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Preface

Wireless body area networks (WBAN) need to operate on small batteries or energy
harvesters for a long time. At the same time it is impossible to replace the batteries
on a regular basis. Therefore, the sensors need to have very low power con-
sumption. The overall power consumption is reduced by placing the sensor node in
sleep mode as often and long as possible. It listens for a wake-up call transmitted
by the network coordinator, and wakes up the rest of the node when needed. The
book targets the design of the wake-up receiver. To minimize the power con-
sumption it needs to be optimized for the WBAN applications.

A lot of research is done in the areas of network and system design of wireless
body area networks on one hand and low-power receiver circuit design on the
other hand. This book presents the cross-layer design and optimization of wake-up
receivers for wireless body area networks (WBAN), with an emphasis on low-
power circuit design. This includes the analysis of medium access control (MAC)
protocols, mixer-first receiver design, and implications of receiver impairments on
wideband frequency-shift-keying (FSK) receivers. The overall power consumption
is reduced by exploiting the characteristics of body area networks. Specifically, the
power consumption of FSK wake-up receivers is reduced by exploiting wideband
FSK modulation, removing the LNA from the receiver chain and exchanging the
ubiquitous PLL for the low-power automatic frequency control (AFC) loop.
Within this book these effects are analyzed in-depth and validated by CMOS
implementations.

The reader will get an overview of wireless body area network design from the
network layer to the circuit implementation, and an overview of the cross-layer
design trade-offs. Furthermore, the mixer-first receiver topology is analyzed and
the implications of receiver impairments are analyzed. The theory is validated by
two different receiver implementations, one in 90 nm and one in 40 nm CMOS
technology. Moreover, the book gives a good overview of state-of-the-art wake-
up-receiver research.
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Chapter 1
Introduction

Wireless Body Area Networks (WBANG5) are small-scale, in both area and node count,
networks centered on a human body. The low-power wireless nodes can contain many
different sensors, for example: ECG, EEG, blood-pressure and temperature sensors.

While the required bit rate of the different sensors varies from a few kilobits per
second up to a few hundred kilobits per second, most applications require a bit rate
around 100kbps, see [1, 2]. Additionally, the average packet rate of a sensor node
is very low. Some nodes like temperature sensors may only transmit the measured
data a couple of times a day, hence they are in sleep mode for more than 90 % of the
time. Other sensor types like EEG and ECG might have high peak bit rates when
they are active. However they are not activated most of the time. Additionally the
required link to link setup latency requirement is relaxed, which favors asynchronous
networks.

The sensor nodes are battery powered and have to operate for a long period of
time, while it is often impossible or impractical to recharge or replace the batteries
on a regular basis. Therefore, the sensor nodes need to have very low power con-
sumption. Furthermore, since the network is centered around the human body, it
is a small scale network by definition. The maximal distance between two nodes is
approximately 10 m. Combining the small network scale with the low power require-
ment, a single-hop star network topology is a good fit. In such a network there is
one master node, for example a smart phone, with a bigger power supply and higher
processing capabilities. Thus the body area sensor network is highly asymmetric.
The asymmetric nature of the network can be used to reduce the power consumption
of the sensor nodes by mapping power intensive tasks on the high power master node
or by choosing a synchronization scheme to make maximal use of the asymmetric
power supply. Additionally, the sensitivity of the sensor node can be decreased by
increasing the transmit power of the master node.

M. Lont et al., Wake-up Receiver Based Ultra-Low-Power WBAN, 1
Analog Circuits and Signal Processing, DOI: 10.1007/978-3-319-06450-5_1,
© Springer International Publishing Switzerland 2014
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Fig. 1.1 A general wireless sensor node overview

1.1 Wake-Up Receiver

To reduce the sensor node power consumption to a level where the node can operate
for months on a small battery the node needs to sleep as long and often as possible.
A low-power Wake-up Receiver (WURKX) is added to the sensor node which wakes
up the node when it receives a Wake-up call (WUC) transmitted by the master node.
Figure 1.1 gives the overview of a general wireless sensor node. Depending on the
application the main transceiver might be omitted. A remote control application
might only need a WURX for example.

The WURX should be capable of receiving and decoding a Wake-up call containing
an address and possibly a few bits of settings and information. An address should be
sent since we do not want to wake-up all the nodes in the network, as this would lead
to a waste of power. In fact, the WURX is used to synchronize the master and sensor
nodes only during the transmission of a packet. In between packet transmissions the
network is not synchronized in order to save power.

This book focuses on the design and implementation of the wake-up receiver,
both on the system level and circuit level.

1.2 Wake-Up Receiver Challenges

Figure 1.2 shows a schematic overview of the required bit rates and corresponding
power consumption of current wireless standards. The depicted bit rate is the bit
rate over the air. From the application point of view the actual bit rate may be lower
because of channel coding, and synchronization overhead such as packet headers. It
has to be noted that besides the bit rate and power consumption also sensitivity and
linearity are important parameters. There is a clear trade-off between bit rate and
power consumption. Within this book we target the low-power WURX application
scenarios and low-bit-rate applications. As can be seen the targeted power consump-
tion is much lower than state-of-the-art low-power standards like Zigbee, while still
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Fig. 1.2 Schematic overview of wireless standards and the presented wake-up receiver application
areas

fulfilling the WBAN specific receiver requirements. The stars show the measurement
results of the first (WURxV1) and second (WURxV2.1) wake-up receiver presented
in Chaps.5 and 6 in this book. The first version of the wake-up receiver front-end
has a fixed bit rate of 50kbps with a power consumption of 126 uW. While the sec-
ond version has a constant power consumption of 329.6 yW with a variable bit rate
between 6.25 and 1,250kbps. Therefore, the second WURX is denoted by a region
confined by two stars. For more information on the first and second version of the
wake-up receiver front-end see Chaps. 5 and 6, respectively.

A small scale WBAN is targeted. Since the WBAN is inherently small-scale, the
maximal transmission distance is 10m. To reduce the power in the sensor nodes
an asymmetric star-topology network is chosen. Moreover, there is a clear trade-off
between power consumption and linearity. To reduce the power consumption the
linearity is sacrificed. To avoid in-band interferer collision the master node manages
the network, making sure that only one node is active. Additionally, the master node
can avoid collisions with other networks by means of carrier sensing. The WURx
itself should be able to cope with out-of-band interference. For a more in-depth
discussion on the WURX specifications and requirements see Sect. 3.6.

1.3 Scope of the Book

Within this book the implications of Media Access Control (MAC)-layer synchro-
nization on the power consumption will be studied, but the implementation of MAC
protocols is beyond the scope of this book. Furthermore, there exists a large variety
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of wireless sensor networks with widely different requirements and characteristics.
Each different network type demands different design trade-offs in order to come
to an optimal low-power receiver front-end. Therefore, the book will only focus on
small scale wireless networks, like wireless body area networks, and the design of
low-power receiver front-ends used in the low-power sensor nodes in these networks.
Moreover, this book focuses on the optimal circuit design of low-power Frequency
Shift Keying (FSK) modulation based wake-up receivers. On-Off Keying (OOK)
modulation will be mentioned but not analyzed in further detail since it is less robust
against interferers. Circuits will only be implemented in silicon with the aim of val-
idating proposed power reduction strategies. This book does not have as a goal to
demonstrate a fully-integrated transceiver system. The circuits will only be imple-
mented in CMOS technology since it is the most widely used technology and the
technology of choice for highly integrated mixed-signal systems.

1.4 Book Outline

The outline of this book is depicted in Fig. 1.3.

Chapter | introduces Wireless Body Area Networks and the Wake-up Receiver
concept. Furthermore, the trends in both industrial and academic research are sum-
marized and remaining research challenges are identified.

In Chap.?2 several network and applications aspects of body area networks are
studied. Since low energy consumption is essential, the impact of network syn-
chronization on the energy consumption is studied at the MAC level. Additionally,
common application related requirements are extracted from literature. By combin-
ing the application related WURX requirements and the MAC layer study the WURx
solution space is derived.

Chapter 3 delves into the system-level aspects of the WURx design, starting with
a literature study of state-of-the-art low-power receivers with special attention on the
chosen modulation schemes. A Zero-IF receiver architecture is chosen, because of the
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