envelope detector. The frequency discriminator is implemented as a high-
pass filter and is a part of the IF amplifier. The envelope detector is shown in
Figure 6.20. The circuit is essentially a double balanced mixer, where the
input signal is mixed with itself. To provide the two different bias points
for the two mixer inputs, two different source followers were used. Source
followers M g1 3 use native NMOS transistors with a O threshold voltage and
drive the first mixer input (transistors M3_g). Lower bias for the second mixer
input (transistors M 2) is provided by the low threshold voltage devices
Mg Fs 4. The bias currents are the same for all the source follower stages. For
the load of the mixer, the same approach is used as for the MU demodulator,
with the difference that the pass-band is set from 2 MHz to 2.5 MHz. This is
done because the LP demodulator doubles the frequency of the sub-carrier
signal. Since the transmit SC channel is centered at 1.05 MHz, the received
sub-carrier signal is located at 2.1 MHz.

| Msr1 Vips |
AL A
Vins _| I:MSFZ Vip- Mse4
[ Ve I‘_ﬂ, 1L C1 le;l Van |
I
@IbSFZ Io,sF1 @ h;? h;,sm? Ib,sF2

Figure 6.20 LP receiver demodulator schematic.
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Figure 6.21 LP receiver demodulator input and output waveforms.

Simulated waveforms of the demodulator input and output signal are
shown in Figure 6.21. The effect of the high-pass characteristic of the IF
amplifier can be observed in the input signal as the low frequency components
are highly attenuated. After self mixing, the high frequency components
disappear, and only envelope is left at the output. The output pulses appear at
twice the transmitted SC frequency. After passing through the low-pass filter
that follows the demodulator, higher components are attenuated and signal
resembles a sine wave at the comparator input.

6.4.5 N-Path Channel Filter

The output of the first FM demodulator is the FSK modulated sub-carrier
signal. Depending on whether one or several transmitters transmit simultane-
ously, there may be one or more sub-carrier signals present at the demodulator
output. The purpose of the channel filter is to amplify the desired channel
and filter out all the interfering sub-channels. As explained previously,
the implemented receiver targets 4 sub-channels, each 200 kHz wide, with
300kHz separation between adjacent channels. The implemented receiver
is targeting a maximum of 10dB difference in power levels between the
two input FM-UWB signals. This translates into 20 dB difference in power
of sub-channels after the first FM demodulator. To provide sufficient SNIR
(signal to noise and interference ratio) before the FSK demodulation, the
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filter should attenuate the interfering sub-channels by 40 dB, thus providing
the desired signal 20 dB stronger than the interferer. This chosen constraint is
somewhat more stringent than necessary in order to provide margin for slight
performance degradation compared to simulations. The filter should therefore
provide a 200 kHz pass-band, and attenuation of 40 dB at 250 kHz away from
the center frequency. Furthermore, the filter must be tunable from 1 MHz to
2.2 MHz in order to cover the entire sub-carrier range.

N-path filters seem like an excellent candidate for the given specification
as they are known for their wide tuning range and high quality factor. The
principle of N-path filters has been known for a long time [9], but they gained
significant popularity in recent years as an alternative solution for high-Q
RF filters that does not require off-chip passive components. Typical N-path
filter consists of N parallel branches, each of them containing a switch and
a capacitor in series. By driving the switches with N non-overlapping clock
phases with frequency f., the structure acts as a band-pass filter with a center
frequency f.;. This can be seen as a low-pass to band-pass transformation of
the filter made of the input resistance and the N aforementioned capacitors.
The achievable Q-factor can be very high and is proportional to the RC
constant, the number of phases used and the clock frequency [9-11]. There
are some downsides to N-path filters, that are generally present in all sampling
systems. First one is that the pass-band also appears at the integer multiples
of the clock frequency. An improvement can be obtained by connecting
the capacitors differentially, which removes all the even harmonics. The
remaining harmonics still need to be filtered out by another filter following
the N-path filter. The second downside is folding of signal and noise around
frequencies that are multiples of N f.; (aliasing). This issue is typically
solved by introducing an antialiasing filter that precedes the N-path filter,
just like it is done with any sampling system (e.g. ADC). Fortunately, in this
particular application noise is not an issue as this filter is close to the end of
the receiving chain.

N-path filters have been used in many receivers, and have been proven
to provide good linearity and interference rejection [12—-15]. However, in all
these implementations N-path filters act as a high-Q second order filter, with a
very narrow pass-band (relative to the center frequency). In this application, a
relatively flat pass-band characteristic is required, along with a linear phase,
in order to avoid distortion of the sub-carrier signal. Ideally, this requires
translation of a higher order equivalent low-pass filter to the desired center
frequency. The described design has been demonstrated for RF frequencies
in [16-18], here it is reused and adapted for low frequency and low power
operation.
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The implemented N-path filter is presented in Figure 6.22. It is imme-
diately clear that if the switches are removed, the shown filter becomes a
standard low-pass Gy, —C filter. In fact, it was shown in [18] that by adding
switches, and scaling the capacitor values by the number of phases, such that
C, = Cppz/N, the low-pass characteristic translates into an equivalent
band-pass characteristic. This characteristic will be affected by the non-
idealities such as switch resistance and parasitic capacitance. The parasitic
capacitances will result in slight asymmetry around the filter center frequency.
It is possible to compensate for the effect of the parasitic capacitances by
adding feed-forward capacitors [18]. In this case, it is not necessary to add the
compensation capacitors as the parasitics are relatively small compared to the
actual filter capacitors due to narrow filter bandwidth and low frequency of
operation. Switch resistance affects the quality factor of the filter and limits
the attenuation in the stop-band. This is an important problem at RF, as the
filter is typically driven by a 50 {2 source, since the maximum attenuation is
limited to

2st

e 4
Rin + 2st ’ (6 )

Aat,maz =
where R;, is the source resistance, and R, is the switch resistance, factor 2
is present in differential implementation, since two switches are used. In order
to achieve the desired attenuation, switch resistance must be sufficiently low
(much smaller than 50 €2). This constraint will dictate the size of the switch
and the driving requirements, and consequently power dissipation of the clock
network. In this application, however, the filter is driven by an OTA with a
high output resistance, on the order of 20k(2, which enables use of relatively
small switches, and low power consumption.
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The filter design procedure is done in two steps. First, a low-pass equiv-
alent filter is designed, with a 100kHz pass-band, and 40 dB attenuation at
250kHz. In the second step, switches are added, and capacitors are scaled
in order to obtain the desired 200 kHz pass-band characteristic around the
center frequency. In other applications it might also be necessary to add
feed-forward capacitors to compensate for the parasitics. For this design, it
was determined that a 4th order, type 1 Chebychev transfer function satisfies
the given specifications. Two biquadratic sections are used to implement the
network with 4 poles p;_4. The low-pass equivalent transfer function of each
biquadratic section is given by

Hy
H(s)= ——0 .
(5) as?+bs+1’ 6.5
I — Gm1Gm2 . C1C
O @, 1+ GuGr’ Gyt GG
C1Go2 + C2Go1
b= 6.6
GETLQ + G01G02 ’ ( )

where G, is the output conductance at the output of G,,1, and G,o is the
output conductance at the input of G,,3. The active filter can also provide
some voltage gain. Assuming that G,,1G2/Go1Ge2 > 1, gain can be
approximated as A, = G,,1/Gma. Coefficients a and b are determined by
the two poles

1
o= b:p1+p2’

© pipe’ P1p2

6.7)

for the first biquadratic section, and in the same way, using p3 and p,, for the
second biquadratic section. Once the coefficients a and b are set, parameters
Gm, G, and C must be chosen. The transconductances G, 2 are limited
by the power consumption constraints that limit the bias current of each
transconductor. Transconductors are implemented using a Krummenacher
differential pair [19], as shown in Figure 6.23, in order to provide better
linearity. Transistors of the differential pair are biased in weak inversion,
with 31 /83 = 2, corresponding to the minimum ripple condition. With 4 4 A
per differential pair, the equivalent transconductance is set to 40 uS. Output
resistance of each cell (/2 from Figure 6.23), and capacitors C o are then
determined to implement the desired transfer function. Finally, the chosen
capacitance values are scaled by factor N, which corresponds to the number
of phases.
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Figure 6.23 Transconductor of the N-path filter.
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Figure 6.24 Non-overlapping clock phases used to drive switches and the differential
switch-capacitor array.

In this design, four phases are used. The driving signals, and the switched-
capacitor array are shown in Figure 6.24. Differentially connected capacitors
cancel out the even harmonics. Using more phases would allow slightly
better performance and less noise folding, but would increase the number
of switches, and power consumption. Furthermore, four non-overlapping
phases, can be generated using an input clock at four times the fil-
ter center frequency. In this case, it is convenient since the same clock
can be used by the FSK demodulator. The circuit that generates differ-
ent phases ¢1_4 is shown in Figure 6.25. The three flip-flops divide the
input clock by 4 and provide four equally spaced phases with a 50%
duty cycle. The desired waveforms are then produced by the four AND
gates.

Finally, the simulated filter characteristic is shown in Figure 6.26. In the
simulation, SMHz input clock is used, resulting in center frequency of
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1.25 MHz. As explained previously, the differential capacitors cancel out
all the even harmonics, and so the first higher order harmonic appears at
3.75 MHz. This is off-course the idealized case, and the attenuation of second
harmonic will be limited by the component matching. Slight asymmetry
around the center frequency can be observed, as expected, but in this case it
does not cause severe distortion of the FSK signal. The filter center frequency
can easily be tuned by adjusting the input clock frequency. Furthermore, bias
currents of the transconductors can also be adjusted to modify the gain, filter
bandwidth and attenuation in the stop-band.

6.4.6 LF Amplifier and Comparator

The low frequency (LF) amplifier, placed before the comparator, filters out
high frequency noise, and amplifies the signal to the level needed by the
comparator. The same architecture is used in both MU and LP receivers, with
the pass-band adjusted to the desired frequency range. In the MU receiver, this
filter also attenuates the 3rd harmonic of the N-path filter transfer function.
A cascade of two fully differential amplifiers is used. A single amplifier cell is
shown in Figure 6.27, together with the small signal model of the half circuit.
Each amplifier actually implements a 2nd order transfer function. The idea to
use a negative resistance to implement the second order function was found
in [20,21]. This approach also allows a high quality factor, using a negative
resistance that cancels out the real part of the output impedance, however,

M6 Vou[ ﬂ' l_"'
.L\/\/\,_“.

K Gnz2(-AViout -AVsy)

Vout+

A I 2C,

Figure 6.27 Schematic of the second order cell of the LP filter and half circuit small signal
schematic.
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one must be careful to maintain the circuit stable and avoid oscillations.
The voltage gain is given by
_ 8201G1GmalRy

Au(s) (Gm1 + 52Ch)

1

X . (6.8
(Gm2 + 5(202 + 2R1Gm2(03 — CQ)) + 8240203R1) (6.8)

The zero and pole created by C; provide the high-pass part of the
characteristic that filters out flicker noise together with any low frequency
components. The second factor in the denominator provides the 2nd order
low-pass filtering. If the first real pole is sufficiently far from the two complex
poles, gain in the pass band will be given by

Ay pp = Gi Ry (6.9)

For the two poles generated by this factor to be in the left half-plane,
the coefficient with s must be positive. The circuit remains stable as long as
209 + 2R1Gp2(Cy — Cy) > 0. This will be guaranteed if the capacitor C5
is larger than the capacitor Cy. Otherwise, given the sufficiently high bias
current, and consequently the transconductance G2, the circuit might start
to oscillate.

The simulated frequency characteristics of the two LF amplifiers are given
in Figure 6.28. The frequency band is selected based on the expected sub-
carrier frequency. Since a larger band is needed for the MU receiver, in
order to accommodate multiple SC channels, gain is slightly lower, around
25 dB in the pass-band, compared to approximately 32 dB in the LP receiver

40 _
N LFA gain:
A — MURx
20 Y . — LP Rx
= 0
=
< 90 //
-40
-60
10" 10° 10° 10’ 10°

Frequency (Hz)
Figure 6.28 Simulated frequency characteristic of the MU and LP receiver LFA.
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Figure 6.29 Comparator schematic.

path. In this case, linearity is not a concern, since only a single FSK signal
is expected at the input (additional FSK signals should be removed by the
preceding channel filter).

Comparator following the LF amplifier acts as a limiter and provides a
rail-to-rail output signal that is needed for the digital FSK demodulator. The
schematic of the comparator is shown in Figure 6.29. It is designed to provide
full swing for an input sine signal with a minimum differential amplitude of
20mV at up to SMHz (which is above the needed range). The core of the
comparator are transistors M;_g. In order to provide better performance and
avoid glitches due to noise, a small hysteresis is introduced in the comparator
characteristic, on the order of 10 mV. This is done using the positive feedback
transistors M3 and My. Assuming the transistors are operating in weak
inversion, the difference between the two threshold voltages is given by

AVyg = 20Ur Ink, (6.10)

where factor k is defined as k = (3/85 = [4/86. Transistors M7_1o are
added to provide a full swing output signal compatible with CMOS logic.
The comparator consumes between 5 pA and 10 pA, depending on the bias
current setting. Since the expected input voltage amplitude is supposed to be
larger than 20 mV, offset constraints are easily achievable and no calibration
is necessary.

6.4.7 FSK Demodulator and Clock Recovery

The last block in the system is the FSK demodulator, that is implemented
together with the clock recovery circuit. The demodulator implemented here
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must be able to demodulate an FSK signal with the modulation index of 1, or
equivalently 50 kHz frequency deviation at a data rate of 100 kb/s. The FSK
demodulator reported in [3], is very simple, and consumes a small amount of
power, but requires a large frequency deviation (250 kHz deviation was used).
In this case, in order to support multiple sub-carrier channels, frequency
deviation is limited to 50 kHz, and a different approach is needed.

The proposed demodulator, shown in Figure 6.30 is a digital version of the
delay line demodulator. The input signal is first sampled using a clock whose
frequency is four times higher than the FSK signal center frequency. The
same clock is used for the N-path channel filter. By adjusting the reference
clock frequency, the corresponding sub-channel is selected. The sampled
signal is then demodulated using a delay line and a “mixer”. Sampling the
signal allows to implement the delay line as a chain of flip-flops controlled
by the same reference clock. Delay can be configured easily by controlling
the number of flip-fops in the signal path, which is simply achieved by
configuring the multiplexers. This allows a more elegant control compared
to analog solutions such as RC delay networks. An XOR gate plays the role
equivalent to the mixer in the analog demodulator implementation. Depend-
ing on the delay, and whether the input frequency is higher or lower than
the reference clock frequency, the output of the XOR gate will be ‘1’ or ‘0’.
Simulated signal at the FSK demodulator output is shown in Figure 6.31(a).
Since the output signal is not perfectly clean (even without the presence
of noise), it cannot be simply sampled, instead it is first filtered using a
windowed accumulator. In each clock cycle, the accumulator output is either
incremented or decremented depending on the XOR output. The accumulator
output is then used to make a decision for the output bit and to recover the
symbol clock.

FSK demodulator  Filter Bit sampling
Datain' N ' (~100 kHz)

1
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Figure 6.30 Block diagram of the FSK demodulator and clock recovery circuit.
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Figure 6.31 Simulated signals of the FSK demodulator and clock recovery circuit.
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A clock recovery circuit is a necessary block in any receiver, and has a
particularly important role here. As previously discussed, one of the good
properties of FM-UWRB is the inherent robustness to frequency offsets. Mis-
match in carrier frequency of several megahertz, or even tens of megahertz
will not cause a significant performance penalty. However, for the whole
receiver chain to work properly, the baseband must also be able to tolerate
a certain frequency offset. This is accomplished via a dedicated circuit that
tracks the transmit symbol clock and adjusts the clock frequency on the
receiver side. The amount of frequency offset that must be tolerated depends
on the implementation of the reference oscillator. One of the aims of this work
is to demonstrate the feasibility of a fully integrated transceiver, which would
include the reference oscillator. This also means removing the external crystal
reference and minimizing the number of off-chip components. Unfortunately,
the integrated RC oscillators cannot achieve the performance of a crystal
oscillator, and the precision of the reference frequency will be much worse,
in the order of thousands of ppm instead of tens of ppm. By using the FM-
UWRB, this relatively large frequency variation can be allowed, assuming
that the clock recovery circuit can compensate the frequency offset between
the transmitter and the receiver. Recently, integrated RC oscillators achieved
precision that is in the order of +2500 ppm across the designated temperature
range [22-25], which is a range that can be easily covered by the clock
recovery circuit shown here.

The implemented clock recovery is based on a simple early/late zero
crossing detection. The clock used for this circuit is derived from the ref-
erence clock, with the average frequency 8 times higher than the symbol rate,
that is 800 kHz. This clock is then used to generate 8 different phases of the
symbol clock, one of which is used to sample the accumulator output at a
correct time instance. The clock recovery circuit determines which phase is
used and works in the following way. First a zero crossing is detected from the
accumulator output. In order to avoid false crossings due to noise, the circuit
needs to detect a sufficient difference in levels between several consecutive
samples. The phase comparator then determines whether the current zero
crossing is early or late with respect to the currently selected clock phase.
Depending on the number of clock cycles between the zero crossing and the
reference, the corresponding value will be added to or subtracted from the
register value of the LP filter (here the LP filter is simply implemented as an
accumulator). Once the register value increases or decreases past a defined
point, an up or down phase shift occurs. Depending on the frequency offset
between the transmitter and the receiver, phase shifts will occur more or less
often. As the phase changes, so does the average frequency of the receiver



6.4 Receiver Implementation 159

symbol clock. As long as the circuit is able to track symbols, this average
frequency should correspond to the transmitter symbol clock frequency. The
speed of the control loop can be controlled through the LP filter coefficient,
that directly determines the filter bandwidth. Increasing the coefficient allows
the loop to track larger difference in frequencies, but also makes it more prone
to errors due to noise.

An example of the clock recovery circuit operation is given in
Figure 6.31(b). In this case, the transmitter reference frequency is 2000 ppm
faster compared to the reference on the receiver side. One can notice that the
phase control signal constantly decreases (until O at which point it goes back
to 7), which results in the average frequency of the symbol clock below the
reference frequency. An example of the phase shift is shown in Figure 6.31(b).
In that particular time instance the instantaneous frequency of the symbol
clock frequency drops to 7/8 of the reference frequency during one cycle.
The maximum theoretical frequency offset that can be tracked, assuming a
phase shift occurs in every cycle, is +1/8 of the reference frequency.

6.4.8 SAR FLL Calibration

Ring oscillators used to generate the LO signal in the receiver and the
FM-UWB signal in the transmitter consume a small amount of power, but
are sensitive to process, voltage and temperature variations. For that reason
they need to be calibrated periodically to maintain frequency offset within
certain limits. It was shown in the previous chapter that a relative frequency
offset of £50 MHz between the receiver and transmitter causes only a minor
performance degradation, and beyond that limit sensitivity decreases rapidly.
Depending on the rate of environmental changes, the oscillators will need to
be calibrated once every few hours, or potentially days.

Calibration is performed using an on-chip SAR FLL, shown in
Figure 6.32. Configuration of each oscillator is controlled using one of the
two registers, one set manually by the SPI, and the other set by the calibration
loop. The number of cycles for calibration is equal to the number of register
bits used to set the DCO frequency. In each cycle one bit is set. Once the bit is
set, the oscillator frequency is measured and compared to a reference value,
if it is higher, the bit is set back to ‘0’, otherwise it remains ‘1’. The DCO
frequency is measured using two counters. The first counter counts the num-
ber of reference clock cycles up to value Ny .. that determines the duration
of the measurement interval as T;..y Ny .r. During that interval, the second
counter counts the number of cycles of the frequency divider output N,;.
This value is then compared to the reference value N, in order to determine
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Figure 6.32 SAR FLL block diagram.

whether the corresponding bit should be ‘0’ or ‘1°. Finally, assuming infinite
resolution (number of bits or equivalently cycles), the frequency of the DCO
after calibration will be given by

N,

fp00 = Naiv fain = Nl Jrefs (6.11)
N
firef

where Ny, is the frequency divider ratio (providing values between 128
and 1024) and fgy, is the frequency at the divider output. In reality, the
DCO configuration will produce the highest frequency that is still below
the frequency given by Equation 6.11. The frequency resolution of the FLL
depends on the duration of the measurement interval and the division ratio
Af = frefNdiv/Nres. The only requirement here is to maintain the FLL
resolution below the DCO resolution, that is in the order of 25 MHz.

An example of a measured calibration cycle is presented in Figure 6.33.
The measurement is done using the frequency divider output signal at the
test port. For the shown measurement, reference clock frequency is set to
4MHz, and Ng;,, = 1024, Ny ,or = 1024 and N,..; = 1000. After 6 steps
of calibrations, 6 DCO control bits are set. The resulting output signal of the
frequency divider is at 3.89 MHz, corresponding to the DCO frequency of
3.98 GHz, which is close enough to the ideal carrier frequency.

6.4.9 Clock Reference

The implemented FM-UWB transceiver does not contain an oscillator that
would provide a frequency reference for other circuits (LO calibration,
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Figure 6.33 Example measured SAR FLL calibration cycle.

N-path filter, FSK demodulator etc.). Instead, the clock signal is generated
externally using a signal generator, allowing to adapt to different modes of
operation and test the functionality of the transceiver. Since one of the goals
of this work is to show that an FM-UWB transceiver can be implemented
without a precise, off-chip quartz resonator, one solution for derivation of all
the necessary clock signals will be described here.

A simple RC oscillator could be used as a clock reference, similar to
one of the solutions found in [22-25]. State of the art precision of 2500 ppm
across the temperature range of interest is sufficient for the FM-UWB
transceiver developed here. The FSK demodulator and the clock recovery
circuit were designed to compensate for the potential frequency offset. At
RF this range translates into £10 MHz offset around the carrier frequency of
4 GHz, which is well bellow the targeted range of 50 MHz. The RC would
simply provide the fixed reference clock signal, different frequencies needed
for different circuits would be generated using a simple FLL or a DLL (delay
locked loop). The block diagram of the conceptual solution with all the related
sub-blocks is shown in Figure 6.34.

For the SC-DDS, a clock frequency of at least 40 MHz is needed to
provide a relatively good triangular signal. Higher frequencies should pro-
vide a better triangular waveform, but would also result in increased power
consumption of this block. At the same time the FLL must be able to provide
frequencies from 4 MHz to 8§ MHz, as a reference for the N-path filter and
the FSK demodulator. Luckily, the same frequency is used by both circuits.
For the N-path filter, the clock is divided by 4 in order to generate the four
non-overlapping phases at the sub-carrier center frequency. The symbol clock



162 FM-UWB Transceiver

Tx Data
b | Sub-carrier %’
| oos
|
[ s
FLL Clk | sARFLL ; I
synthesis "| Calibration T =@—’ +N —
|

T __________

40 MHz

RC
Oscillator

4 MHz - 8 MHz
A Q1-Q4 Rx Data
o4 »  Nepath FSKsl?em. =<
*| SC Filter Clk Recovery E&% Kk
Rx Data
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of approximately 100kHz is derived from the input clock using a simple
counter, and the clock recovery circuit assures that it tracks the symbol rate
of the received signal. No particular constraints in terms of input frequency
exist for the FLL calibration loop, the two configurable reference values (see
Figure 6.32) can always be set such that the DCO frequency is properly
calibrated. The proposed clocking scheme can therefore be used to provide
a reference to all the circuits in the system, demonstrating one way to
implement a fully integrated FM-UWB transceiver.

6.5 Measurement Results

The proposed transceiver was integrated in a standard 65 nm bulk CMOS
technology. The SEM die photograph is shown in Figure 6.35. The die size
is 2.25mm by 2.25 mm, and roughly one third of it is the active area of
the transceiver (including the decoupling capacitors). The remaining area is
used for test circuits and decoupling capacitors. The transceiver layout is
dominated by the inductors needed to provide input and output matching.
Large inductor area makes routing more difficult and requires longer paths,
that consequently add more parasitics at the transceiver I1O. It should be noted
here that standard TSMC inductors were used for the design. These inductors
use only a single metal layer (the low resistance ultra-thick metal), and hence
occupy a large area. The layout could be made more compact using smaller,
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Figure 6.35 SEM die photograph of the transceiver.

more area efficient custom inductors, that would exploit additional available
metal layers. The RF IO pad, used by the receivers and the transmitter, is
marked in the figure. It is placed between the two ground pads, that are
connected to the coplanar waveguide implemented on the PCB. Digital input
and output pads, used for test and debug signals, clocks and input and output
bits, are located on the side of the chip opposite to the RF IO pad and other
sensitive analog signals in order to minimize coupling between strong digital
signals and sensitive analog signals. Gold bumps, used for flip-chip bonding
of the IC to the PCB, can also be seen in Figure 6.35.

6.5.1 Transmitter Measurements

The first block of the transmitter is the sub-carrier DDS. The static configu-
ration that controls the two sub-carrier frequencies is loaded via the SPI, and
the dynamic behavior of the circuit is controlled using the two inputs, the
clock and the data input. The SC-DDS controls two current steering DACS,
one that drives the DCO, and the other one that drives the test buffer. The
output signal from the test buffer is presented in Figure 6.36(a). The shown
waveform corresponds to 2.1 MHz sub-carrier signal and 500 MHz wide
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Figure 6.36 Measured sub-carrier DAC output (a) and measured frequency deviation of the
transmitted signal (b).

FM-UWB signal. Deviation from the triangular waveform is a result of the
limited bandwidth of the buffer. Sub-carrier waveform can also be obtained
by directly measuring instantaneous frequency of the transmitted signal.
The frequency measurement is done using the Keysight VSA application
with the 8 GHz, MSO oscilloscope. The resulting waveform is depicted in
Figure 6.36(b). Due to large input bandwidth, the resulting signal is relatively
noisy, but still shows some of the properties of the generated SC signal. In this
case SC frequency is set to 4 MHz, which is in fact above the targeted SC
frequency range. It can be seen in the figure that the output waveform deviates
from a triangular close to the peaks. As a result the bandwidth of the output
FM-UWB signal will be slightly lower than expected. This is a result of the
low oversampling ratio (ratio between the clock frequency and the sub-carrier
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Figure 6.37 Frequency and power consumption of the transmit DCO.

frequency fox/fsc). In the presented example, the oversampling ratio is
10, for a 40 MHz input clock. According to [2], a relatively good result is
obtained for an oversampling ratio of around 20, which will be the case for
the desired SC band (1.2 MHz-2.3 MHz).

The measured DCO frequency and power consumption are presented in
Figure 6.37. The DCO frequency can be varied from 3.5 GHz to 5.2 GHz and
for this range the current consumption varies from 80 pA to 113 pA. This fre-
quency tuning range is achieved using the static DAC that only sets the upper
FM-UWB frequency. Dynamic modulation DAC then sinks the current from
the static DAC to modulate the carrier frequency. The reported measurement
is the consumption of the DCO alone, without the buffer consumption. For
the nominal setting, the buffer consumes an additional 71 A of current. By
changing the buffer bias current, the DCO output amplitude can be adjusted,
and the consumption can be varied from 48 A to 94 A. The input signal
amplitude allows to control the output power and current consumption of the
PA and PPA, and optimize the transmitter efficiency.

Due to the large bandwidth, FM-UWRB signal is inherently robust against
carrier offsets. The same property allows it to tolerate relatively high levels
of phase noise. It was shown in [3] that phase noise as high as —80 dBc/Hz,
at 10 MHz away from the carrier, causes no significant performance degra-
dation in terms of BER. This constraint is quite loose and permits the
use of low quality ring oscillators for signal generation. For comparison,
consider the Bluetooth standard that imposes a constraint of —102 dBc/Hz
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Figure 6.38 Phase noise of the transmit DCO at 4 GHz.

at 2.5 MHz [26], and consequently requires higher power consumption for
carrier synthesis. The measured transmit oscillator phase noise, for the oscil-
lation frequency of 4 GHz, is shown in Figure 6.38. At 10 MHz away from
the carrier, phase noise level is —98 dBc/Hz, which is considerably lower
than the FM-UWB constraint. The phase noise was measured using the signal
at the output of the frequency divider. A factor of 20 log 1024 was added to the
measured phase noise to account for the division ratio of 1024. Noise coming
from the dividers will add to the total phase noise at the output; however,
due to the already large phase noise of the ring oscillator it should not have a
significant impact on the measured value.

The power amplifier and the output matching network were designed to
provide good performance over the entire 500 MHz range. The idea is to
achieve high average efficiency of the transmitter during wideband signal
transmission, and not at a single frequency, which is usually the approach
in narrowband systems. Static frequency characteristic of the PA and PPA
stack is summarized in Figure 6.39. The measurement is conducted using
the DCO as the input signal source, since an external signal cannot be used.
For this measurement the DCO is configured to produce a carrier signal at a
single frequency. Due to high phase noise and unstable frequency of the ring
oscillator, the result is likely worse than it would have been if a clean carrier
signal were used.

The measured output power of the transmitter is shown in Figure 6.39(a).
Compared to simulations, the level is approximately 2dB lower, with a
somewhat smaller bandwidth. The discrepancy between the simulation and



6.5 Measurement Results 167

0
= 5
[ea)
= 10 =
5 |_— — —~——
g -15
o
a2 -20
£ Simulat
S 5 —— Simulation
—— Measurement
30 H I H
36 38 4.0 4.2 44
Frequency (GHz)
(@)
550
= L
= 500
‘g. 450 e
> N\
§ 400 - /\\/’\
(&)
o — Simulation
= 350
2 —— Measurement
3.6 3.8 4.0 4.2 44
Frequency (GHz)
(b)
30
25 — — \
= 2 > ~ M
3 / N\
% 15 7/
©
o 10 //
5 —— Simulation
—— Measurement
0 1 H 1
3.6 3.8 4.0 4.2 44
Frequency (GHz)
(©)

Figure 6.39 Measured power amplifier output power (a), consumption (b) and efficiency
(c) including the preamplifier.



168 FM-UWB Transceiver

measurement is likely caused by the effects that were not taken into account in
the simulation. A simplified model of the output pad and the interface toward
the PCB were used, more accurate results would have been obtained by
using a full 3D electromagnetic simulation. Nevertheless, the error remains
within the expected limits of a few decibels. Fortunately, the impedance of the
matching network also affects the power consumption. The fact that it slightly
differs from the simulated values also results in decreased measured power
consumption compared to the simulated one, as shown in Figure 6.39(b).
Lower output power, combined with lower power consumption, finally result
in efficiency around 6% lower than expected in simulations. As shown in
Figure 6.39(c) peak measured efficiency of the output stage (not including the
DCO and the buffers) equals 21.3%. In the largest part of the band efficiency
stays around 20%, and slowly drops close to the edges of the band, resulting
in an average efficiency of around 18%. The measured output power and
efficiency of the implemented power amplifier are in line with the state of
the art and exhibit similar performance as other implementations targeting
low output power levels.

The spectrum of the transmitted signal is presented in Figure 6.40.
The shown spectrum is below the limit defined by the FCC spectral mask.
Outdoor spectral mask is shown in this case, the only difference between the
outdoor and the indoor mask being the attenuation outside the defined UWB
band, which is more stringent for the outdoor mask. The transmit signal also
satisfies the defined emission level between 0.96 GHz and 1.61 GHz, where
maximum level set to —75 dBm/MHz (not shown in Figure 6.40).
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Figure 6.40 Transmitted FM-UWB signal spectrum.
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Figure 6.41 Transmit power vs. transmitter power consumption.

Figure 6.41 shows different output power levels and average transmitter
power consumption, achievable using different transmitter configurations.
Constant efficiency lines are provided to show the achievable efficiency at
a given output power. In this case, the whole transmitter is taken into account
including the DCO, buffers and SC-DDS (not just the PA and PPA). The
shown output power levels are measured as integrated power across the trans-
mit band during a single sub-carrier transmission. The output power level can
be varied from —11.3dBm down to —35 dBm, in steps that are smaller than
3 dB. This is done via the control of the DCO buffer strength (or equivalently
PPA input signal amplitude), the PPA bias current and the matching network.
The control of the output power can then be implemented using a look-
up table in software. The ability to adjust the output power is useful for
multi-user communication. For example, if the two transmitting nodes are
at different distances from the receiving node, the power levels of the two
signals will be different. In order to equalize power levels at the receiver,
the closer transmitter can adjust its output power to avoid desensitizing the
receiver.

Measured input S7; parameter is shown in Figure 6.42. The measurement
is done using the die bonded to the PCB, with a 1 cm long coplanar waveguide
between the RF IO pad and the horizontal SMA connector. The lower values
compared to the simulations are likely related to the PCB, since the connector
and the transmission line were not taken into account. On the receiver side,
the additional losses coming from the PCB actually improve the reflection
coefficient, that is below —10dB from 3.6 GHz to 4.75 GHz.
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Figure 6.42 Measured S1; parameter in transmit and receive mode.

Table 6.1 Transmitter power consumption breakdown

Block Current Cons. (tA)  Relative Cons. (%)
PA+PPA 402 69.9
DCO 91 15.8
DCO Buffer 71 12.4
SC DDS 11 1.9
Total 575 100

The power consumption breakdown of the transmitter is given in
Table 6.1, for the transmitted power of —11.4dBm. Almost 70% of the
power is consumed by the output stage (PPA and PA). In order to improve
the efficiency of the transmitter, this part should be carefully optimized in
the future. The SC DDS consumption is practically negligible compared
to other blocks, and so its implementation will have little impact on the
overall performance. The DCO together with the buffers consume slightly
less than 30%, thanks to the fact that there is no continuous time PLL or FLL
controlling the output frequency.

6.5.2 Receiver Measurements

The two receivers are mainly characterized in terms of BER and sensitivity
under different conditions. Unfortunately, there is no way to access different
internal points of the receiver and characterize each block separately. Addi-
tion of buffers that would allow this would result in increased capacitance
in the corresponding nodes, which would consequently increase the receiver
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Figure 6.43 Measured frequency and power consumption of the MU Rx DCO.

power consumption. The buffers and test outputs are therefore added only at
lower frequencies where such capacitive load causes no significant problems.

The DCOs of the two receivers are the most important blocks in the
chain, since without downconversion it would be impossible to perform
demodulation. Just like with the transmitter DCO, the frequency dividers
are added to provide information about the DCO frequency and to close
the FLL calibration loop. Unlike the transmitter DCO, linearity of the fre-
quency characteristic is not needed on the receiver side. What is important
is its monotonicity, that ensures proper operation of the SAR FLL loop.
The frequency and power consumption of each DCO are measured using
the frequency dividers and a digital output buffer. The result for the MU
receiver is shown in Figure 6.43. The provided result also includes the four
DCO buffers for quadrature LO signals. The oscillator frequency ranges from
3 GHz to 5 GHz, while power consumption changes from 166 /W to 228 uW.
The resulting frequency resolution changes from 35 MHz to 20 MHz as the
oscillation frequency increases. The same measurement for the LP receiver
is given in Figure 6.44. Again, measured power consumption includes the
buffer, or in this case the frequency trippler, since it reuses the current from
the oscillator. In this case, the output frequency takes values from 3.6 GHz to
5.25 GHz, while it consumes between 51 pW and 77 yW. Due to nonlinear
behavior of the oscillator, the frequency step reduces from around 30 MHz at
the lower end, to 20 MHz at the high end.

Another block that can be measured standalone is the N-path filter.
Figure 6.45 shows the voltage gain characteristic of the filter. Used input
clock frequency is 5 MHz, which results in the filter center frequency of
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Figure 6.45 N-path filter measured characteristic for center frequency of 1.25 MHz.

1.25 MHz. For the given configuration, the filter provides 200 kHz of band-
width, and attenuation of 37 dB at the frequency of the adjacent sub-carrier,
which is 250 kHz away from the filter center frequency. As expected, the char-
acteristic in the pass-band is not entirely flat. A small inclination appears as a
result of parasitic capacitances in the layout, however, for this particular case
the performance should not be affected. The purpose of the N-path filter is to
remove the interfering sub-carrier channels. As a demonstration, the spectrum
before and after the filter is shown in Figure 6.46. Signal spectrum after the
wideband FM demodulator is shown in top part of the figure. Four FM-UWB
signals of equal power are present at the receiver input. After demodulation,
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Figure 6.46 Demodulated signal spectrum before and after N-path filter.

four SC channels can be distinguished in the spectrum before filtering. After
passing through the filter only channel 1 remains (bottom). Component at
3.75MHz is a consequence of the sampled nature of the system. With the
clock frequency of 1.25 MHz and 4 phases, the equivalent sample rate will
be 5 MHz. Attenuated copy of the signal spectrum therefore appears at the
frequency (N — 1) foir, where n is a number of phases, which is 3.75 MHz.
Another visible component is the second harmonic of the SC channel at
2.5MHz. This component is the combination of the output buffer non-
linearity, and mismatch of the N-path filter. Ideally, second harmonic should
be completely suppressed by the differential architecture of the N-path filter,
however, in practice the amount of attenuation will be limited by matching.
Power consumption breakdown for the MU receiver is given in Table 6.2.
As expected the highest amount of power is consumed by the high frequency
blocks, the active mixer and the DCO, that together consume around 60%
of the entire receiver consumption. The dominant consumer still remains
the DCO, with buffers included, that consumes 194 4W. Among the low
frequency blocks, notable amount of power is used for the N-path filter that
provides sharp band-pass filtering. An overhead necessary to provide the
multi-user capability. Finally, the total consumption of the MU receiver is
550 uW. This is more than the receiver presented in the previous section,
mainly due to the fact that the baseband processing is now placed on chip.
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Table 6.2 MU receiver power consumption breakdown

Block Current Cons. (#A)  Relative Cons. (%)
LNA/Mixer 153 27.8
DCO 79 14.4
DCO Buffer 115 20.9
IFA 113 20.5
FM Demodulator 13 2.4
Channel filter 43 7.8
LFA 6 1.1
FSK Demodulator 8 1.5
Bias 20 3.6
Total 550 100

Table 6.3 LP receiver power consumption breakdown

Block Current Cons. (©A)  Relative Cons. (%)
LNA/Mixer 103 38.6
DCO 53 19.9
IFA 46 17.2
FM Demodulator 23 8.6
LFA 11 4.1
FSK Demodulator 14 5.2
Bias 17 6.4
Total 267 100

Power consumption breakdown for the LP receiver is given in Table 6.3.
The strategy with power reduction is to reduce power of some of the main
consumers from the MU receiver. First, the DCO, that is now single-ended,
consumes slightly more than one quarter of the MU DCO consumption, that
is 53 4W. One downside of the LP oscillator is the lower output amplitude that
will affect the sensitivity. The active mixer, consumes a comparable amount
of power, since the architecture is the same, with the only difference that a
single differential signal is used at the output (there are no I and Q branches).
A second significant power saving is coming from the IF amplifier. Since
there is no need for two branches, in the LP receiver the consumption is
practically halved compared to the MU receiver case. The IFA consumes
46 uW instead of 113 uW in the MU receiver. The total power consumption
adds up to 267 W for the whole LP receiver chain.

The measurement setup used for the BER measurements is shown in
Figure 6.47. The transmit bits and input vectors for signal generators are
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created using Matlab. A configured FPGA then provides clock and data
inputs for the transmitter. The spectrum analyzer is used to verify that the
proper signal is generated by the transmitter and to measure the signal
level at the receiver input. Multi-user measurements are still done using the
signal generators. This simplifies the setup and allows to precisely control
the relative power levels of different FM-UWB signals. The M8190A AWG
provides the quadrature baseband signals, which are then up-converted by the
PSG. The MSO oscilloscope is used to capture data at the receiver output.
All the BER curves are measured in two ways, first using the offline data
post processing, and then using the on-chip FSK demodulator. This allows
to measure the loss of the on-chip FSK demodulator compared to the ideal
demodulator implemented in software. For the offline BER measurement,
the MSO acts as a 20 MS/s, 10 bit ADC that captures analog data after the
wideband FM demodulator. This data is then processed using software. First,
the desired channel is filtered using an FIR band-pass filter to remove any
undesired adjacent sub-channels. Then it is passed through a correlator, that is
an optimal detector for the orthogonal FSK modulation used. The output bits
are then compared to the generated test vector. In the second measurement,
that uses the on-chip FSK demodulator, digital outputs are available, logic
analyzer is used to sample data on a rising edge of the recovered clock.
It is worth mentioning that the second measurement takes significantly less
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time (and memory) since the number of samples is significantly lower and
corresponds to the number of bits. In the first case 200 samples are captured
per received bit in order to perform the demodulation in software. This corre-
sponds to a sampling frequency roughly 10 times higher than the sub-carrier
frequency.

The BER curves for the MU receiver and the single user case are pre-
sented in Figure 6.48. The curves for both external (software) and internal
demodulator are shown. In the case of the external demodulator the sensitivity
is —69dBm. The result is similar to the previous receiver implementation,
with some losses due to a more complex input matching network. The internal
demodulator adds 1dB loss compared to the ideal software demodulator,
resulting in a receiver sensitivity of —68 dBm. Accounting for approximately
2dB loss due to a non-ideal LO, and 1dB loss due to a non-ideal FSK
demodulator, this is roughly 7 dB worse than the theoretical result.

The BER curves for the LP receiver in the single user case are presented
in Figure 6.49. Just like in the above case, both curves, for the external and
internal demodulator, are shown. In the case of the external demodulator
the sensitivity is —58 dBm. Accounting for the theoretical 6 dB difference
in sensitivities between the two receivers, and higher noise figure of the LP
receiver, the 11 dB degradation in sensitivity is expected. Compared to the
theoretical sensitivity, same 7 dB degradation is observed as in the case of the
MU receiver. This is the price to pay for lower power consumption of the LP
receiver. Again, the simple, low power internal demodulator adds some loss,
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Figure 6.48 Single user BER of the MU Rx with internal and external demodulator at
100kb/s.
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resulting in —57 dBm sensitivity of the LP receiver. Although sensitivity is
relatively low compared to other FM-UWB receivers, it is still enough for
short range communication in a WBAN, and the implemented receiver con-
sumes the lowest amount of power among all the implementations reported
in literature.

A photo of the measurement setup is shown in Figure 6.50. Two boards
can be seen in the figure, one is used as a transmitter and the other one
as a receiver. The signal level on the receiver side is controlled using a
configurable attenuator. Spectrum analyzer, showing the FM-UWB signal
spectrum, is used to verify the proper operation of the transmitter and can
be seen in the right part of the figure. In this case, the oscilloscope is used to
compare the transmitted and the received bits. The recording from the screen
is shown clearly on the graph. Aside from the input and output data, the graph
also shows the recovered clock used for sampling the output data. A delay of
approximately 20 us can be seen between the transmit and receive bit stream.
In the shown example there are no errors present at the output.

The sensitivity of the receiver degrades in the presence of interferers.
The behavior of the receiver is evaluated in the presence of a narrowband
interferer inside and outside of the used FM-UWB band. The interferer is
generated using a separate signal generator and the outputs are summed
together using a power combiner. For the in-band interferer, a frequency of
4.1 GHz was chosen as the worst case. Placing the interferer close to the
signal center frequency would attenuate it due to the high-pass characteristic
of the IF amplifier, and placing it closer to edge of the band would again
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Figure 6.51 Sensitivity degradation due to the presence of an in-band interferer.

result in slightly lower IF gain due to the IFA low-pass behavior. The same
frequency was used for both MU and LP receiver. The sensitivity degradation
with the increase of interferer power is shown in Figure 6.51. Assuming 3 dB
sensitivity degradation is acceptable, the MU and LP receiver can tolerate up
to —55dBm and —52 dBm strong interferers respectively.
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Figure 6.52 Sensitivity degradation due to the presence of an out of band interferer at
2.4 GHz.

For the out of band interferer case, the frequency of 2.4 GHz was chosen.
The reason is that the 2.4 GHz ISM band (industrial, scientific and medical) is
commonly used by different short range BAN devices. The sensitivity degra-
dation in the presence of an out of band interferer is shown in Figure 6.52.
Assuming again 3dB sensitivity loss is acceptable, the MU receiver can
tolerate 1 dBm interferer and the LP receiver can tolerate a 3 dBm interferer
at 2.4 GHz. This is much higher than any other implementation and is due
to the sharp filtering characteristic of the IF amplifier, that acts as a 6th order
low pass filter. In most other implementations the interferer is only attenuated
by the 2nd order LNA input matching network. This means that the proposed
FM-UWRB receivers can operate reliably next to any other device using the
ISM band (such as a BLE radio for example).

As discussed previously, FM-UWB is inherently robust against frequency
offsets thanks to its large bandwidth. This is clear when it comes to tolerance
to LO signal offset, however the property also applies to other parts of
the system. After the wideband FM demodulation, the sub-carrier chan-
nels are located between 1.2 MHz and 2.3 MHz. An offset of 1000 ppm
translates into a maximum sub-carrier offset of 2.3 kHz, which would still
not prevent correct FSK demodulation. For comparison, assume the same
1000 ppm offset is present in a Bluetooth transmitter that operates in the
2.4GHz band. This would translate into an offset of 2.4 MHz, which is
larger than a Bluetooth channel bandwidth. The example illustrates why
an FM-UWB system has an advantage compared to typical narrowband
systems. In fact, the FM-UWB receiver can tolerate a frequency offset much
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Figure 6.53 BER for a fixed input signal level with varying reference clock frequency.

larger than 1000 ppm. Figure 6.53 shows the BER of the two receivers as
a function of the receiver reference clock offset. The curves were mea-
sured at 1dB below the sensitivity level, that is —67dBm for the MU
receiver and —56 dBm for the LP receiver. They show the amount of offset
that can be tolerated before the sensitivity increases by 1dB. Measure-
ment was done with the fixed transmitter frequency reference and variable
reference on the receiver side. Looking at the curves, two parts can be
distinguished. The first is at relatively small offsets, where there is only
a minor degradation in terms of BER. Then, it can be noticed that after
offset increases beyond a certain point there is a sharp increase in BER.
This is the region where clock recovery fails, and errors occur in sampling
the decoded bits, which results in BER around 0.5. Interestingly, the LP
receiver shows less degradation at higher offsets. The reason is that the
sub-carrier frequency of the demodulated signal doubles after demodulation
by the LP receiver. As a consequence, the frequency deviation will be
doubled and the FSK demodulator will be able to operate more reliably at
higher offsets. Both receivers are still able to perform reliable demodula-
tion at offsets below 8000 ppm. This value is above the reported frequency
deviation in state-of-the-art on-chip reference oscillators. Therefore, the
presented measurements clearly show that it is feasible to make a fully
integrated FM-UWB transceiver, without external resonators for a reference
clock.

The main advantage of the proposed MU receiver is the ability to dis-
tinguish multiple FM-UWB signals at the receiver input, provided that the



6.5 Measurement Results 181

10 *&:& Number of users:
- -1
B N =2
10 K —A-3
5 \\: \\\ -4
3
w10 NN
\\ \\ \A
NUSOTIN X
o NN
\\\ =\\ “\\ “%
N \
10° — >
72 70 68 66 64
Input Power (dBm)
(a)
10"
E\\ Number of users:
& -1
10_2 N N -2
s A3
g N \\\\ -4
wqp° X
\\ \\ \\
NN
. N N
10 N
N " \% N
\ \
. N NN
70 -68 -66 -64
Input Power (dBm)
(b)

Figure 6.54 Measured BER curves for multiple FM-UWB users of same power level,
demodulated with external (a) and internal (b) demodulator.

sub-carrier frequencies are different. In the first scenario, multiple FM-UWB
signals of equal power are present at the input. The measurement with the
external demodulator is shown in Figure 6.54(a), and the measurement with
the internal FSK demodulator is shown in Figure 6.54(b). The curves behave
in a similar manner in both cases. As the number of users increases so
does the inter-user interference and, as a result, the sensitivity degrades.
In the case with 4 users a degradation of roughly 2dB can be observed
from the graph. As long as the power levels at the receiver input remain
approximately equal, there will be no significant performance degradation.



182 FM-UWB Transceiver

-1

0 E&-"':\ > Single User:
VAR Gy -
10»2 M\ DN\, Two Users:
W O —=- SIR=0dB
\\_\\\\ \\ —A— SIR=-3dB
e s RN N —7— SIR=-6dB
m 10 Re . e —<— SIR=-9dB
N - SIR=-10dB
10° A\ e
LW W1 \
10° LAV \
-2 -70 68 66 -64 -62 60 -58
Input Power (dBm)
(a)
10°
N & Single User:
N\ \\ - ——
1 0-2 \'\\ NN Two Users:
NN N, —&- SIR=0dB
AR TN oo o| 2 SR=30B
G 40 \ ~— —— SIR=-6dB
a 10 N — —~<— SIR=-94B
W - SIR=-10dB
10" N\ .S
\ \ “.“\ ‘\\
S —
10°

Input Power (dBm)
(b)

Figure 6.55 Measured BER curves for two FM-UWB users of different power levels,
demodulated with external (a) and internal (b) demodulator.

If several transmitting nodes are located at different distances from the
receiving node, they can adjust the their power levels so that the power at
the receiver remains the same, and avoid the excessive sensitivity loss. This
is the main reason why a transmitter that can adjust output power is useful for
a HD-WSN.

A scenario with 2 users and a variable difference in power levels is
shown in Figure 6.55. Again, the inter-user interference increases with the
increase in interferer power, and the resulting sensitivity degrades. With a
sufficiently strong interferer at the input, the achievable SNIR after the first
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FM demodulation becomes limited by the interference, and the resulting BER
curve flattens. The difference between the external and internal demodula-
tion is clearly visible in Figures 6.55(a) and 6.55(b). In both cases 10dB
stronger interferer results in a floor for the achievable BER. Since the external
demodulator needs a 1dB lower SNIR for the same performance, the BER
curve flattens below 2-10~%. In the case of the internal demodulator, the curve
flattens at 2- 1073, and the desired sensitivity level remains unreachable. With
the internal demodulator the receiver is capable of demodulating data if the
difference of input levels is 9 dB or smaller. The limit is due to a combination
of interference coming from the leakage of adjacent FSK sub-channels and
cross modulation products between the two users in the process of the first
FM demodulation.

6.6 Summary

A fully-integrated FM-UWB transceiver has been presented in this chapter.
A single RF 10 port is used, with an on-chip matching network, which
eliminates the need for external passive components or switches. Two
receivers provide two different modes of operation. The low power mode
reduces the power consumption to 267 uW, but only allows a single FM-
UWB channel. To improve sensitivity and allow SC-FDMA, a MU receiver
is used, that allows up to 4 FM-UWB transmitters to operate at the same time
and in the same RF band. Inherent robustness against narrowband interferers,
combined with sharp IF filtering, result in good in-band and out of band inter-
ferer rejection. This capability could allow to power the transceiver wirelessly
using a 2.4 GHz narrowband signal. Finally, the transceiver is robust against
reference clock offsets of up to 8000 ppm, effectively eliminating the need for
an off-chip reference. Performance summary and comparison with the state
of the art is given in Table 6.4.

The architecture of the implemented transmitter is very similar to the
one from [3]. The solution from [3] uses a three stage DCO that generates
one third of the carrier frequency. The three phases are combined using a
frequency trippler that generates the FM-UWB signal. The trippler reuses
the current of the power amplifier in order to minimize power consumption.
One of the downsides of that approach is that the signal at one third of the
frequency appears at the output together with its harmonics, which might
violate the spectral mask. The second issue is that the trippler output power
cannot be precisely controlled, which is a useful feature when a large number
of nodes operate in a small area. In the proposed implementation this problem
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Table 6.4 Comparison with the state-of-the-art transceivers

This Work
Parameter 27142 [28] (3] LP MU
Modulation FM-UWB Chirp-UWB | FM-UWB FM-UWB
Frequency 7.5 GHz 8 GHz 4 GHz 4 GHz
Frequency 25kHz - 250kHz 50kHz
deviation
Receiver Cons. 9.1 mW 4/0.6 mW® 580 uW | 267 uW | 550 uW
Data Rate 50kb/s 1 Mb/s 100 kb/s 100 kb/s
FSK Sub-channels 2 No No No 4
SIR UWB - - - - -9dB
Matching Network Ext. Ext. Ext. Internal
NB Interferer —55dBm - —52dB® | —52dBm | —55dBm
Power (in band)
NB Interferer —38dBm @ - —38dB® | 3dBm 1dBm
Power (@ 2.4 GHz) 6 GHz
Ref. Clock Offset - - - 8000 ppm
Sensitivity —88dBm —76dBm —80.5dBm | —57dBm | —68 dBm
Transmitter Cons. - 2.8/0.42mW® | 630 uW 583 uW
Output Power - - —12.8dBm —11.4dBm
Technology 0.25 pm 65 nm 90 nm 65 nm

BiCMOS

1)Off—chip sub-carrier FSK demodulation (2)Receiver only (3) Without/with duty-cycling ) 70 dBm

input signal power.

is solved by replacing the trippler with a class AB amplifier that drives the
main PA. The output power can be regulated using the amplifier bias point,
that also sets the bias of the main PA. In addition, the configurable buffer
current, and matching network provide additional knobs for output power
control, allowing steps smaller than 3dB. The DCO directly produces the
signal at 4 GHz, avoiding the problem with the spectral mask violation. The
DCO together with buffers consumes slightly more than the DCO from [3],
but this is compensated with a more efficient PA design, so that the overall
transmitter consumption still improves.

The proposed receiver targets short range communication in a HD-WSN.
Therefore, sensitivity constraint is not very stringent and emphasis is on
reducing power and providing means for multi-user communication. The
receiver from [3] achieves very good sensitivity and low power consumption,



References 185

but the demodulator characteristic is highly non-linear and it cannot support
multiple sub-carrier channels. In addition it uses a frequency deviation of
250kHz (or equivalently 500 kHz separation between the two sub-carrier
frequencies), which allows for a simpler FSK demodulator implementation.
In this work, frequency deviation is reduced to 50kHz in order to allow
for multiple sub-carrier channels. A different demodulator implementation
is necessary in order to demodulate an FSK signal with a modulation index
of 1, which will consume slightly more power. Potential for multi-user
communication with FM-UWB has been demonstrated before, for example,
two different sub-carrier channels could be seen at the demodulator out-
put from [27]. However, this implementation was only providing the first
FM-UWB demodulation. The proposed receiver is the only fully integrated
solution that provides support for multi-user communication. In addition, it
also incorporates a clock recovery circuit that demonstrates the feasibility to
integrate the full transceiver with no need for an off-chip crystal reference.

In this case there was no need for higher data rates, although it could
be a topic of future research. Increasing data rate of the FM-UWB receiver
would mainly require modifications in baseband, and so the overhead in
terms of power consumption should remain very low. This should lead to
a more efficient implementation, that could achieve even lower energy per
bit. Multi-user communication could be explored further, combining either
larger number of lower data rate channels, or fewer channels that provide
higher data rates, depending on the needs of the specific application. Finally,
there could be more room for improvements at the modulation level. The
Chirp-UWB concept, that is positioned somewhere between the IR and FM
UWRB, provides higher data rates, without a significant increase in complexity,
and symbol level duty cycling of the receiver provides very low power
consumption. Similar modifications could be a topic of future research and
could lead to different performance trade-offs.

References

[1] J. Chabloz, D. Ruffieux, and C. Enz, “A low-power programmable
dynamic frequency divider,” in Solid-State Circuits Conference, 2008.
ESSCIRC 2008. 34th European, Sep. 2008, pp. 370-373.

[2] P. Nilsson, J. F. M. Gerrits, and J. Yuan, “A low complexity DDS
IC for FM-UWB applications,” in 2007 16th IST Mobile and Wireless
Communications Summit, July 2007, pp. 1-5.



186 FM-UWB Transceiver

[3] N. Saputra and J. R. Long, “A fully integrated wideband FM transceiver
for low data rate autonomous systems,” IEEE Journal of Solid-State
Circuits, vol. 50, no. 5, pp. 1165-1175, May 2015.

[4] N. Saputra and J. Long, “A Fully-Integrated, Short-Range, Low Data
Rate FM-UWB Transmitter in 90 nm CMOS,” IEEE Journal of Solid-
State Circuits, vol. 46, no. 7, pp. 1627-1635, July 2011.

[5] A. Hajimiri, S. Limotyrakis, and T. H. Lee, “Jitter and phase noise in
ring oscillators,” IEEE Journal of Solid-State Circuits, vol. 34, no. 6,
pp- 790-804, June 1999.

[6] P. Reynaert and M. Steyaert, RF Power Amplifiers for Mobile Com-
munications, ser. Analog Circuits and Signal Processing. Springer
Netherlands, 2006.

[7]1 S. Cripps, RF Power Amplifiers for Wireless Communications, ser.
Artech House microwave library.  Artech House, 2006.

[8] J. Pandey and B. P. Otis, “A sub-100 mu w mics/ism band transmitter
based on injection-locking and frequency multiplication,” IEEE Journal
of Solid-State Circuits, vol. 46, no. 5, pp. 1049-1058, May 2011.

[9] L. E. Franks and I. W. Sandberg, “An alternative approach to the realiza-
tion of network transfer functions: The N-path filter,” The Bell System
Technical Journal, vol. 39, no. 5, pp. 1321-1350, Sep. 1960.

[10] A. Ghaffari, E. A. M. Klumperink, M. C. M. Soer, and B. Nauta,
“Tunable high-q n-path band-pass filters: Modeling and verification,”
IEEE Journal of Solid-State Circuits, vol. 46, no. 5, pp. 998-1010, May
2011.

[11] M. C. M. Soer, E. A. M. Klumperink, P. T. de Boer, F. E. van Vliet,
and B. Nauta, “Unified frequency-domain analysis of switched-series-
RC passive mixers and samplers,” IEEE Transactions on Circuits and
Systems I: Regular Papers, vol. 57, no. 10, pp. 2618-2631, Oct. 2010.

[12] A. Mirzaei, H. Darabi, and D. Murphy, “A low-power process-scalable
super-heterodyne receiver with integrated high-Q filters,” IEEE Journal
of Solid-State Circuits, vol. 46, no. 12, pp. 2920-2932, Dec. 2011.

[13] C. Salazar, A. Cathelin, A. Kaiser, and J. Rabaey, “A 2.4 GHz
interferer-resilient wake-up receiver using a dual-IF multi-stage N-path
architecture,” IEEE Journal of Solid-State Circuits, vol. 51, no. 9,
pp- 2091-2105, Sep. 2016.

[14] C. Andrews and A. C. Molnar, “A passive mixer-first receiver with
digitally controlled and widely tunable RF interface,” IEEE Journal of
Solid-State Circuits, vol. 45, no. 12, pp. 26962708, Dec. 2010.



[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

References 187

D. Yang, C. Andrews, and A. Molnar, “Optimized design of n-phase
passive mixer-first receivers in wideband operation,” IEEE Transactions
on Circuits and Systems I: Regular Papers, vol. 62, no. 11, pp. 2759—
2770, Nov. 2015.

M. Darvishi, R. van der Zee, E. A. M. Klumperink, and B. Nauta,
“Widely tunable 4th order switched G,,—C band-pass filter based on
N-path filters,” IEEE Journal of Solid-State Circuits, vol. 47, no. 12,
pp- 3105-3119, Dec. 2012.

M. Darvishi, R. v. d. Zee, and B. Nauta, “A 0.1-to-1.2 GHz tunable 6th-
order N-path channel-select filter with 0.6 dB passband ripple and +7
dBm blocker tolerance,” in 2013 IEEE International Solid-State Circuits
Conference Digest of Technical Papers, Feb. 2013, pp. 172-173.

M. Darvishi, R. van der Zee, and B. Nauta, “Design of active N-path
filters,” IEEE Journal of Solid-State Circuits, vol. 48, no. 12, pp. 2962—
2976, Dec. 2013.

F. Krummenacher and N. Joehl, “A 4-MHz CMOS continuous-time fil-
ter with on-chip automatic tuning,” IEEE Journal of Solid-State Circuits,
vol. 23, no. 3, pp. 750-758, June 1988.

S. D’Amico, M. D. Matteis, and A. Baschirotto, “A 6th-order 100 A
280 MHz source-follower-based single-loop continuous-time filter,” in
2008 IEEE International Solid-State Circuits Conference — Digest of
Technical Papers, Feb. 2008, pp. 72-596.

S. D’Amico, M. Conta, and A. Baschirotto, “A 4.1-mW 10-MHz fourth-
order source-follower-based continuous-time filter with 79-dB DR,”
IEEE Journal of Solid-State Circuits, vol. 41, no. 12, pp. 2713-2719,
Dec. 2006.

D. Griffith, P. T. Rgine, J. Murdock, and R. Smith, “17.8 a 190 nW 33
kHz RC oscillator with £0.21% temperature stability and 4ppm long-
term stability,” in 2014 IEEE International Solid-State Circuits Confer-
ence Digest of Technical Papers (ISSCC), Feb. 2014, pp. 300-301.

K.J. Hsiao, “A 32.4 ppm/°c 3.2-1.6 V self-chopped relaxation oscillator
with adaptive supply generation,” in 2012 Symposium on VLSI Circuits
(VLSIC), June 2012, pp. 14-15.

A. Paidimarri, D. Griffith, A. Wang, A. P. Chandrakasan, and G. Burra,
“A 120nW 18.5kHz RC oscillator with comparator offset cancella-
tion for +0.25% temperature stability,” in 2013 IEEE International
Solid-State Circuits Conference Digest of Technical Papers, Feb. 2013,
pp- 184-185.



188 FM-UWB Transceiver

[25] T. Tokairin, K. Nose, K. Takeda, K. Noguchi, T. Maeda, K. Kawai, and
M. Mizuno, “A 280nW, 100 kHz, 1-cycle start-up time, on-chip CMOS
relaxation oscillator employing a feedforward period control scheme,”
in 2012 Symposium on VLSI Circuits (VLSIC), June 2012, pp. 16-17.

[26] J. Masuch and M. Delgado-Restituto, “A 1.1-mW-RX -dBm Sensitivity
CMOS Transceiver for Bluetooth Low Energy,” IEEE Transactions on
Microwave Theory and Techniques, vol. 61, no. 4, pp. 1660-1673, Apr.
2013.

[27] Y. Zhao, Y. Dong, J. F. M. Gerrits, G. van Veenendaal, J. Long, and
J. Farserotu, “A short range, low data rate, 7.2 GHz-7.7 GHz FM-UWB
receiver front-end,” IEEE Journal of Solid-State Circuits, vol. 44, no. 7,
pp- 1872-1882, July 2009.

[28] F. Chen, Y. Li, D. Liu, W. Rhee, J. Kim, D. Kim, and Z. Wang,
“A'1 mW 1 Mb/s 7.75-t0-8.25 GHz chirp-UWB transceiver with low
peak-power transmission and fast synchronization capability,” in 2014
IEEE International Solid-State Circuits Conference Digest of Technical
Papers (ISSCC), Feb. 2014, pp. 162-163.

[29] A. Ghaffari, E. Klumperink, and B. Nauta, “8-Path tunable RF notch
filters for blocker suppression,” in 2012 IEEE International Solid-State
Circuits Conference, Feb. 2012, pp. 76-78.

[30] V. Kopta and C. Enz, “A 100 kb/s, 4 GHz, 267 uW fully integrated
low power FM-UWRB transceiver with multiple channels,” in 2018 IEEE
Custom Integrated Circuits Conference (CICC), April 2018.

[31] V. Kopta and C. C. Enz, “A 4-GHz low-power, multi-user approximate
zero-IF FM-UWRB transceiver for 1oT,” IEEE Journal of Solid-State
Circuits, vol. 54, no. 9, pp. 2462-2474, Sep. 2019.



7

Conclusion

The number of connected devices keeps increasing, but to truly real-
ize the vision of IoT, the vision of thousands of wireless nodes per
person, cost, size and consumption of such nodes must be lowered.
Cost is related to the size of the node and the number of compo-
nents. Reducing the number of components is always beneficial, and
ideally the whole system would be integrated on a single silicon die.
With advances in silicon technologies, various electronic components have
become so small that the biggest component on a sensor node is in fact
the battery. The smaller it is, the smaller the node will be. Unsurpris-
ingly, the size of the battery is related to its capacity and, consequently,
the lower the consumption of a node the smaller the battery and its
size.

The consumption of a sensor node is commonly dominated by the
consumption of its radio, and lowering the consumption of a radio
remains the biggest challenge of the IoT. At the same time, as the
number of devices continues to grow, other issues will appear: the
increasing number of interferers, scalability problems and latency, to
name a few. In this work, we propose FM-UWB as a solution to all
of these needs. Inherent interference rejection and support for multi-
ple sub-carrier channels appear to be promising to provide good scal-
ability and robust communication in a progressively noisy environment.
Simple receiver and transmitter architectures guarantee low peak power
consumption allowing to use smaller batteries. Potential to integrate all
components of the transceiver has been demonstrated in the preced-
ing chapters, making FM-UWB the ideal choice for a miniature sensor
node.
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7.1 Summary of Achievements

As discussed previously, when it comes to power consumption, narrowband
receivers inevitably have the advantage. The FM-UWB receiver simply can-
not achieve the same sensitivity for a given power consumption, but it brings
other benefits to the table. The work presented here continues the trend of
lowering the power of FM-UWB transceivers, as illustrated in Figure 7.1. The
implemented single-ended AZ-IF receiver further narrows the gap between
the narrowband and wideband receivers, but it does so at the cost of lower sen-
sitivity. The implemented quadrature AZ-IF receiver consumes more power,
but allows up to four FM-UWB transceivers to share the same RF band, and
provides better sensitivity.

The trade-off between sensitivity and efficiency, for different FM-UWB
receivers is shown in Figure 7.2. A third axis that could be added, and is often
neglected, could be linearity, that is closely related to the ability to distinguish
multiple FM-UWB signals.The RF delay line demodulator consumes the
most, but still provides the best sensitivity performance, and should be able to
support multiple sub-carrier channels [1]. The super regenerative architecture
[2, 3], achieves considerable power savings, and relatively good sensitivity,
but has a very non-linear demodulator characteristic. Finally, the two archi-
tectures proposed in this work are targeting short-range communications,
and can therefore withstand lower sensitivity in order to further reduce the
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Figure 7.1 Power consumption evolution of implemented FM-UWB transmitters and
receivers.
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Figure 7.2 Efficiency vs. sensitivity of implemented FM-UWB receivers.

power requirements and provide enough linearity to enable the multi-user
communication.

The core of the work focuses on the implementation of an ultra low
power FM-UWB transceiver. The design process started with the exploration
of options and capabilities of the FM-UWB modulation. Architectures that
could yield the desired power reduction have been studied. Finally, different
low power circuit techniques have been used to arrive to the achieved power
consumption. The main contributions are summarized here:

e The FM-UWB modulation, originally proposed by Gerrits, is a combi-
nation of the low modulation index BFSK at baseband, and the large
modulation index FM at RF. The concept was first extended to include
other baseband modulation types such as MFSK, BPSK and MPSK.
Here, a multi-channel transmission, similar to OFDM, is proposed, using
a sum of several orthogonal sub-carrier signals to modulate the carrier.
The concept allows simultaneous transmission in the same frequency
band to multiple receivers and is demonstrated through experiments in
Chapter 5.

e The approximate zero-IF architecture is introduced as a modification
of the uncertain IF narrowband receiver. The quadrature approximate
zero-IF receiver allows to save power while preserving enough FM-AM
conversion linearity to allow simultaneous demodulation of multiple
input FM-UWB signals. The single-ended version of the receiver further
simplifies its architecture reaching the record low power consumption,
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but loses sensitivity and loses the capability to distinguish multiple
FM-UWB users.

e Aside from power consumption, the implemented transceiver is the
first full FM-UWB transceiver that provides the multi-user capability.
In this case, four channels with a 100 kb/s data rate are available for
simultaneous communication. High resilience to out of band interferers
enables reliable communication in the presence of other devices, in
particular the devices operating in the 2.4 GHz ISM band.

e High tolerance to large reference frequency offsets is demonstrated,
and a circuit that compensates for the mismatch between the transmit
and receive clock is proposed. This allows for the integration of the
FM-UWB full transceiver without the need for an external high-Q
resonator, or any other off-chip components.

e Electronic circuits have been a topic of research for a long time, making
it rather difficult to innovate and discover truly new topologies. Most
of the used circuits are adaptations and minor modifications of already
existing solutions. The two more notable blocks that brought some
innovation in this work are the baseband N-path channel filter and the
low power DCO. The use of an N-path filter in the baseband allows to
easily implement a tunable, high-Q bandpass filter, with relatively low
power consumption and simple control. Although N-path filters have
been out there for some time, they have never been used in a low power
and low frequency application such as this one. Implementing the DCO
as a stack of a ring oscillator and a frequency multiplier allowed to run
the oscillator at one third of the actual carrier frequency, allowing it to
reduce consumption. This was one of the key innovations that led to
such low overall consumption of the single-ended approximate zero-IF
receiver.

7.2 Future of FM-UWB

The aim of this work was to demonstrate that the FM-UWB answers to most
of the modern needs of the IoT, and highlight its advantages compared with
conventional narrowband radios. The FM-UWB could develop in several
directions:

e Miniaturization — as shown here, the FM-UWB transceiver can oper-
ate without a precise frequency reference such as a quartz oscillator.
Removing yet another component from a sensor node allows to reduce
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both size and cost. However, most protocols today rely on some form
of time keeping. Efficient asynchronous schemes are needed at a higher
level in order to truly exploit such a transceiver and achieve the desired
degree of miniaturization.

e Multi-user communication and scalability — a case with 4 sub-carrier
channels is demonstrated here, but a different number of channels could
be used as well. Techniques that would allow for a larger sub-carrier
band and provide more channels can be explored (e.g. higher SC fre-
quencies). At the same time, a trade-off between a number of channels
and the data rate per channel can be explored to optimize performance
for a particular application. An adaptable solution can be envisioned,
allowing the radio to adapt to the changing conditions in a WSN.

e Low power — different methods, not studied here, could allow to find a
better trade-off between noise and power consumption. For example,
a receiver based on a PLL or a frequency tracking loop has not yet
been studied in the context of FM-UWB. New architectural and circuit
approaches could enable to further lower the power consumption and
potentially achieve the levels of narrowband wake-up receivers.
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