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Foreword

The increasing performance of smart microsystems merging sensors, signal
processing and wireless communication promises to have a pervasive impact
during the coming decade. These autonomous microsystems find applications
in sport evaluation, health care, environmental monitoring and automotive sys-
tems. They gather data from the physical world, convert them to electrical
form, compensate for interfering variables or non-linearities, and either act di-
rectly on them or transfer it to other systems. Most often, these sensor systems
are developed for a specific application. This approach leads to a high recur-
rent design cost. A generic front-end architecture, where only the sensors and
the microcontroller software are customized to the selected application, would
reduce the costs significantly.

This work presents a new generic architecture for autonomous sensor nodes.
The modular design methodology provides a flexible way to build a complete
sensor interface out of configurable blocks. The settings of these blocks can
be optimized according to the varying needs of the application. Furthermore,
the system can easily be expanded with new building blocks. The modular
system is illustrated in a Generic Sensor Interface Chip (GSIC) for capaci-
tive sensors. Many configuration settings adapt the interface to a broad range
of applications. The GSIC is optimized for ultra low power consumption. It
achieves an ON-state current consumption of 40y A. The system maintains a
smart energy management by adapting the bias currents, measurement time
and duty cycle according to the needs of the application (parasitic element re-
duction, accuracy and speed). This results in an averaged current consumption
of 16U A in a physical activity monitoring system. The activity monitoring sys-
tem is implemented in a miniaturized cube. It consists of a sensor layer (GSIC
and accelerometer), a microcontroller layer and a wireless layer. The bidirec-
tional wireless link (from the sensor node to the computer) makes it possible to
display the data in real time and to change the interface settings remotely. So,
the smart autonomous sensor node can adapt at any moment to environmental
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changes. The GSIC is also successfully tested with other accelerometers and
pressure sensors. Hence, the developed GSIC is a significant step towards a
generic platform for low cost autonomous sensor nodes.

Wouter Bracke

KULeuven, ESAT-MICAS/INSYS
now with ICsense NV

Leuven,
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Chapter 1

INTRODUCTION

The drive towards an intelligent environment has lead to an increased need
for intelligent and independent sensors. Possible forecasts predict these au-
tonomous sensors to work as small distributed units, that can collect data over
a longer period of time [War0O1, Asa98, Rab02]. According to this vision, they
should meet the following challenging criteria:

m highly miniaturized. So, they can be worn or implanted without any dis-
comfort for the user.

m versatile. The sensors will be able to operate without any intervention of
the user.

= maintenance free. The nodes can supply their own energy. Hence, they need
to combine Ultra Low Power (ULP) electronics (sensor interfaces, micro-
controller and communication front-end) with an efficient energy generation
and storage.

= Jow cost.

The emerging opportunities of these autonomous sensors will give the first
impulse to several new applications such as intelligent prosthesis, sport eval-
uation, observation of livestock and measurement of weather patterns. The
last decade, a tremendous progress has already been made in such smart mi-
crosystems. Some impressive realizations are a wireless multisensor medical
microsystem [Tan02] and a very low power pacemaker system [Won04].

The multisensor medical microsystem integrates a microsensor array, the sig-
nal processing electronics, a wireless transmitter and batteries in a miniaturized
capsule of 16 mm (diameter) by 55 mm (length). The sensor array contains
a dissolved oxygen sensor, a pH-sensitive lon-Selected Field Effect Transistor
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(ISFET), a standard PN-junction silicon temperature sensor and a dual elec-
trode direct contact conductivity sensor. The complete system dissipates only
6.3 mW for a minimal life cycle of 12 h.

The implantable pacemaker system monitors the heart’s rate (how fast it beats)
and rhythm (the pattern in which it beats), and provides electrical stimulation
when the heart does not beat or beats too slowly. The pacemaker IC contains
amplifiers, filters, ADCs, battery management system, voltage multipliers, high
voltage pulse generators, programmable logic and timing control. The IC has
200 k transistors, occupies 49 mm? and consumes 8W. This enables a lifetime
of 10 years on a lithium iodine battery.

Most of these sensor systems were tailored towards the requirements of one
specific application. This design approach is inflexible and requires several
iteration steps for new sensor applications. It usually results in an intolerable
high design cost for low and medium quantity market products. An ULP generic
multisensor interface would reduce the costs significantly, since one can use the
same interface chip for several applications. Hence, the recurrent design costs
are eliminated and the time to market is shorter. Furthermore, the front-end
can be adapted during operation. Hence, we can adjust the system to changes
in the environment (e.g. enter a low power mode, when the available supply
energy is getting low). Moreover, a generic interface is capable of reading out
several sensors in different time intervals. So, we can combine the information
from different sensors to compensate for cross-sensitivities (e.g. compensation
of the temperature dependency).

Several research groups have already developed generic sensor interface
architectures [Yaz00, Mas98, VDG96]. Most of these systems were designed
for industrial applications, which do not need the lowest power consumption.
As a consequence, their power dissipation is still too high (in the order of mW’s
instead of the required tens of W) to permit autonomous functioning over a
longer period of time.

This work aims to combine the flexibility of generic sensor interfacing with
ultra low power consumption. The developed modular design methodology
provides a flexible way to build a complete sensor interface out of configurable
blocks. The settings of these blocks can be changed according to the varying
needs of the application. Furthermore, the system can easily be expanded with
new building blocks. The modular system is illustrated in a Generic Sensor
Interface Chip (GSIC) for capacitive sensors. The GSIC is tested with several
micromachined pressure sensors and accelerometers. Moreover, the GSIC is
used in a miniaturized demonstrator for physical activity monitoring.

The outline of the presented work is as follows:

= In chapter 2 an overview of the most important design aspects for au-
tonomous sensor nodes is given. The different building blocks are discussed
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and the new modular architecture for the smart sensor interface chip is de-
veloped.

m Chapter 3 describes the Generic Sensor Interface Chip for capacitive sen-
sors. Firstly, the front-end architecture and the design of the analog blocks
are discussed. Secondly, the configuration settings and noise calculations
are presented. Finally, experimental results are given in state-of-the-art
pressure sensor and accelerometer applications. The performance of the
implemented systems is compared with other generic sensor interfaces and
dedicated (U)LP capacitive sensor interfaces.

m  Chapter 4 studies the effect of programmability on generic (capacitive) sen-
sor interfaces. It also provides an algorithm, which calculates the optimal
configuration settings for each application. These settings enable a maxi-
mal accuracy of the sensor data for a given power consumption of the GSIC
(sample frequency and measurement time).

= Chapter 5 presents a I cm® physical activity monitoring system. This physi-
cal activity monitoring system has been implemented as a 3D stacked sensor
node, which contains a sensor (accelerometer and GSIC), a microcontroller
and a wireless layer. The sensor node communicates with a remote station,
which is implemented on the PC (USB stick). A Labview computer interface
displays the data in real time and allows to change the settings remotely.

= Finally, chapter 6 presents some general conclusions.






Chapter 2

GENERIC ARCHITECTURES
FOR AUTONOMOUS SENSORS

1. Introduction

During the past two decades, several smart sensor systems have been pre-
sented. In most of the cases, these systems contain one or more sensors, a
sensor interface and signal conditioning circuits, a microcontroller and/or a
dedicated digital signal processing unit and a display and/or a wireless core
for the communication. Most often, these sensor systems were developed for
a specific purpose. In the literature, one can find systems for a hugh vari-
ety of applications, such as intelligent prosthesis monitoring systems [Cla03],
tire pressure monitoring systems [Kol04], intelligent weather observation sys-
tems [HuaO3], etc. Dependent on the application, one uses a different type of
amplifier, filter bank, analog-to-digital convertor (ADC) and digital signal pro-
cessing. In spite of these differences, there is still a common system framework
between most of the applications. Hence, one could benefit from a common
front-end architecture, where only the sensors and the microcontroller software
are customized to the selected application. Such a generic architecture would
provide a low cost, flexible and easy to use environment to create autonomous
microsystems.

In this chapter we present a generic architecture, which allows to create a
sensor interface out of configurable blocks. The configuration settings and
the combination of the blocks can be changed according to the needs of the
application. Furthermore, the modular system can be easily expanded with
new building blocks to provide extra features. Such a generic system can be
used as the core of a smart (e.g. human body) sensor network, which connects
several sensor nodes. By its generic nature, it opens opportunities for mass
production, which allows to lower the price.
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2.  Multisensor microsystem

Inthe eighties, W. Sansen has developed the first conceptual view on a generic
Internal Human Conditioning System (IHCS) [San82]. When we combine
these insights with more recent work [Mas98, Pue99], we can define a general
smart microsystem that contains a multisensor array, a sensor interface chip, a
microcontroller, a wireless link and a power management (Fig. 2.1).

2.1 Sensors

Sensors are used in several commercial markets such as automotive indus-
try, consumer electronics and medical equipment. The function of the sensor
element is to convert energy from any energy domain (magnetic, chemical, op-
tical, mechanical or thermal) into the electrical domain [Mid89]. The obtained
electrical signal can be conditioned further by the interface electronics. Ideally,
the output of the sensor is proportional to its input signal and remains the same
over time. Unfortunately, real sensors are subject to spread in the production,
non-linearities, cross-sentivities and drift.

The variations due to the manufacturing processes cause a spread in the
sensor sensitivity and offset. These effects can be dealt with by calibration
after fabrication. During this calibration, reference signals are applied on the
system. This provides the necessary correction parameters to adjust the sensor
output signal, so that its input-output relation is well defined. This correction
can be implemented in the microcontroller or in the remote station. Furthemore,
the calibration parameters are also used to compensate for the non-linearities
and cross-sentivities, like temperature dependency, in the sensor system. For
this purpose, extra temperature measurements are performed, resulting in a
multisensor microsystem. In such a system, the measured temperature value is
used to correct the output.

Sensor interface chip

Sensor1 [ | |
— ADC — Memory
=1 1
Clocking and Microcontroller
s Interface  ——Timing circuits
ensor 3 . X
~ electronics [ Control settings
ﬁ Operational settings i
| Calibration settings Ll Transmitter
ﬁ Monitoring windows Receiver
Remote
Transmitter
Receiver

Figure 2.1.  General multisensor microsystem for autonomous sensor applications.



Generic Architectures for Autonomous Sensors 7

The most difficult non-ideality to compensate is drift. Knowledge of the
sensor signal in combination with appropriate signal processing algorithms,
like correlation techniques, can reduce these effects significantly [Hos97].

2.2 Sensor interface chip

The sensor interface chip performs the amplification, the filtering and the
analog-to-digital conversion of the sensor signals. It also contains a local con-
figuration memory, a finite state machine, several timing and clock circuits and
a microcontroller interface. This makes the sensor interface chip a versatile
component, which can be programmed at any time. Hence, we can adjust the
sensitivity and compensate for the offset of the sensor to ensure that the am-
plifiers are not saturated and the dynamic range of the sensor system is not
degraded. The sensor interface chip also offers options for intelligent power
management. The duty cycle operation makes the averaged power consumption
adaptable to the accuracy and speed requirements of the selected sensor appli-
cation. Furthermore, all the channels, which are not in use, can be switched off
individually.

The low cost, Ultra Low Power (ULP) sensor interface chip will be imple-
mented in CMOS technology. In this technology, it is important to compensate
for the reduced matching (offset and drift) and 1/f noise of the transistors in
the signal conditioning chain. These problems can be reduced by Correlated
Double Sampling (CDS) and/or chopping [Enz96].

In the CDS technique, the offset compensation is performed in two phases.
During one phase, the offset is sampled and stored and during the next phase the
sampled offset is subtracted from the present one. These successive values are
strongly correlated, which results in a significant offset reduction. Moreover,
the CDS principle decreases the low-frequent 1/f noise.

In the chopping technique, the input signal is multiplied by a square wave
signal at a frequency f.op. The modulated input signal is then amplified and
demodulated back to the baseband by a second chopper. The offset is, however,
modulated only once and appears as frequency components around the odd
harmonics of f..,. These offset and 1/f noise components are removed by a
low-pass filter.

In the chopping technique, the white noise of the amplifier is not aliased into
the baseband, contrary to the CDS technique. This suggests that the chopper
technique is more appropriate for continuous time applications, whereas the
CDS technique is more suitable for sampled data applications, where aliasing
is unavoidable.

The sensor interface chip should give a flexible and easy communication
to different types of microcontrollers. For this purpose, a microcontroller in-
terface is included, that is able to perform an efficient data transfer and fast
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reconfiguration of the sensor front-end with areduced complexity (limited num-
ber of 10 pins, die area and power consumption).

2.3  Microcontroller

The microcontroller has several important tasks. First of all, it controls the
sensor interface chip. It provides the settings of the sensor interface chip, such
as the configuration of the readout electronics, the application mode and the
duty cycle. Secondly, it gathers the data coming from the sensor interface chip
and stores it in a memory. Furthermore, it can perform the digital linearization
and cross-sensitivity compensation. For this purpose, we can use look-up ta-
bles or implement polynomial evaluation. Look-up table algorithms offer good
accuracy but are very demanding on system memory. An attractive alternative
is polynomial evaluation, which uses significantly less memory than look-up-
table methods but is generally slower [Cra90, Yos97] . The microcontroller
can also implement smart compression algorithms to extract the relevant data
from the sensor signals. Hence, the amount of data, that needs to be transmit-
ted is decreased. This reduces the power consumption significantly, since the
telemetry link has a relatively large power consumption in the sensor node.

The microcontroller needs to be energy efficient to enable a large amount of
signal processing with a minimum of energy. Table 2.1 lists several low power
microcontrollers and their energy consumption per instruction normalized by
the number of bits in the datapath (source [War03]). The table contains both
general purpose microcontrollers (such as the T MSP430 and the CoolRisc) and
digital signal processing units (MIT Sensor DSP). The latter have the advantage
that their architecture is more dedicated towards wireless sensor nodes. For
these applications, this results in more efficient implementations.

Table 2.1. Energy consumption of various microcontrollers.

Microcontroller Energy (pJ/instruction/bit)
Dallas DS80C320 High Speed 8051 1100

SICAN RISC 4b (0.251m) 75
TIMSP430C1111 (2.2V) 45

Punch Multitask RISC core (2um, 1.5V) [Per94] 25

CoolRisc 81 pcont. (1pum, 1.5V) 5.7

CoolRisc 81 core (0.25um, 1.05V) [Arm00] 1.25

MIT Sensor DSP (0.6pm, 1.5V) [Ami00] 2.2
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2.4  Wireless link

The wireless transceiver eliminates the need for costly wired networks. The
bidirectional wireless link enhances the flexibility, since the system is adaptable
during operation. This bidirectional communication sends the sensor data to
a remote transceiver and provides the microsystem with new programming in-
structions. Hence, the accuracy, sensitivity, sample frequency, data processing,
etc. can eventually be changed during operation. This is necessary to adapt the
system to environment changes or to compensate for drift phenomena.

Implantable biotelemetry systems, generally use low-frequency (< 135 kHz)
signals, whereas other autonomous sensor nodes often use a high-frequency
(e.g. 433 MHz/916 MHz) communication front-end.

Low-frequency systems are most often based on inductive coupling [Cat04].
Such systems have a limited communication speed and a short communication
range. An advantage of low-frequency radio signals is their ability to propagate
through water and body tissue. This makes them very suitable for implantable
devices.

High-frequency systems on the other hand offer long communication ranges
and a high communication speed. Moreover, they allow for the use of smaller
antennas. The main disadvantage of high-frequency radio signals is their at-
tenuation by many (water containing) materials. High-frequent communication
front-ends are implemented with narrowband [Nor, Jac03, AMI] and Ultra Wide
Band (UWB) [Ryc05] solutions. Compared to narrowband implementations,
sensor nodes with UWB communication have a lower power consumption for
good channels, since they benefit from a simpler transmitter front-end. For av-
erage channels, narrowband solutions become better, since the transmit power
dominates the front-end power consumption.

2.5 Power management

Autonomous sensor systems can be divided into active or passive powered
devices.

The active devices do not require any interaction with the outside world
regarding their powering. Hence, they need ULP electronics to operate au-
tonomously over a longer period of time. These devices have a projected power
budget of 100pW, which is divided into 20uW for the sensing part (sensors
and readout), 40uW for the digital data processing and 40pW for the wire-
less transceiver. These sensor nodes can be powered by batteries or energy
scavengers. Energy scavengers extract power from the environment, such as
vibrations [Ste05, Des05] and body warmth [Leo05]. These power sources can
vary strongly. So, specialized electronics need to convert the available power
into a reliable supply voltage. Furthermore, the analog read-out electronics
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should have a high power supply rejection to cope with drift in the supply
voltage.

The passive devices derive their power from an external radiofrequent (RF)
powering field. They only operate when this RF field is active and in the prox-
imity. Hence, they can only be used in non-continuous monitoring applications
where the external powering system is in close proximity to the monitoring
device.

3. Modular design methodology

From the above derived system framework, a new generic architecture will
be elaborated to create low-cost and flexible autonomous sensor nodes. Such
a generic sensor system uses a plug and play approach to combine the sensors,
the sensor interface, the microcontroller, the wireless communication core and
the power management into a miniaturized system. In this common front-end
architecture, we should only customize the sensors and the microcontroller
software to the selected application.

A generic sensor interface chip is an important part of this universal platform.
Such a generic sensor interface is designed as a modular system including sev-
eral configurable building blocks (Fig. 2.2). These configurable blocks can be

Sensor interface chip

Analog front-end
Address 0 [—
Address 1 —
CB1 CB2 CB3 sl
- - - - - - Address 3 —
Conﬁg/[\uratlon ConﬁgiFranon Confl%Franon ~ddress 7 1
\J/ \J/ \J/ Address 5 —
- - - - - - Address 6 —
Configuration Configuration Configuration Addross 7 1
Address 8 —
CB4 CB5 CB6 Address 9 [—
Address 10 —
Address 11 —
Address 12 —
Act [ J Address 13 [—]
Configuration Configuration Address 14 |—
LF clock Main clock Address 15—
[ I
Sample Conversion| Reset
timer timer [— Configuration interface[—
Configuration Configuration
POR Ack Dout Dav Write  Dclk Din  Activate

Figure 2.2. Functional description of the modular sensor interface chip.
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programmable amplifiers, filters, data converters, clocks, etc. The configura-
tion settings and the combination of these blocks can be changed according to
the needs of the application. Furthermore, the modular system can be easily
expanded with new building blocks to provide extra features. The settings of
these blocks are stored in a configuration SRAM. The configuration interface
allows the microcontroller to change the settings in a power efficient way. It
contains modes for fast and complete reconfiguration. In the fast reconfigu-
ration, only the settings of one specified address are changed. This is very
useful during the calibration of one specific interface parameter. Furthermore,
it is a handy manner to enter or leave a low power mode during operation. In
the complete reconfiguration, all the settings of the sensor interface chip are
reprogrammed. The normal operation flow stops during both configuration
modes. So, the sensor interface chip is in a reset state. After completion of the
programming phase, the sensor interface chip leaves the reset state and starts
operating autonomously. It amplifies the sensor signals and converts them to a
digital code. These digitized sensor data are transferred asynchronously to the
microcontroller.

3.1 Programming flow

Four pins are used during the programming of the sensor interface: Write,
Activate, Dclk and Din. When Write is high, the microcontroller is busy with
programming and the operation flow is in a reset state. During this phase, the
sensor interface loads the serial configuration data Din at the falling edge of
Dclk. The Activate pin represents the configuration state of the sensor interface.
Activate is low, when the configuration is not finished. After the configuration is
complete, all the configuration flags of the SRAM memory are high, this results
in a high Activate signal. This event is detected by the microcontroller, which
lets the sensor interface enter the operation mode with the new configuration
settings (Write becomes low).

The serial input data Din are generated in the following 16-bit format: ERNO
ERN1AOA1A2A3DO... D9. The first two bits (ERNO and ERN1) encode the
type of the input word. This word can be interpreted as a complete programming
instruction, a fast programming instruction or a configuration word.

1 If (ERNO ERN1) equals (1 0), the sensor interface chip needs to be fully
reprogrammed. So, all the configuration flags become low. In this case, the
other 14 bits in the word are don’t care bits.

2 If (ERNO ERN1) equals (0 1), only address AO Al A2 A3 needs to be
reprogrammed. So, only the configuration flag of this address becomes low.
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3 If (ERNO ERN1) equals (0 0), the data DO ... D9 are loaded at the config-
uration address A0 A1 A2 A3. Hence, the configuration flag of this address
becomes high.

Figs. 2.3 and 2.4 show the flow charts for the complete and fast configura-
tion modes.

The proposed interface combines simplicity with low power consumption.
It uses only 4 pins and saves a lot of energy, since the clock Dclk is only
provided during the programming phase. Furthermore, the fast reconfiguration
is an energy and time efficient option to change only one parameter during the
operation. This is attractive in many applications. As an example, we consider

\Write bit becomes high

The operation flow is reset

(reset = 1, act = 0 and Dav = 0)
The first input word Din is loaded
It has (ERNO,ERN1) = (1,0)

All configuration flags are low

Activate becomes low

[The code word
(0,0,address0,data0) is loaded

The dataO are written in the
SRAM at address0
The configuration flag of
address0O becomes high

[The code word
(0,0,address1,data1) is loaded

The data1 are written in the
SRAM at address1
The configuration flag of
address1 becomes high

[The code word
(0,0,address15,data15) is loaded

The data15 are written in the
SRAM at address15
The configuration flag of
address15 becomes high

Activate becomes high

—

The operation flow starts

\Write becomes low

Figure 2.3.  Flow chart for the complete reconfiguration mode.
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\Write bit becomes high

The operation flow is reset

(reset = 1, act = 0 and Dav = 0)
The first input word Din is loaded
It has (ERNO,ERN1) = (0,1) and

addressx
The configuration flag of
addressx becomes low

Activate becomes low

The code word
(0,0,addressx,datax) is loaded

The datax are written in the
SRAM at addressx
The configuration flag of
addressx becomes high

Activate becomes high

\Write becomes low

The operation flow starts

-

Figure 2.4. Flow chart for the fast reconfiguration mode.

the case of the smart energy management in event-triggered microsystems.
In order to save the supply energy, the system is in a sleep mode. If some
important event is happening, the fast reconfiguration makes the system enter
the operational mode quickly and an accurate monitoring can start.

3.2 Operational flow

The programmed sensor interface chip operates autonomously. Its duty cycle
operation is controlled with the sample and conversion timers. The LF clock
and sample timer are running all the time, while the analog front-end and main
clock are only operating in the active mode. During this active mode, the
signal is converted into a digital output code. After this conversion, the sensor
interface chip enters the standby mode (the analog front-end and the main
clock are switched off) and puts the data available signal, Dav, high. This
event wakes the microcontroller in order to load the digital data, Dout. The
acknowledgement signal, Ack, becomes high after a successful transfer. This
resets Dav and eventually Ack becomes low. When the sample timer reaches
Ngample counts, it is reset and the process starts again (Fig. 2.5).

The microcontroller and sensor interface chip work independent in this op-
eration flow. The communication is only set up for data transfer from the
sensor interface chip to the microcontroller. The exact time and duration of
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The interface chip is programmed
(Activate=1, Write=0, Dav=0, Ack=0)

[The sample timer starts counting

After 1 count, Act becomes high

|

The bias currents of the analog front-
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[After 2 counts, Reset becomes low |

[The conversion process starts |

Active mode

[The conversion is finished, the data are
transferred to Dout
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The analog front-end is switched off |
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[The sample timer reaches N, counts

The sample timer restarts counting
from zero

Figure 2.5. Operational flow of the modular microsystem.

this asynchronous transfer are unimportant. The system functions correctly, if
the data transfer is completed during the standby mode of the sensor interface.

4. Conclusion

A generic platform for autonomous sensors would be a significant step to-
wards low cost, flexible and easy to use sensor nodes for the smart environ-
ment. Such a general multisensor microsystem consists of a multisensor ar-
ray, a sensor interface chip, a microcontroller, a wireless link and a power
management. An open module architecture with plug and play approach al-
lows to create an adequate solution for each application. Hence, most of the
applications benefit from a generic sensor interface architecture, where only
the sensors and the microcontroller software are customized to the selected
application.

In order to create such a generic platform, we have first derived the proper-
ties and design options for the different parts of the multisensor microsystem.
Secondly, a new modular architecture was presented, which allows to create
a complete sensor interface chip out of configurable blocks. The combination
and the settings of these blocks can be changed according to the varying needs
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of the application. Furthermore, the sensor system can be expanded with addi-
tional building blocks during the development phase. The fast reconfiguration
offers a power and time efficient option to change only one interface parameter
during operation. The programmed sensor interface functions autonomously
and performs an asynchronous data transfer to the microcontroller.






Chapter 3

GENERIC SENSOR INTERFACE CHIP

1. Introduction

A modular design approach for autonomous sensors was presented in the
previous chapter. These concepts are used to create an ULP Generic Sensor
Interface Chip (GSIC). The GSIC performs an interface to a broad range of
capacitive sensor applications with medium accuracy (8-10 bits) and low speed
requirements (bandwidth <100 Hz).

This chapter presents the specifications, design and results of the GSIC. In the
first section, the different types of micromachined capacitive sensors are studied.
This results in a classification for capacitive sensors, which eventually leads to
the specifications for the GSIC. Thereafter, several front-end architectures for
capacitive sensors are studied. An optimal architecture is presented, which
achieves the required specifications with a minimal total power consumption.
The complete sensor interface chip contains Capacitance-to- Voltage converters,
a Switched Capacitor (SC) amplifier, a XA modulator, an LF clock, a main
oscillator, timing circuits, a bandgap reference and bias circuits. The design of
these blocks is described in sections 3.2 to 3.7. All these blocks are highly
configurable. The many configuration settings allow to optimize the interface
for a broad range of applications (section 4). The noise calculations of the
interface chip are presented in section 5. Finally, the GSIC is tested in state-
of-the-art pressure and accelerometer applications. The implemented pressure
monitoring system achieves a power consumption of 7.3 uW for a 10 Hz sample
frequency and 8-bit accuracy in the 100 to 130 kPa range. In the acceleration
monitoring system, we measured a 10.3 uW power consumption for a 10 Hz
sample frequency and 9-bit accuracy in the £1 g range. Furthermore, the
performance of these systems is compared with other generic sensor interfaces
and dedicated (U)LP pressure and accelerometer systems.
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2.  Capacitive sensors

Capacitive sensors can measure different types of physical signals like
humidity, acceleration, pressure and position. Capacitive sensors are suitable
for autonomous sensor applications since they dissipate no power and offer a
high sensitivity [Pue93]. The main disadvantage is the presence of high para-
sitic elements. Fig. 3.1 shows a simple electrical model of a single capacitive
sensor, including the effects of a shunting conductance G, and two parasitic
capacitances Cp1 and Cha.

Mechanical capacitive sensors have a higher sensitivity, lower power con-
sumption, better temperature performance and are less sensitive to drift than
piezoresistive sensors. However, piezoresistive sensors have a simpler struc-
ture, fabrication process and readout circuit, since the resistive bridge provides
a low impedance output voltage. Hence, capacitive sensors are most often used
in low power and high performance applications. Mechanical capacitive sen-
sors can be developed with bulk or surface micromachining [Fre98, Yaz98].
In bulk micromachining, the wafer is etched from the backside to form the
desired structures in the silicon substrate. On the contrary, surface microma-
chined devices are fabricated from thin films deposited on the substrate. The
surface micromachining technique is compatible with CMOS technology and
allows to integrate the sensor and the interface circuit on the same die. This
reduces the device size and the parasitic capacitances significantly. However,
the smaller dimensions result in smaller capacitance values. Moreover, the sur-
face micromachined (accelerometers and pressure) sensors have a much lower
sensitivity and a larger mechanical noise due to their smaller mass. This re-
sults in harder noise requirements for the readout circuit, which gives a higher
power consumption for the input amplifiers. Hence, we will mainly focus on
bulk micromachined capacitive sensors in our ULP generic capacitive sensor
readout.

In order to characterize the capacitive sensors from different kinds of appli-
cations, we define the mean capacitance C and the relative full-scale deviation

Figure 3.1.  An electrical model of a single capacitive sensor with sense capacitance C, para-
sitic shunt conductance G, and parasitic capacitances Cp1 and Cpa.
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Qv as:
CO _ Cx,min + Cx,maz (31)
2
AC
=== 2
a Co (3.2)

where C;, 1naz and Cy 4y, are the maximal and minimal capacitance in the given
sensor application. In order to develop a generic capacitive sensor interface with
ULP consumption the following two difficulties need to be solved:

m The various capacitive transducer applications that have been reported show
a wide range of mean capacitances and relative full scale deviations. Fig. 3.2
gives a graphical view of a and Cy on different types of capacitor sensor
applications found in literature [Mas98, Pue97, Pue00, Lap96, Yaz03, Sel97,
Sei90, Tay00, Pue90, DB02, Cha02, Cha00, Egg00, Kan00, Lac03]. The
« and Cj values depend on the type of excitation (acceleration, pressure,
humidity, etc.), the physical input range of the intended application, the
sensor structure and the technology.

m The reduction of the effect of the parasitic elements with the lowest power
consumption requires new interface architectures.

The proposed readout circuit provides an interface to single and differential
capacitive sensor applications with 1 pF < Cy < 15 pF, 0.05 < «, 200 fF
< AC(= aCy) < 10 pF, Cp1 < 50 pF and Cpp < 50 pF.

@]
[ ]
10° °
[ ]
3 [
[ As
-1] A
10 A
¢ @ Accelerometer
A Pressure sensor
A Humidity sensor
0 5 CO(p F) 10 15

Figure 3.2. The relative full-scale deviation, «, as a function of the mean capacitance, Co, for
several capacitive microsystems.
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3.  Generic Sensor Interface Chip for capacitive sensors

A modular Generic Sensor Interface Chip (GSIC) for capacitive sensors
will be developed. The chip is equipped with many configuration settings
to offer an interface for a broad range of capacitive sensors. Furthermore, it
contains a smart energy management, which adapts the averaged power con-
sumption according to the speed and accuracy requirements of the selected
application.

The GSIC contains a microcontroller interface, a configuration memory and
the following configurable blocks (Fig. 3.3): LF clock, sample timer, reference
and bias circuits, main oscillator and clock generation circuits, Capacitance-
to-Voltage (C-V) converters, Switched Capacitor (SC) amplifier, voltage-to-
current (VI) converter, modulator, decimation counter and conversion timer.
The SC interface converts a capacitance variation AC in a proportional voltage.
It consists of two C-V converters and an SC amplifier. In the C-V converters,
the sense capacitance, Cy, is converted to a proportional voltage. The SC am-
plifier amplifies the difference between the outputs of the C-V converters and
produces a quasi continuous input voltage for the 3A modulator (VI converter
and modulator). The main oscillator and clock generation circuits provide the
clock signals to the capacitive sensor interface and the decimation counter. The
reference and bias circuits generate the bias currents for the sensor interface and
the main oscillator. The capacitive sensor interface, the main oscillator, the ref-
erence and the bias circuits are only powered in active mode (Act is high). The
LF clock and sample timer are used for the timing during low power standby
operation. They are the only parts of the system that are operating continu-
ously. Therefore, they are implemented with a very low current consumption
of approximately 500nA.

: _| Reference a\?d bias mrcung Configuration Configuration
: » :
: LF clock Sample timer
 resetLl
EAC‘ Iptat Configuration o Configuration
: : | Oscillator and |—-""<| Conversion
: :_|clock generation| timer
Rbe v \ Adte \ Acts \Act, o I
H Activate
reset reset,,. resetcounter Interface _En
Configuration Microcontroller [~[beik
RAM L
""""""""""" b, T B DP®, ~S—A'modulator: —
L1111 i : Configuration Dav
Sensor - | C-Vconverters || SsC ] Vi Decimation | Dout
[ - and buffered amplifier |::| converter Modulator — counter Ack
p! : -
! T reference [ b prafream
Configuration Configuration | : | |

Figure 3.3. Functional description of the Generic Sensor Interface Chip for capacitive sensors.
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3.1 Front-end architecture

Over the last decade, several readout circuits for capacitive sensors have
been reported. These circuits can be divided into three groups [Yaz04]: square
wave driven AC-bridge with voltage amplifier, harmonic driven AC-bridge with
voltage amplifier and SC circuit.

A. Square wave driven AC-bridge with voltage amplifier

The square wave driven AC-bridge with voltage amplifier is shown in Fig. 3.4.
The circuit consists of a half bridge, with the capacitors C, and C,, driven by
two opposite AC-signals V;..y; and V,..y_. The amplitude of the bridge output
is proportional to the capacitance variation AC'. This voltage is amplified and
demodulated, which results in an output voltage:

AC

Vout = Aerefm

(3.3)

This architecture does not eliminate the effect of the parasitic capacitance, C),.
This degrades the performance significantly.

B. Harmonic driven AC-bridge with voltage amplifier

Fig. 3.5 shows the harmonic driven AC-bridge with voltage amplifier. The
bridge output is held at virtual ground by an op-amp with resistive feedback,
which reduces the effect of C,. The drive signal, V,,,, needs to be sinusoidal
(frequency fgrive) to avoid errors induced by distortion. If fg,.;, is smaller than
the bandwidth of the amplifier, the output voltage after demodulation equals:

Vout = Qﬂ—fdriveVmeAC (3.4)

The need for a sinusoidal driving voltage complicates the design of the front-end
significantly.

C. SC circuit

The SC circuit charges the sense capacitors with an opposite polarity and inte-
grates these charges on a capacitor, C,,; (Fig. 3.6). Hence we obtain an output

LPF

Figure 3.4. Square driven AC-bridge with voltage amplifier.
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Figure 3.5. Harmonic driven AC-bridge with voltage amplifier.

voltage, which equals:
AC

< Cint
This circuit also eliminates the effect of the parasitic capacitances and does not
need complex driving voltages.

Vour = Vr (3.5

D. Open loop ULP XA architecture

Many sensor systems reported in literature use off-the-shelf analog-to-digital
converters. This approach complicates the design of the analog front-end, be-
cause a buffered analog voltage has to be transferred to the ADC chip. As shown
in Fig. 3.7, the system can be considerably simplified by merging the analog
part of a first order YA ADC with the front-end circuit and by implementing the
digital filtering and processing in the microcontroller or DSP [Mei02, Rie93].
Many capacitive sensor interfaces use the sensor directly in a >/A modulator
structure [Lem99, Wan98, Kul06, Kaj02]. This leads to high power consump-
tion, because the capacitors must be charged and discharged on the rhythm of
the high oversampling clock of the modulator. Most of these sensor interfaces
are designed for closed loop accelerometers. In these circuits, the electrostatic
feedback force is used to keep the sensor mass in its balanced position, which
results in a high linearity. Hence, the mechanical transfer characteristic acts

LPF

Figure 3.6. Switched Capacitor circuit.
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Figure 3.7.  Smart sensor system architecture with first order A modulator.

as a second order filter in the XA loop. As a consequence, the stability and
the performance of the readout circuit strongly depend on the specific sensor
[Pet06]. Moreover, these systems need an important start-up time to bring the
sensor mass close to equilibrium [KulO3]. So, it is not possible to operate them
in a power efficient duty cycle.

To combine the advantages of a XA modulator structure and still maintain
low power consumption, we introduce a new open loop architecture, which
uses a low clock frequency, 8 kHz, for the SC interface (C-V converters and a
SC amplifier) and a higher clock frequency, 128 kHz, for the XA modulator
(Fig. 3.8). Reducing the clock frequency of the SC interface increases the
influence of the parasitic shunt conductance. Since the shunt conductance is
highly dependent on the pollution and condensation, it can cause a serious
reliability problem. So, the decrease of this effect is an important issue in the
design of an ULP interface for capacitive sensors. The effect can be reduced
by performing a dedicated series of eight measurements as explained in [Li00].
However, the method is not power efficient, since it requires a long measurement
time.
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Figure 3.8.  Capacitive sensor readout architecture.
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This work presents a C-V converter, which uses class AB circuit techniques
and Correlated Double Sampling (CDS) operation to reduce the influence of
the parasitic shunting conductance while maintaining a low clock frequency
and low power consumption. The C-V converter performs charge leakage sup-
pression, which is several times higher than more conventional designs with the
same power consumption. The front-end also contains an enhanced chopping
scheme, which eliminates the effect of mismatches between both C-V convert-
ers. The capacitive sensor interface has two modes of operation. The first mode
is for single sensor operation with on chip reference capacitor, where the ref-
erence capacitor C. r2 needs to be programmed to approximate Cy. The other
mode is for differential sensor operation, where the on chip reference capaci-
tor Crep1 (or Crepo) is programmed to compensate for the offset between C,
and C,. In both modes the amplification factor Ag¢ of the SC amplifier and
the feedback capacitor C'r need to be programmed for optimal accuracy of the
interface.

3.2  Capacitance-to-Voltage convertor

Fig. 3.9 shows a conventional state-of-the-art capacitance-to-voltage con-
verter. It is known that this circuit is very effective in reducing the effects of
the parasitic capacitors Cp1 and Cpo.

During the sampling phase @1, the sense capacitor C,, is charged. During
the signal phase ®2, V), becomes a virtual ground and the charge is transferred
to the feedback capacitor C'y. At the end of the signal phase, assuming an
ideal charge transfer, the voltage at the output of the C-V converter equals
ViefCr/Cy. In reality the charge transfer will be imperfect. During ®; a part
of the signal charge is leaking away through the parasitic shunt conductance G,
This leakage charge has three contributions. The first contribution is due to the
finite transient response of the Operational Transconductance Amplifier (OTA),
which causes the potential V), to settle in a certain time to the virtual ground
potential, and during this transient time a charge will leak away. The second

Figure 3.9. Conventional state-of-the art Capacitance-to-Voltage converter.
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contribution is due to the offset voltage of the OTA, which creates a leakage
charge proportional to Vi fset Gplphase2- The third contribution originates
from the finite DC gain A, of the OTA, which in turn leads to a leakage charge
proportional to (Vout/Av)GpTphase-

In [Li02], Li et al. use the conventional state-of-the-art C-V converter in
combination with a chopping technique and the three-signal autocalibration
method. This interface eliminates the offset leakage and compensates for the
drift in the readout electronics. Unfortunately, the technique is not energy
efficient, since it requires four measurement cycles and three extra voltage
sources to determine C,.

Fig. 3.10 shows the proposed ULP C-V converter. This interface needs only
one voltage source V,..; and one measurement cycle to determine C,. It uses
Correlated Double Sampling (CDS) to eliminate the effect of the offset voltage
on the sensor interface [Lam83]. During ®1, the capacitor C samples the offset
voltage. During ®5, the sampled offset is subtracted from the instantaneous one.

The C-V converter uses a class AB OTA with cascode output stage
(Fig. 3.11, 3.12). The class AB operation is a power efficient solution to re-
duce the transient leakage. After the transition from phase ®; to phase ®, the
tail current of the OTA is boosted, which speeds up the charge transfer from
the sense capacitor to the feedback capacitor. During settling, the voltage V),
approaches the virtual ground and the tail current falls back to a low quiescent
level.

In order to understand the operation of the OTA circuit [Har99], itis important
to note that the common source voltage of M; and M5 is forced by the internal
negative feedback to follow the larger of the two voltages V, and V;,. When
Vin— is smaller than Vj,,, the output voltage V,utop2 of the op-amp op2 is
pulled to the positive supply and the common source voltage V; equals V3. So,
Vs is only determined by V;, 4, the bias current I;;,s and the dimensions of the
transistor Mp. Since the input transistors are biased in weak inversion mode,

C @,
—
DY
CS
—
D, @, j— C,
[

Figure 3.10. Capacitance-to-Voltage converter with correlated double sampling and class AB
operation.
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Figure 3.11. Class AB OTA.
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Figure 3.12. Internal feedback op-amp op.

current boosting for small AV}, = V. — Vj,— is proportional to:

I ox Ving — Vin—
P nUrp

= 3.6
Toro (3.6)

where n is the weak inversion slope factor and Ur = (k7T/q) is the thermal
voltage. For larger AV, the input transistors leave the weak inversion region
and the current boosting is less steep than predicted by equation 3.6. Input tran-
sistors with larger W/ L ratio improve the current boosting, since they operate
in a deeper weak inversion mode.

The internal feedback op-amps, opl and op2, need to be fast Miller OTA’s to
realize a short tracking time and a high current efficiency. The stability of this
feedback mechanism is guaranteed by the compensation capacitor C.. The op-
amps, opl and op2, are loaded by the gate source capacitances of M and Mo.
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Hence, larger dimensions (W/ L) of M and M5 resultin alarger C,. and a higher
current consumption of opl and op2 to maintain a fast tracking response. So,
an optimal AB OTA needs to consider both the current boosting capabilities and
the internal feedback behavior. In our designed AB OTA, the internal feedback
mechanism has a phase margin of 81 deg (small signal approximation) and a
tracking time smaller than 5 us. The op-amps, opl and op2, consume a current
of 125 nA. The current boosting, Ins1/Inr2, equals 85 for an input voltage,
AV, of 0.4 V (OTA in unity-gain feedback configuration). The class AB OTA
uses a cascode output stage to achieve a high gain.

The clocks ®1, and $o4 are slightly delayed with respect to ®; and Ps.
This makes the charge injections appear as an offset on the outputs of the C-
V converters [Joh97]. The SC amplifier amplifies the difference between the
outputs of both C-V converters. So, the effects of charge injection in the C-V
converters are eliminated.

In order to minimize power consumption, one should choose the interface
clock frequency as low as possible. Our ability to reduce the clock frequency
is limited by the accuracy considerations. First of all, a low clock frequency
will make CDS less effective in reducing 1/f noise. Secondly, lowering the
clock frequency results in undersampling the OTA noise bandwidth by a too
high factor and degrades the system’s noise performance. Lastly, a low clock
frequency will increase the effects of electrostatic forces on accelerometers
[Bao00, Pue96]. Depending on these arguments, calculations show that a clock
frequency of 8 kHz is an optimal choice for our interface.

=: C=V converter with CDS & AB operation

2.0 conventional C—V converter
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Figure 3.13. Charge leakage during signal phase ®s.
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In order to compare a conventional C-V converter to the proposed one, both
structures are biased (Fig. 3.9 vs. Fig. 3.10) with the same average current
consumption (3.5 pA). Fig. 3.13 shows the charge leakage during phase ®5
for both C-V converters with the following properties: V;..y =1V, C;; = 10 pF,
Cp2 = Cp1 =5pFand G, =0.01 uS, feedback capacitor C'y =27 pF, Cs =5 pF
and C; = 10 pF. It can be seen that the new C-V converter performs a much faster
charge transfer. The offset and gain leakage are almost perfectly eliminated by
the high DC gain OTA and the CDS operation. Our C-V converter has a charge
leakage, which is approximately three times lower than the traditional one. The
simulated leakage charge equals 7 fC, which is approximately 0.07 % of the
signal charge. So, the error is smaller than 10 bits for this application.

3.3 Chopping scheme

The mismatch between the switches and feedback capacitors of both C-V
converters causes errors in the transfer characteristic of the sensor front-end.
It also makes the interface more susceptible to interference. This can cause
an extra loss in accuracy. With mismatches, we obtain the following outputs,
Ve—v,4+ and Vo_y, _, for the C-V converters:

A 0] se 1
Vo-v+ = <Q+ + Qoffset + % + QEMI) ——ac; GD
Cr+ ==
A o se 1
Vov,- = (Q— + Qoffset — % + QEMI) o, _ ACp (3.3)

)
A o se A o Se
where Q+ and Q,, Qoffset + % and Qoffset - %e QEMI and

A A
Cr + % and Cy — % are the sampled sense charges on C, and C,,
the charge injections, the common mode electromagnetic interference and the
feedback capacitors.

These equations can be simplified to:
Q- Q- +Q+ + Q- A0f+AQoffset+QEMI ACy

v+ Vo_v_ =
Vevie—Vo-v, Cy Cy 20y Cy Cy gfg)

This corresponds to a mismatch induced error:

_AC A AC
Q+ +Q f + Qoffset + QEMI f (310)
Qr —Q-20; Q1 Q- Qs Q- G
The proposed chopping scheme provides a solution for this problem. In this

scheme, a pseudo differential structure is built, where the capacitive sensor ele-
ments (C,, and C,) are connected to each C-V converter for an equal number of

Errormismatch =
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Figure 3.15. Frequency dependence of the interference reduction without chopping, with con-

ventional chopping and with enhanced chopping.

interface periods. This modulates the effects of the mismatch with the chopping
sequence. These components are filtered by the low pass operation of the XA

modulator.
Fig. 3.14 compares the interference reduction of the enhanced chopping

with a conventional chopping scheme for a XA conversion time of 2 ms.
The enhanced chopping scheme is more efficient in eliminating low frequency
interference (f < 0.1fs, where fs is the SC interface frequency of 8 kHz)

(Fig. 3.15).
3.4  SC amplifier

Fig. 3.16 shows the fully differential SC amplifier, which amplifies the dif-
ference between the outputs of the C-V converters [Mar87]. It uses a correlated
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Figure 3.16. Fully differential SC amplifier with slew enhanced Correlated Double Sampling
scheme.

double sampling scheme, which does not require any resetting of the output in
each clock period. This topology is power efficient, since it allows more relaxed
op-amp specifications for low frequency inputs. To reduce the influence of the
charge injection, the clocks ®34 and ®,, are slightly delayed with respect to
®3 and 4. The outputs of the SC amplifier are sampled on the hold capacitors
C}, and CY during phase @5, so a quasi continuous output voltage is provided
to the input of the analog-to-digital converter.

The behavior of the SC amplifier can be characterized in a state model.
Fig. 3.17 shows the half circuit for the differential mode characteristics.
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Figure 3.17. Half circuit of the SC amplifier (study of differential characteristics).

During the sampling phase ®3, we obtain the following set of equations:

ql,n_% - (Vin,n—% B Va,n—%) C1 (3.11)

q2,n—% = Va,n—%cz (312)

Q3,n,% = — <QQ,n7% - QQ,n—1) - (ql,n,% - Q1,n—1) + q3.n—1 (3.13)
Q37n_l

Vourn3 = Van-t =~ (3.14)

‘/out,n—% = —Agirs (Va,n—% - Voffset> (3.15)

where Ag; ¢ and V,, s rse are the differential gain and the offset of the OTA.
During the signal phase ¢4, we obtain the following set of equations:

10 = VanC1 (3.16)

@ == (@10 = Q1) + (3.17)
B = —Vout,nC3 (3.18)

Vouty = Van — qé,: (3.19)

Voutmn = —Adiff Van — Voffset) (3.20)

With these sets of equations, we can derive a discrete state model of the form:
X,=AX,_1+ BV, (3.21)
Y, =CX, (3.22)
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In this model, we take the state vector X,, = (xlm =q|,_1,T20 =Gy, _1,
b 2 b 2

T3n = Q3 1:%Tdn = QLnsTsn = Q20,60 = ¢3,n), the input vector
Vn = (Ul,n = V

in,n—

1,2, = Vorfset) and the output vector Y, = (y1,, =
2

Voutm_%,yQ,n = Va7n_%7y3,n = Vout,ns Yan = Va,n)-
The step response of the amplifier converges to a voltage

g <1_ CI+C2> Cl+C2 Voffset
Cy CoAgifs? Cy  Adifs

(3.23)

lim ‘/out,n = Vin
n—00

Hence, the gain error is reduced with a factor 1/(Agis?). This would allow
the use of a low gain OTA. However, the transient response is also affected by
the differential gain of the OTA. A s needs to be larger than 10000 to achieve
an error smaller than 0.004 after one clock period (Fig. 3.18).

The SC amplifier uses a fully differential folded cascode OTA with SC com-
mon mode feedback to achieve a high gain (Fig. 3.19). The input transistors of
the OTA are biased in weak inversion to reduce the power consumption. The
phase margins of the OTA and the common mode feedback equal 78 deg and
82 deg. The phases @3, 4 and P5 take 3/8, 5/8 and 2/8 of the clock period.
The equivalent load capacitor, C.4, equals:

8 8
Oload = g (Cl + Oc,cmfb + Cs,cmfb) = §Ch (324)
10°® : : :
R ® A, ~1000
5 107 4 Ay=100 ||
_{'_% ° 14 m Ay=10000
3107 ¢
>° . ¢
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T 10°: °
(O]
°
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>I ®
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Figure 3.18. Transient error as a function of the clock cycle, n.
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Figure 3.19. Differential folded cascode OTA with SC common mode feedback.

0201 . .
o4, In the load capacitor

where the contribution of the feedback capacitor

C2Cy
Ci+Ch << Cy, .

The equivalent GBW (— £ ) of the OTA equals 160 kHz, which is 20

B 271'C(load
times the clock frequency. Since the SC amplifier has a maximal programmable
gain of 16, the settling error will be smaller than exp(—27r%) ~ 0.05%.
So, the SC amplifier performs an adequate settling behavior for each gain
setting.

can be neglected, because

3.5 XA modulator

The XA modulator structure allows one to adapt the system and its energy
consumption to the selected sensor application. The accuracy of the ADC is
determined by the conversion time, i.e., the number of oversampling clock
periods that are used to acquire the digital bit code. Since many sensor signals
have a very small bandwidth (typical order of a few tens of Hz) and a medium
resolution is sufficient (8-10 bits), the system can operate in a duty cycle, where
the analog readout circuitry is only for a short period of time in the ON-state.
Other important advantages of the XA architecture are the immunity against
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digital interference and locking effects and the relaxed specifications for the
analog components [Bos88].

The modulator and the digital decimation filter become more complex with
increasing order of the sigma delta ADC. For higher order modulators the risk
for instability is higher, so only 1st and 2nd order modulators can be realized
with a reduced complexity [JesO0]. The choice between a 1st and 2nd order
modulator is an important dilemma. A 2nd order modulator has the advantage
that it gives 6 dB per octave oversampling ratio more resolution. Hence, the
measurement time can be decreased to achieve the same resolution as in a
1st order modulator. However, a 2nd order structure needs a higher order
decimation filter and a more complex modulator. A 1st order modulator can
use a simple digital counter as decimation filter. This counter can easily be
implemented on the sensor interface chip, which reduces power consumption.

Considering the overall medium resolution and low speed requirements, we
have opted for a 1st order ¥A modulator. For more accurate and faster appli-
cations a 2nd order modulator would probably be a better choice.

Traditionally, most of the XA modulators are SC realizations. However the
first order A modulator presented in this work is a Continuous Time (CT)
implementation. For this type of modulator the bandwidth and slew rate re-
quirements are less stringent, which reduces the power consumption and makes
the structure less sensitive to noise and digital interference. On the XA feed-
back side, the reference voltage of a SC modulator requires buffering to attain
the oversampling speed (128 kHz). The DAC of the CT integrator can be
implemented with current sources, which do not load the voltage reference dy-
namically. The main drawback of this structure is the accuracy limitation by
the non-linearity of the voltage-to-current converter. For medium resolution
applications this does not pose any problem, because the total harmonic distor-
tion of the voltage-to-current converter can easily be better than -60 dB. Most
of the CT modulators presented in literature are higher order modulators, which
are designed for medium and high-speed applications. However, our first order
sigma delta modulator is an ULP low frequency design for autonomous sensor
systems. So, a review of the dominant error sources is necessary to achieve an
optimal design for our application. The most important issues, that have been
addressed in the design of the CT modulator, are given below.

m The charge injections, induced by a falling and a rising transition in the
feedback DAC, are not perfectly equal in magnitude. So, every falling and
rising transition pair injects an extra charge in the integrator capacitor, Cjy,,
which results in an accumulating error charge on Cj,;. This charge injec-
tion imbalance creates a non-linearity, which is larger in the middle of the
modulator input range, since at zero input the highest number of transitions
occurs. The charge injection imbalance has several causes: the difference
between the rising and the falling edge delay time of the quantizer output
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[Ada86] (this phenomenon is more dominant for high speed modulators),
the mismatch between the DAC switches and the residual voltage between
the positive and negative input of the integrator op-amp.

m The current leaking away from the integrator can also cause non-linearity
problems [Fee91]. This effect can be reduced by using an integrator op-amp
with a high DC gain and by using a current DAC and a voltage-to-current
converter with high output impedances.

m The clock jitter creates a random variation in the timing. This introduces a
random change in the amount of charge delivered to the CT loop between
successive iterations [Che99].

m The non-idealities of the quantizer.

m The noise current injected in Cj,,¢ limits the dynamic range of the modulator.
The total noise contains contributions of the voltage-to-current converter and
the current DAC.

The CT XA modulator can be a Non-Return-to-Zero (NRZ) or a Return-to-
Zero (RZ) implementation. For NRZ modulators, the charge injection depends
on the previous DAC symbols. In this case, the feedback DAC codes (101)
and (110) have a different effect on the charge transfer to Cj,;. This creates
a distortion in the conversion result. These effects are eliminated in a RZ
modulator. During each clock cycle, this modulator switches according the
quantizer decision for part of the time and resets to zero for the rest. In this
way, independent of the quantizer decision, both a rising and a falling edge
appear in the DAC pulse. Hence, the intersymbol interference is reduced. On
the other hand, the clock jitter is lower in NRZ than in RZ modulators, since
NRZ modulators have a smaller number of transitions. Because the charge
injection imbalance dominates the clock jitter in our design, we have chosen
for a RZ implementation.

A. RZ CT XA modulator

Fig. 3.20 shows the proposed RZ CT XA modulator. After the reset signal
becomes low, switches 1 and 3 are closed and switches 2 and 4 are open. The
output current of the VI converter is integrated on the capacitor Cj,:. The
regenerative comparator executes his decision during the modulation phase
®,,,04- At the end of this phase, the output of the comparator is settled and
saved in the following latch. After the rising edge of the feedback clock @y,
the switches in the current DAC are stimulated. If the state changes, the break
operation is executed before the make operation. The clocks ®.¢,o1 and P ,ero2
are created out of ®,,,,4 by a non-overlapping clock generator circuit. The delay
is chosen such that the falling edge of ®.,.,1 comes after the rising edge of ® f,.
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Figure 3.20. Simplified schematic of the RZ CT XA modulator with VI converter, a current
DAC, an integrator, a comparator, a break-before-make feedback scheme and clocks.

Hence, the influences of charge injections due to transitions in the switches 1
to 4 are eliminated.

B. Voltage-to-current converter

Fig. 3.21 shows the VI converter, which transforms a differential voltage into a
single ended current [Kwa91]. It contains a fully differential core to eliminate
the even order distortion components. It uses p-type input transistors biased in
subthreshold region with substrate to source connection, so the non-linearity and
noise of the input transistors are limited. It has a high-impedance cascode output
stage to reduce the integrator leakage. The total harmonic distortion decreases

5w JF 5w L
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V) Vi
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gl ‘ s w i
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Figure 3.21. The voltage-to-current converter.
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with increasing bias current. The voltage-to-current converter uses 1.8 pA.
This allows a total harmonic distortion of -73 dB for a 0.5 Vpp differential sine
input with frequency 100 Hz.

The VI converter has an internal feedback mechanism, which causes unsta-
bility when the compensation capacitors, C; and C, are omitted. The small
signal scheme is used to study the frequency behaviour of the VI converter

(Fig. 3.22).
The analysis of this network gives the following closed loop transfer function:
V;mt T
= — 3.25
v N (3.25)
- thc52 + Cn19m15 + gm19m7
Cc(Ct +Cn1 + Cn2)82 + Cc(gm7 + 2G)3 + gm19m7
The equivalent open loop transfer function can be calculated as:
T T
oL _ (3.26)
Nor, N-T

Ct0032 + Cnlgmls + gm19m7
Cc(Cnl + Cn2)52 + Cc(2G + gm7)3 + 2G(gol + 905) + gm7901

The internal loop gain of the designed VI converter (Cy = Cs =10 pF) has a
GBW of 33 kHz and a phase margin of 85 deg (Fig. 3.23).

The simulated noise output current during one modulator period (= 8us) equals
190 pAgass. This is much smaller than the required 1.25 nA, so the noise of
the VI converter is negligible.
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Figure 3.22. Half circuit of the input stage of the VI converter (small signal approximation).
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Bode Diagram
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Figure 3.23. Bodeplot of the equivalent open loop transferfunction of the VI converter (C7 =

C =10 pF).

C. Current DAC

Fig. 3.24 shows the current DAC, which uses a cascode output stage and a break-
before-make timing scheme. This break-before-make timing scheme consists
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Figure 3.24. The current DAC.
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Vout2

39

of two SR latches (Fig. 3.25). When the outputs of the quantizer (¢) and Q)-)
change, the latches first open the inactive switches and thereafter they close
the active switches. This ensures that at all times the switched current source
has a high output impedance. The simulated noise output current during one
modulator period (~ 8us) equals 100 pAryrs (=(Lref+ noise + Lref— noise)2).
This is much smaller than the required 1.25 nA, so the noise of the current DAC

is negligible.

D. Integrator

The integrator uses a two-stage op-amp to achieve a high DC gain (Fig. 3.26).
This limits the integrator leakage. After every transition, a residual voltage
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Figure 3.26. The integrator op-amp.
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swing AV, occurs at the inverting input of the integrator (Fig. 3.27).

21,
JAN VAP — 3.27
" 2rGBW Gy (3:27)
This results in a charge injection imbalance,
2L,
Qimbatance = (Cppac+ — Cppac-) WM (3.28)

where Cppac+ and Cppac— are the parasitic capacitors of the DAC in the
positive respectively negative state. The integrator has a GBW = 250 kHz,
Cint = 10 pF and I,..y = 125 nA to reduce this charge injection imbalance. The
phase margin of the integrator op-amp equals 72 deg.

E. Comparator

Fig. 3.28 shows a regenerative comparator, which is used as a quantizer [ Yin92].
This discrete time comparator combines a fast response with low power con-
sumption. The comparator consists of a differential input pair (Ma/Ms3), a top
and bottom regeneration loop (M11/Mis and M4/ Ms) with transfer transistors
(Mg/My7) and pre-charge transistors (Mgy/Mg) and a switch for resetting (Mg).
The comparator operates in three phases: the reset phase, the bottom and top
regeneration phases. @4y, 1s high and ®,.., is low in the reset phase. This
disconnects and resets the bottom and top regeneration latches. The differential
pair injects a differential current, proportional to the comparator input voltage
difference, into the bottom regeneration loop and generates a voltage difference

2@m 1° residual voltage

18m L Resicual voliage swing
- 2.8
—10m [
—28m ! | | |
80.0u 9@.%u 100u 11@u 12@u
time (s )

Figure 3.27. The residual voltage during a DAC transition (NRZ mode).
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over Mg. This voltage will act as the initial imbalance for the regeneration.
When @4, goes down, the imbalance is regenerated by the bottom regenera-
tion loop (bottom regeneration phase). After ®,..4 rises, the bottom and the top
regeneration loops are connected and they both start to regenerate the imbalance
(top regeneration phase).

The offset of this comparator is determined by the mismatch between the
input pair and the bottom regeneration loop. The mismatches in the top regen-
eration loop and the transfer switches can be neglected, since the imbalance
is already significantly larger at the start of the top regeneration phase. The
implemented comparator has a 3 ¢ offset of approximately 12 mV. This effect
is negligible in our XA modulator.

A non-overlapping clock generator creates the clocks for the comparator
(Fig. 3.28). The clock generation circuit uses two different delay cells: delay
cell 1 implements a large delay between 200 ns and 400 ns, dependent on the
supply voltage and process tolerances, whereas delay cell 2 gives a delay of a
few ns. Both delay cells are placed in the feedback path. Hence, the delays

(brng
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Figure 3.28. The regenerative comparator with clock generation circuit.
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only effect the start of the reset and top regeneration phases (P4¢cn, and @j.q4
become high), but they have no impact on the exact timing of the quantizer
decision phase (®,.4 goes down). Consequently, the operation of the quantizer
is immune to power supply variations and process tolerances.

F. Performance

A decimation counter is used at the output of the bitstream to obtain a full digital
code. The conversion time of the modulator is programmable between 256, 512
and 1024 clock cycles. So, the resolution can be varied between 8, 9 and 10 bits.
The ADC performance is measured on the final GSIC circuit (section 6).
Figs. 3.29, 3.30, 3.31 and 3.32 compare the measured Integral and Differential
Non-Linearity (DNL and INL) of the proposed RZ modulator with a NRZ
version for a modulator clock of 128 kHz and a conversion time of 8 ms (=1024
clock cycles). Both the RZ and NRZ modulator achieve the specified resolution
of 10 bits (DNL and INL are smaller than 0.5 LSB). The NRZ modulator has a
larger DNL near midrange. This is caused by charge injection imbalance.

3.6 Bandgap reference, bias system and buffered reference
voltage

The bias and reference system of the sensor interface consists of a bandgap
reference, a reference current, bias branches for the main oscillator, modulator,
VI converter, SC amplifier and C-V converters and a buffered reference voltage
for the C-V converters.

Differential non-linearity error
0.57 ———————
0.4r
0.3f
0.2
0.1+
0
-0.1
-0.2+

DNL error (LSB)

-0.31
-0.4r

-0.54 L L L L L L L L L L
300-400-300-200-100 0 100 200 300 400 500
Output code

Figure 3.29. The measured differential non-linearity of the RZ modulator (10-bit mode).
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Figure 3.30.

Figure 3.31.
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The measured integral non-linearity of the RZ modulator (10-bit mode).

A. Bandgap reference and bias system

Fig. 3.33 shows the bandgap reference and bias system. The bandgap reference
circuit creates a voltage, which is independent of the power supply voltage
and the temperature. The bandgap reference circuit adds a Proportional To
Absolute Temperature (PTAT) voltage to the base emittor voltage, Vj,, of the
bipolar transistor (J3. This results in a temperature stable bandgap voltage, V;,.
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Figure 3.32. The measured integral non-linearity of the NRZ modulator (10-bit mode).

Vertical bipolar transistors, implemented in CMOS technology, have well
known temperature characteristics and show almost no dependency on process
parameters [Wan00]. The base emittor voltage, V;., can be written as [Mei86,

Bak00]:
kT (1

Vie = —1In (C) (3.29)
q I

where I is the saturation current and I the collector current. The saturation
current /5 strongly depends on the temperature, according to the equation:

I, = CT" exp <_Z¥9‘)> (3.30)

where Vg is the extrapolated bandgap voltage at 0 K and C' and 7 are constants.
Taking this into account, we can write equation 3.29 as

kT 1o
‘/be—‘/jg[)‘i_?lnw (331)
Because [./CT" < 1, the value of the In function is negative, which results in a
negative temperature coefficient for V3. The collector current I is proportional
to the absolute temperature (tempco Kj¢) in the chosen bandgap circuit. So,
we can write equation 3.31 as:

B KT K;oT

(3.32)
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With the base emitter voltage, V. (7)), at the reference temperature 7., we can
rewrite this equation as

T T kT T
Vi = 1— =) + 2 V(T + (= 1) In — 3.33
=V (1= 7 )+ @+ - pm o3

Equation 3.33 can be written as the sum of a constant term (V/), a linear term
(AT) and higher order terms (O(T?)):

Vie(T) = Vyor — AT + O(T?) (3.34)
where
Vi = Vio+ (n— 1) (339)
A= Tergo' = Vie(T7) (3.36)
o(T? = (n — 1)]; (T—TT+T1n€r> (3.37)

The cascode mirrors (My/M7, Ms/Ms) provide the same current through
the bipolar transistors 1 and ()2. Both transistors are implemented with a ratio
of 1:n (Q1=1 element, (Jo= n elements). Hence, the voltage difference over
the resistor 12 equals

kT
Vel — Vie2 = 7 Inn (3.38)

The bias current through 2 is proportional to the absolute temperature. This
current is mirrored by the transistors Mg /Mo, which results in a PTAT voltage

‘/ptat =——1Inn (339)

This PTAT voltage compensates the negative tempco of the (J3 base emitter
voltage for n = 10 and R2/R; = 8. The resistor Ry has a nominal value of
125 k€2. This sets the bias current in the bandgap circuit to 500 nA (300 K).
Hence, the circuit performs an adequate start-up behavior (a few tens of us) and
reduces the low-level injection effects [Wan0O] in the bipolar transistors. The
circuit provides a bandgap voltage V3, of 1.135 V, with a variation of 0.3 % in
the specified temperature range from —40 °C to 85 °C.

A buffer op-amp, with load resistor R,.r, converts the bandgap voltage
into a reference current. The buffer op-amp uses a symmetrical input core
to enhance the Power Supply Rejection Ratio (PSRR) and to eliminate the
systematic offset. A Miller compensation capacitor, C, is added to obtain an
overdamped frequency response with GBW of 15 kHz and a phase margin of
77 deg. The resistor R,y is placed in close proximity of the resistor 12 from the
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voltage-to-current converter (common centroid layout). So, the operation of the
system will be in first order independent of the temperature. The cascodes in the
reference circuit make the bias currents immune to power supply variations. The
bias currents are distributed from the central reference circuit to the slave bias
circuits. Hence, the bias voltages for the n- and p-type (cascode) transistors are
generated locally for each building block. This reduces the effects of systematic
mismatches between distant regions on the chip. The C-V converters (and
buffered reference voltage V.. r), SC amplifier, VI converter and modulator can
be switched off separately, by opening a switch in their bias branches. A switch
in the start-up circuit of the bandgap reference offers a power down option for
the total analog part of the system (act = 0).

B. Buffered reference voltage

The buffered reference voltage needs to charge the sensor capacitances Cy, C,
and Cj1 on the rthythm of the SC interface clock (8 kHz). It is realized by
converting the bias current with a feedback resistor /2 to a voltage V/..y above
analog ground (Fig. 3.34). The two stage op-amp contains a symmetrical cas-
code input pair followed by a class AB output buffer with adaptive load [ You98]
(Fig. 3.35). The symmetrical input core reduces the systematic offset and en-
hances the power supply rejection. The class AB buffer is a power efficient
solution to provide high peak currents at the output load. After ®; turns on,
the transistor Mg leaves the saturation region (Vy, < Vs — V7). Hence, node
A becomes high impedant and an increased current flows from transistor Msg
to the sensor capacitances. When the output voltage approaches its final value,
transistor Mg returns to saturation region and the adaptive load becomes low
impedant. Hence, the current consumption decreases to a low quiescent level.

The implemented class AB buffer consumes 650 nA in the input stage (bias
transistor Ms), 250 nA in Mi7/Mis and 75 nA in Miyg/Mi5. With these
settings, the output (Myg/Mie) has a quiescent current of 2.5 pA. The com-

Rf

M2 Vref

Vbias,,
) .

ground

M1

Vbias,,

Figure 3.34. Buffered reference voltage.
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Figure 3.35. Buffer op-amp with class AB output stage.

pensation capacitors, C; and Cy equal 7 pF. The buffered reference voltage
has a stable transient response (P2 to ®;) with an overshoot of 2% (without
oscillation) and a 0.1 % settling time of 50 us for the maximum load capacitor
of 100 pF (worst case). This design is compared with conventional class A
buffers and it is proven to be five times more efficient in power consumption.

3.7 Main clock, clock generation circuits and LF clock

The clocks for the C-V converters, SC amplifier and modulator are derived
from the main oscillator. The main clock and the analog read-out electronics
are switched off during OFF-state (act = 0). So, only the 8 kHz LF clock is
running (very low power consumption). Timers are used to set the duration of
the ON and OFF state. Hence, we have a system with programmable duty cycle
operation and a very small OFF-state current consumption of approximately
0.5 pnA. The clock frequencies are also programmable to cope with technology
variations.

A. Main clock

The main clock of the GSIC is a 512 kHz square wave relaxation oscilla-
tor [Wak89]. The oscillator operates as follows (Fig. 3.36). If we assume
that the SR Ilatch is in the state V,,;; = 0 and V2 = 1, the capacitor
(1 is shorted to analog ground and the current I.j44e is loading the ca-
pacitor Cs. When the potential at node A becomes higher than Vi, the
state of the SR latch is changed and the capacitor C'; is loaded. Hence,
we obtain a power supply independent oscillation frequency, which equals
Icharge/(QCV;furn)~
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Figure 3.36. Square wave relaxation oscillator.

The capacitor C, the turning potential V;,,,, and the charge current I.4,ge
are chosen to reduce the clock jitter 77 , with respect to the modulator period
(Tnod = 8us), so that

A4 T 1
V3Tmeda 1024

(3.40)

Hence, we attain enough accuracy for the modulator.

The clock jitter stems from the noise current in the oscillator capacitor and
the input noise voltages of the comparators. The noise current is integrated on
the capacitor C' during one clock period, so its effect is negligible compared to
the broadband input noise of the comparator. Hence, we can approximate the
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Figure 3.37. Fast continuous time comparator with low quiescent current.

clock jitter by [Abi83]

a\/éﬁ

Tj,o = ToscT Vv

(3.41)
where T, is the oscillator period (= 2us), « is a constant, V,, is the equiv-
alent rms noise input voltage of the comparator and V' is the triangle wave
peak-to-peak voltage. The clock jitter equals 2.9 ns in the implemented oscil-
lator, which satisfies equation 3.40.

The oscillator uses fast continuous time comparators with low quiescent
current (Fig. 3.37) [Bak98]. The first stage is a low gain, high bandwidth
preamplifier that drives a latch. The preamplifier uses small size transistors that
are biased in moderate inversion region. Hence, a high bandwidth is realized
with a minimum power consumption. The output mirrors of the preamplifier
are realized with a ratio My /Mg of 1/4 to further reduce the current of the input
stage. The latch performs the decision. Its transistors (Mg, My, Mg and M)
have equal size to reduce the comparator hysteresis. The latch outputs are used
to drive a self-biased differential amplifier. During the transition, the current
in the self-biased differential amplifier is boosted to perform a fast behavior.
After the decision is made, it falls back to a very low quiescent current. The
output of the self-biased differential amplifier drives a push-pull output driver.
The implemented comparator causes an oscillator propagation delay of 40 ns
for a current consumption of 2.5 pA.

B. LF clock

The 8 kHz LF clock is used for the timing between subsequent samples. It
is the only part of the system, which operates continuously. The LF clock
is biased when the power supply Vpp is put on [Kha03]. After the GSIC is
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Figure 3.38.  LF oscillator with bias circuit.

programmed, resetLF’ becomes low and the LF clock and sample timer start
operating (operational flow, section 3.2). The LF clock is implemented as a
relaxation oscillator with a bias circuit (Fig. 3.38). The oscillator uses simple
two-stage open-loop comparators.

4. Configuration settings

The GSIC is equipped with many programming settings to offer an inter-
face to a broad range of capacitive sensor applications. The capacitive sensor
interface has two modes of operation. The first mode is for single sensor op-
eration with on chip reference capacitor, where the reference capacitor, C,. r2,
needs to be programmed to approximate the base capacitance of the sensor, Cj.
The other mode is for differential sensor operation, where the on chip refer-
ence capacitor, Cyer1 (or Cyef2), is programmed to compensate for the offset
between C, and C!,. The amplification factor, Agc, of the SC amplifier and
the feedback capacitor, Cy, of the C-V converters need to be programmed for
optimal accuracy of the interface. The sample period is 6-bit programmable
between 8 ms and 512 ms and the ADC accuracy is selectable between 8, 9
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or 10 bits for a conversion time of 2, 4 or 8 ms. Hence, the averaged power
consumption is strongly related to the accuracy and speed requirements of the
selected application. Both the LF clock and main oscillator are programmable
to cope with technology variations.

Table 3.1 shows the configuration addresses, their databits and a descrip-
tion of their functions. A databit with symbol X is not used and has to be
interpreted as a don’t care bit. A databit with symbol 7' is reserved for test
purposes. The addresses 9 to 15 are unused. So, the modular architecture can
be expanded with extra configurable blocks, such as a temperature sensor or a
(bio)potential instrumentation amplifier. Hence, one can make a system that
can interface with several types of sensors in different time intervals. This will
result in applications such as a personal health assistant, which monitors the
blood pressure, body temperature and heart rate.

Table 3.1. Description of the configuration memory of the Generic Sensor Interface Chip.

DO DI D2 D3 D4 D5 D6 D7 D8 D9
0° X X X X X X T T Mod, Mody
1 X X X X X X LF; LF, LK LFy,
2¢ X X X X X X CLs3 CLoy CLy CLg
3 X X Ss Sy S3 So Sh So AD,  ADy
4 X X Crir Crie Cris Cria Criz Cria2 Cria  Crio
5/ X X Cro_7 Cra6 Craos Croa Croz3 Cha2 Craa1  Crao
69 X X X X X X Cys Cyo Cr Cyo
"X X X X Ascs Asca  Ascs Asc2 Asci Asco
8 X X Actev Actse Actvi  Actmod T T T T
9 X X X X X X X X X X
10 X X X X X X X X X X
11 X X X X X X X X X X
12 X X X X X X X X X X
13 X X X X X X X X X X
14 X X X X X X X X X X
15 X X X X X X X X X X

“The Mod and M ody bits select the interface mode (single or differential).

bThe LF3 ... LFy bits select the LF clock frequency.

¢The C'L3 ... C Lg bits select the main oscillator frequency.

4The sample period is selected by Ss ... Sg. The LF clock, sample timer and analog front-end are off, if
these bits are low (resetLF = 1, Act = 0, Reset = 1). AD1 and ADy set the conversion resolution (8,
9 or 10 bit). The analog front-end is always off, if both bits are low (Act = 0, Reset = 1).

¢Cr1_7 ... Cr1_o set the reference capacitor Cy.c 1.

FCra 7 ...Crao set the reference capacitor Cl.¢ a.

9C 3 ... Cjo set the feedback capacitor C'y.

hAscs ... Asco set the SC amplification factor Agc.

tActoy, Actsc, Acty 1, Actyyeq offer a power down option for the C-V converters, SC amplifier, VI
converter and modulator.
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Furthermore, a computer algorithm is developed, which estimates the opti-
mal C,..r, Cy and Agc for each application. This algorithm is expressed as an
optimization problem, which minimizes the total error. The objective function
considers the full-scale loss, leakage error, settling error, noise and ADC accu-
racy. The algorithm is presented in chapter 4. The obtained values for C,..¢, Cy
and Agc are the starting points of a calibration cycle. During this procedure,
the settings can be adjusted in order to cope with the technology variations of
the sensors and the interface chip. Furthermore, it is possible to change the
configuration settings after the system is operational. Hence, we can adapt the
system to changes in the environment (e.g. available supply energy) or drift
phenomena.

5. Noise

The mechanical noise of the sensor, the electrical noise of the interface and
the quantization noise of the ADC contribute to the total noise in the system.
The electrical noise of the SC interface is studied in this section. In 5.1, a
methodology is presented to estimate the noise in SC circuits in a simple and
accurate manner. Subsection 5.2 presents the noise calculations in the C-V
converter. The global noise performance of the SC interface is studied in 5.3.

5.1 Bennet model

The noise of the SC interface (C-V converters and SC amplifier) is calcu-
lated with the Bennet model [Ben48]. This model states that the noise can be
described as an infinite sum of discrete sinusoidal components. These com-
ponents have a different frequency, an equal amplitude and a random phase,
which is uniformly distributed in the interval [—, 7]. The sum of all the Ben-
net components equals the total noise power, which is given by the product of
the Power Spectral Density (PSD) and the bandwidth.

With the Bennet model, we can calculate the noise as follows:

= Each noise source is presented by an equivalent sinusoidal source with am-
plitude %, random phase ¢ and pulsation w. The corresponding phasor

equals @, exp(jo).

m Thereafter, we compute the output phasor, Uy, at time t3 (i.e. the end of
the signal phase).

= The power spectrum of the noise at t2, Syt r2(w), is given by:

Sout,t2(w)dw = L ( / 'U"“t’ dcb) un(f) (3.42)

2m a2
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where Sy, is the power spectrum of the noise source. With Sy, 40 as a
function of the frequency, equation 3.42 can be written as:

1 s
Souta(f) = 2Suny - / w0 (3.43)

where oyt 1s the normalized output amplitude at ¢o

Uou
Ugut,g = | k { (3.44)

Unp,

m The output signal is sampled by the following SC stage. This process can
be modelled by an ideal Sample and Hold operation [Fis82]. Hence, the
output spectrum after sample and hold, Sy, (f), is given by:

) 27 1
South(f) = St 10 <exp (‘7 fsf>) Fsinc2 (J{) (3.45)

where the discrete power spectrum Sglum is given by:

Sgut,tZ (exp <j2f7rf>> = f? Z Sout,2(2m f + 21k fs) (3.46)

k=—oc0

This equation expresses the noise aliasing caused by the sampling operation.
The noise has a finite bandwidth, BW,,,;s.. If we take this in consideration,
we can approximate the infinite sum by

00 N
Z Sout,t2(27rf + 27rkfs) ~ Z Sout’tQ(Qﬂ'f =+ 271’/€f5)

BWnoise

N = 10round | ——————
(%

> (3.47)

m The RMS-value of the sampled noise at the output, o ,;se, is then given by:

fs/2 fs/2
Onoise = / Sout,h(f)df = 2/ Sout,h(f)df (3.48)
—fs/2 0

5.2 Noise calculations

The noise in the C-V converters and the SC amplifier contains contributions
of the switches and the OTA’s (thermal and 1/f noise). All these components
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f |

Figure 3.39. C-V converter with switches, swi to swg, and OTA noise source, Synq.

are uncorrelated. So, the total noise can be found as a squared superposition of
their RMS values. The effects of the individual noise sources are estimated with
the Bennet model. Hereafter, only the noise calculations of the C-V converter
are presented. Similar computations have been made for the SC amplifier.

The noise in the C-V converter is caused by the input referred noise, Uy,q, of
the OTA and the thermal noise of the switches (Fig. 3.39). The input referred
noise spectral density of the OTA, Sy 4, €quals:

8kT  Krp
Suna(f) = g + N
where N, is the noise excess factor [San94] and K is the 1/f noise factor,
which depends on the technology, the type and the size of the transistors. The
switches can be replaced by their ON-resistance, R, in series with a white
noise source

(3.49)

Sunsw(f) = 4kTRon (3.50)

A. Noise of the OTA

During the sampling phase ®;, the noise of the OTA, U,,, is sampled on
capacitor C3 (Fig. 3.40). At the end of the sampling phase, ¢1, this results in a

C,
|

= 1

Figure 3.40. OTA noise during the sampling phase, ®;.



56 Ultra Low Power Capacitive Sensor Interfaces

sampled voltage, Vs, given by:

-1
. 1 1
2nGBW1 A 2rGBW1 A

where A is the DC gain of the OTA and GBW] is the gain bandwidth of the
OTA during the sampling phase.
C
Cr+ O

The sampled and the instantaneous noise are subtracted during the signal
phase ®5 (Fig. 3.41). Hence, the equivalent noise source at 5 equals

GBW, = GBW (3.52)

Veq = Una exp(jwta) — Vg (3.53)
So, the phasor V equals
02‘/6(]

V = -
(Cl +Cy + CpQ) <727ré§W2 + %) + Cy

(3.54)

where G BWj is the gain bandwidth of the OTA during the signal phase.

Ci
GBWy; = GBW (3.55)
Ci+Cis + gi(féf +CCp§§
The phasor of the output voltage, U,,;, is then given by:
C1+C,
Upt = V — VLD (3.56)
Co

The obtained U,y is used to calculate uqyt 4 (3.44). Thereafter, the output
rms Nnoise, opeise, 1 computed according to the procedure from subsection 5.1
(3.43-3.48).

v
JT
C,
C{

Figure 3.41. OTA noise during the signal phase, ®».
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The noise at the output contains contributions of the thermal and 1/f noise
components of the OTA. The thermal component causes a noise voltage, oypise,
which

m is independent of the transconductance g,,. The bandwidth of the C-V
converter is proportional to the transconductance, g,,,. So, the noise aliasing
is also proportional to g,,. On the other hand, the OTA noise input spectrum
decreases with g,,, (3.49). Hence, the noise voltage is not effected by g,.

m decreases with a higher load capacitor, C;.

= is proportional to y/Cpa/Ch.

The 1/f noise is adequately suppressed by the CDS operation.

B. Noise of switch 1

At the end of ®9, the thermal noise of switch 1 creates an indirect and a direct
noise component at the output. The indirect component stems from the sampled
noise (at the end of ®1) on the series parallel combination of C', Cp2, C2 and
Cj5. During the signal phase, these noise charges are transferred to the feedback
capacitor C'y. The direct component is caused by the thermal noise during ®s.
This component is filtered by the low pass operation of the OTA, whereas the
indirect component is only limited by the 1 /(27 Ron C) cut-off behavior. Since
the latter frequency is much higher, we can neglect the direct component.

The sampled (indirect) noise component is evaluated in Fig. 3.42. After
solving this network, we obtain the output phasor (at ¢2):

Q1(w) — Qp(w) — Q2(w) n Q3(w)
Cy Cs
The found U,,; is used to calculate the rms noise value, ,,0;sc. This noise value

Uout =

(3.57)

m is independent of Roy.
= is inverse proportional to v/C (with a constant Cy /Ch).

= decreases with increasing Cp2/C.

4 ON
A
4KTR,, R, <& Jes
— AN A
ON

Q,,T I Ron

Figure 3.42. Equivalent scheme for the noise of switch 1, during ®;.
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C. Noise of switch 2

The noise of switch 2 is also estimated by its indirect component. The solution
of the network (Fig. 3.43) gives the following output phasor:

Q1(w) + Qp(w) + Q2(w) n Qs(w)

Uou - -
t Oy Oy

(3.58)

The rms noise value
m is independent of Ron.
= is inverse proportional to v/C'; (with a constant Cyy/Ch).

» increases with Cpa/C1.

D. Noise of switch 3

The noise of switch 3 is estimated by its indirect component. The solution of
the network (Fig. 3.44) gives the following output phasor:

Q1(w) + Qp(w) — Q2(w)  Qs(w)

U out —
! C, Cs

(3.59)

The rms noise value
m is independent of Roy.
m is inverse proportional to v/C'; (with a constant Cyy/Ch).

» decreases with increasing Cp2/C.

& R,

2

Ry & <

FAN—] —AAA
l Rex
f Rox
Ii

Q

°

4KTR,,

Figure 3.43. Equivalent scheme for the noise of switch 2, during ®;.
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Figure 3.44. Equivalent scheme for the noise of switch 3, during ®;.

E. Noise of switch 4

The noise contribution of switch 4 can be approximated by the sampled / kT /C3
noise on C§.

F. Noise of switches 5 and 6
The noise of switches 5 and 6 has only a direct component, so it is negligible.

5.3 Effective number of bits

The noise of the sensor system depends on the application (characteristic sen-
sor curve, parasitic capacitors, etc.) and the configuration settings of the front-
end circuit. A measure for the accuracy of a sensor system has to consider both
the sensor and the interface imperfections. To characterize the noise behavior
of a generic system, the quantity effective number of bits is defined as follows:

Assume we have a sensor with characteristic S(z), where x is a physical
quantity (acceleration, pressure, humidity, . . . ), which varies between x,,,;,, and
Tmag- 1f One applies a sinusoidal signal between x,,,;, and x,,4, at the input
of the sensor, the interface will produce a fundamental harmonic Vit fund,rms
and a disturbing component V¢ noise+dist,rms caused by noise and distortion.
The effective number of bits equals:

Effbits = log, ( Vout, fund,rms > ~0.2925 (3.60)

‘/out,noise—l—dist,rms

The noise contributions of the buffered reference voltage V.., the op-amps
and the switches in the C-V converters and the SC amplifier were evaluated.
The sampled noise, bsqmpic, presented at the input of the ADC during one
SC interface clock period (0.125 ms) is shown in Fig. 3.45. This figure gives
the sampled noise as a function of o and Cy, assuming Cj,; = Cp2 = 10pF,
Gp = 0.01uS and a single linear sensor characteristic:

(3.61)

Colz) = Co <1 n o 0.5(Tmaz + xmm))
Lmazr — Lmin

So, only the noise contributions of the SC interface are taken into account.
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Figure 3.45. Sampled noise as a function of « and Cy.

During one measurement period, several SC interface cycles are performed.
This means that the effective number of bits, by,eqs, during one measurement
equals

bmeas = bsample + 0-510g2(NSC) (362)

where Ngc¢ is the number of SC interface cycles during one measurement.
Furthermore, the accuracy limitations by the modulator need to be considered.
These quantization errors depend on the measurement time. With a conversion
time between 256 and 1024 modulator periods (= 16 - 64 SC interface periods),
the simulated front-end accuracy is at least 8 bits for each sensor in the specified
range.

6. Experimental results

The GSIC is designed in a 0.5um CMOS technology (AMIS) for a supply
voltage between 2.7 and 3.3 V. The chip measures 3.2 mm by 2.9 mm (including
the 10 ring) (Fig. 3.46).

Special care has been taken to reduce the influence of the digital and higher
frequency electronics on the sensitive analog read-out. For this purpose, the C-
V converters are placed on the opposite side of the ADC, the main oscillator and
the clock generation circuits. Furthermore, five different supplies with separate
10 pads are used: a supply for the external circuits in the 10 ring (V.SSE,
VDDE), a supply for the internal low noise transistors in the IO ring (V' .SS1,
V DDI), a supply for the digital core cells (V. SSCO, VDDCO), a supply for
the guard rings (V' SSS, V. DDS) and an analog dual supply (AV SS, AGND,
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Figure 3.46. Die photograph of the Generic Sensor Interface Chip (size = 3.2 mm x 2.9 mm,
including IO ring).

AV DD). The guard rings are placed in close proximity of the digital circuits
and higher speed analog circuits. Hence, they provide a low impedance return
path for the injected current pulses [Ing97]. An n-well on the ground potential
AGN D shields the analog high ohmic poly resistors and capacitors from the
substrate.

The system has a total current consumption of approximately 40pA dur-
ing ON-state. Table 3.2 shows the current consumption of the analog blocks.
The averaged power consumption can be tailored towards the speed and ac-
curacy requirements of the application. Hence, the averaged current con-
sumption is smaller than 20pA for sensor applications with small bandwidth
(<50 Hz) and medium resolution requirements (Fig. 3.47). As an exam-
ple, we consider the cases of a pressure sensor and an inclinometer
application.
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Table 3.2. Current consumption of the analog building blocks.

Analog building blocks Current (LA)
Bandgap reference, bias system and buffered reference voltage V.. ¢ 13.5
Main clock and clock generation circuits 8

C-V converters 2x3.5
SC amplifier 4

VI converter 1.8
Modulator 4.1
Total ON-state current 38.4

LF clock (runs continuously) 0.5

= 8-bit mode
== 9-bit mode
10-bit mode 4

Current consumption (1A)

10

‘ 1
SamBPe frequency (Hz)

Figure 3.47.  Averaged current consumption of the GSIC as a function of the sample frequency
and the resolution mode.

6.1 Pressure monitoring system

In the diagnosis of urinary incontinence, one wants to observe the contraction
of the bladder muscle as the bladder fills and empties. For this purpose, we
use a single capacitive absolute pressure sensor (BO12FB, VTI Technologies)
to monitor the bladder pressure in the range of 100-130 kPa [Coo05]. This
application needs a sampling frequency of 10 Hz and 8-bit accuracy. A duty
cycle of 2 % can be used, which results in a measured power consumption
of approximately 7.3uW (3 V supply). The test PCB contains the GSIC, the
pressure sensor and a connector to a pump (Fig. 3.48). The sensor is placed in
the cavity of the connector. In this way, we can apply a reliable pressure on the
sensor membrane. Fig. 3.49 shows the digital output code as a function of the
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Figure 3.48. Test PCB with pressure sensor, connector and GSIC (covered with globtop coat-
ing).

100 1
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Figure 3.49. Measured digital output code as a function of the applied pressure.

applied pressure. The behavior is slightly non-linear over pressure, inherent to
the performance of the sensor. The linearization is accomplished by numerical
correction using a 3 points calibration on the physical sensor model (provided
by the manufacturer). The remaining pressure error after this linearization is
smaller than 0.1 kPa (Fig. 3.50). The repeatability of the output is, for each
applied pressure, within 1 count. Hence, the dominant noise source is the
quantization.

Furthermore the system is tested (with different settings) in the pressure range
from 60 kPa to 120 kPa. For this test, we have selected a sample frequency of
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Figure 3.50. Pressure error after 3 points calibration with the sensor model.

10 Hz and 10-bit resolution. The measured power consumption equals 16.4uW
(3 V supply). Fig. 3.51 shows the digital output code as a function of the applied
pressure. The remaining pressure error after this linearization is smaller than
0.1 kPa (Fig. 3.52). The repeatability of the output is, for each applied pressure,
within £1 count. Hence, the dominant noise source is the quantization.
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Figure 3.51. Measured digital output code as a function of the applied pressure.
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Figure 3.52. Pressure error after 3 points calibration with the sensor model.

6.2 Inclination monitoring system

The SCG10Z-G001CC low g accelerometer (VTI Technologies) is used in an
inclination monitoring system. This sensor is tested with several configuration
settings of the GSIC. In the first test, the functionality of the sensor system is
evaluated (9-bit mode). In the second test, we have verified that the operation
of the GSIC is immune to power supply variations from 2.7 V to 3.3 V. The
last test shows us that the transition from 8-bit to 10-bit mode has a negligible
effect on the acceleration measurement characteristic.

A. Functionality test

In this test set-up, we select a 10 Hz sample frequency and 9-bit resolution to
measure the inclination from -90 to 90 degrees (equivalent with -1 gto 1 g ac-
celeration). With these settings, the GSIC consumes 10.3uW (3 V supply). The
test PCB contains the accelerometer and the GSIC. It is connected to an incli-
nometer calibration fixture (Model 5560, Robert A. Denton) (Fig. 3.53). In this
static set-up, we can vary the orientation of the test accelerometer (gravitational
field) in steps of 10 degrees.

Fig. 3.54 presents the measured digital output code as a function of the in-
clination. Fig. 3.55 shows the equivalent output characteristic as a function
of the acceleration. In Fig. 3.56, we see that the non-linearity acceleration
error is smaller than 0.03 g. The repeatability of the output is, for a con-
stant acceleration, within +1 counts. Hence, the dominant noise source is the
quantization.
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Figure 3.53. Inclination measurement set-up with test PCB (GSIC and accelerometer) con-
nected to the calibration fixture.
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Figure 3.54. 'The measured digital output code as a function of the inclination.
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Figure 3.55. The measured digital output code as a function of the acceleration.
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Figure 3.56. 'The non-linearity acceleration error as a function of the acceleration.

B. Test with different power supplies

The battery supply voltage of autonomous sensors decreases during the lifetime
of the system. Furthermore, systems powered by energy scavengers (which
take their energy from the environment, e.g. body warmth or vibrations) deal
with a varying power source. Hence, it is important that the operation of



68 Ultra Low Power Capacitive Sensor Interfaces

250
200
150
100

[
o

Digital output code
o

-80 60 —40 —20 0 20 4Q 60 80
Inclination (degrees)

Figure 3.57. The measured digital output code as a function of the inclination for supply
voltages of 2.7 and 3.3 V.

the sensor system is immune to a broad range of supply voltages. For this
purpose the GSIC is tested in 9-bit mode with a 10 Hz sample frequency
for a supply voltage between 2.7 V and 3.3 V. The GSIC consumed 8.2pW
in the 2.7 V test and 12.4uW in the 3.3 V test. In Fig. 3.57, we see that
the measured acceleration characteristic is nearly independent from the power

supply.

C. Influence of the resolution mode

The configuration settings of the GSIC can be changed, while the system is op-
erational. This allows to adapt the system to environmental changes. So, we can
compensate for drift phenomena and we can decrease the average power con-
sumption (sample frequency and resolution mode) when the available energy
is getting low. A lower resolution mode corresponds with a shorter conver-
sion time (10-bit => 8 ms, 8-bit => 2 ms). As a consequence, a change
from 10-bit to 8-bit mode also creates a different electrostatic force on the
mechanical sensor. In order to evaluate this phenomenon, we performed tests
with the GOO1CC accelerometer in 10-bit and 8-bit mode for a sample fre-
quency of 10 Hz. The GSIC consumed 16.8uW in 10-bit mode and 6.9uW
in 8-bit mode with a power supply of 3 V. In Fig. 3.58, we see that the tran-
sition from 8-bit to 10-bit mode has a negligible effect on the accelerometer
characteristic.
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Figure 3.58. The measured digital output code as a function of the inclination for 10-bit and
8-bit resolution mode.

7. Performance comparison

The energy per accuracy level, E'n, gives a metric for the efficiency of the
sensor interface. It is defined as follows:

P(M)

En=—"—
fsample2b

(3.63)

Where Py, fsample and b are the averaged power consumption, the sample
frequency and the accuracy (in a bit number). The type of output also effects
total efficiency. Sensor interfaces with digital outputs only need a serial or
parallel interface to transfer the data to the microcontroller. This transfer can
be extremely fast and power efficient, which allows the microcontroller to stay
for a long period in sleep mode. On the other hand, sensor interfaces with
analog output still need an external ADC, which consumes additional power.
While sensor interfaces with quasi-digital output (frequency, period or duty
cycle output) require a counting process, performed by the microcontroller, to
yield the digital code. Hence, the microcontroller cannot enter the sleep mode
during the conversion process. Tables 3.3 and 3.4 compare the energy per
accuracy level of the GSIC with other generic interfaces and dedicated (U)LP
capacitive sensor interfaces. We see that the GSIC outperforms the existing
generic sensor interfaces. It even achieves an efficiency, which is better than
most of the dedicated state-of-the-art ULP interfaces.
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Table 3.3. Performance comparison between the GSIC, other generic sensor interfaces (Co =
10.3pF, AC = 1 pF) and dedicated (U)LP pressure sensor systems.

ref output range accuracy fsample Pav En

[Coo005] quasidigital ~ 100-130kPa 0.04kPa 10Hz 28uW 3.7n]
[DGY6] digital - 11 bit 2Hz 12uW 3nJ

[VTT] digital 30-120kPa 18Pa 6.5Hz 84uW 2.6nJ
[Kol04] digital 50-650kPa 1kPa 2Hz 1.5uW 1.3n]
[VDGY96]  quasidigital ~ 100-130kPa 300aF 10Hz SmW 150nJ
[Yaz00] analog 100-130kPa 1fF 20Hz =2xBW  22mW  110nJ
this work digital 100-130kPa 120Pa 10Hz TuW 2.7n]

Table 3.4. Performance comparison between the GSIC, other generic sensor interfaces (Co =
2.5pF, AC = 0.4pF) and dedicated (U)LP accelerometer systems.

ref output range accuracy fsample Pav En
[Ana] analog +/-2g 185mg (=6.6 x rms) 40Hz 32uW 37n]
[ST] digital +/-2g Img 80Hz =2xBW 1.9mW 6nJ
[Col] analog +/-2g 1.4mg (=6.6 x rms) 42Hz =2xBW  600pW 5n]
[Yaz00] analog +/-1g 1fF 20Hz =2xBW  22mW  275n]
this work digital +/-1g 4mg 10Hz 10puW 2nJ

8. Conclusion

In this chapter, the specifications, design and results of the Generic Sen-
sor Interface Chip for capacitive sensors have been presented. The GSIC is
designed as a complete system, which is optimized for Ultra Low Power con-
sumption. It contains the following blocks: Capacitance-to-Voltage converters,
a SC amplifier, a XA modulator, a bandgap reference and bias circuits, a main
oscillator and clock generation circuits, an LF clock, a configuration SRAM
and an interface to the microcontroller.

m The SC interface (two C-V converters and a SC amplifier) converts a capac-
itance variation, AC, in a proportional voltage. It operates on a lower clock
frequency, 8 kHz, than the ¥ A modulator to reduce the power consumption.
Reducing the clock frequency of the SC interface increases the influence of
the parasitic shunt conductance. A C-V converter, which uses class AB tech-
niques and Correlated Double Sampling operation is developed. This C-V
converter is approximately three times more efficient in reducing the effects
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of the shunt conductance than conventional C-V converters (with the same
current consumption). The outputs of both C-V converters are chopped and
filtered by the XA modulator to eliminate the effects of mismatches and
to perform an adequate reduction of the common mode interference. The
fully differential SC amplifier amplifies the difference between the outputs
of both C-V converters and provides a quasi continuous input voltage for
the modulator.

m The implemented CT XA modulator consists of a VI converter, a modulator
and a decimation counter. The CT modulator has the advantage that it
does not need a buffered reference voltage to attain the oversampling speed
(128 kHz). This results in a significant decrease of the power consumption.
The error sources in ultra low power CT XA modulators were examined.
The dominant error source is caused by charge injections. This effect is
eliminated by implementing a RZ switching scheme.

m The bandgap reference and bias circuits provide the bias currents to the sen-
sor interface and the main oscillator. The system is immune to temperature
variations in the range from —40 °C to 85 °C. Furthermore, its operation
is quasi independent of the power supply in a range from 2.7 to 3.3 V. A
switch in the start-up circuit of the bandgap reference offers a power down
option for the total analog part of the system.

m The main oscillator and clock generation circuits provide the clock signals
to the SC interface and the XA modulator. The main clock and the analog
read-out electronics are switched off during OFF-state. A conversion timer
is used to set the duration of the ON-state.

m The 8 kHz LF clock is used for the timing during low power standby oper-
ation. It is the only part of the system, which operates continuously. It has
a very small current consumption of approximately 0.5uA.

m The GSIC has many configuration settings to provide an interface to a broad
range of capacitive sensor applications. The capacitive sensor interface has
two modes of operation. The first mode is for single sensor operation with
on chip reference capacitor, where the reference capacitor, C,.r2, needs
to be programmed to approximate Cy. The other mode is for differential
sensor operation, where the on chip reference capacitor, Cy.cf1 (or Cpp2),
is programmed to compensate for the offset between C, and C’.. In both
modes the amplification factor, Agc, of the SC amplifier and the feedback
capacitor, C'y, of the C-V converters need to be programmed for optimal
accuracy of the interface (chapter 4).

The sample frequency is 6-bit programmable between 2 Hz and 125 Hz and
the ADC accuracy is selectable between 8, 9 or 10 bits for a conversion time
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of 2, 4 or 8 ms. Hence, the averaged power consumption can be adapted to
the accuracy and speed requirements of the selected application.

Both the LF clock and main oscillator are programmable to cope with tech-
nology variations.

The GSIC is designed in a 0.5um CMOS technology and measures 3.2 mm
by 2.9 mm (including the IO ring). The total system consumes merely 40uA
in operational mode with a 3 V supply. The duty cycle management adapts
the energy consumption according to the accuracy and speed requirements of
the application. This results in a measured power consumption of 7.3uW in a
pressure monitoring system (10 Hz sample frequency and 8-bit accuracy in the
100 to 130 kPa range). For the acceleration measurement system, it achieves
a power consumption of 10.3uW for a sample frequency of 10 Hz and 9-bit
accuracy in the +1 g range.



Chapter 4

ALGORITHM FOR OPTIMAL CONFIGURATION
SETTINGS

1. Introduction

Generic sensor interface design reduces the costs and offers a handy solution
for multisensor applications. However, previous generic readout circuits often
experienced a loss of performance and an increased power consumption. The
ability to program the front-end would have an important impact on the accuracy
of the sensor readout. The new design methods reported in this chapter allow
us to create a generic sensor interface with a minimum loss. Furthermore, an
algorithm is provided, which calculates the optimal interface settings for each
application. These settings enable a state-of-the-art performance from our ULP
generic sensor interface.

Section 2 studies the non-ideal effects (full-scale loss, leakage error, settling
error and noise) of configurable capacitive sensor interfaces. General design
methods are derived, which are illustrated on the generic interface architecture.
Section 3 presents an algorithm that estimates the optimal configuration of the
interface for each application. This algorithm is expressed as an optimization
problem, which minimizes the total error. The minimized objective function
considers the full-scale loss, leakage error, settling error, noise and ADC accu-
racy. In section 4, we apply the algorithm in a prototype biomedical pressure
monitoring system.

2.  Programmability

The front-end architecture consists of a Switched Capacitor (SC) interface
followed by a modulator. The SC interface works on a lower clock frequency,
8 kHz, than the modulator, 128 kHz, to reduce power consumption. In the
Capacitance-to- Voltage (C-V) converter, the sense capacitance, Cy, is converted
to a proportional voltage. The SC amplifier amplifies the difference between the
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outputs of both C-V converters and produces a quasi continuous input voltage for
the XA modulator. The capacitive sensor interface has two modes of operation.
The first mode is for single sensor operation, where the reference capacitor Cy. ¢
needs to be programmed to approximate Cy. The other mode is for differential
sensor operation, where the on chip reference capacitor is used to compensate
for the offset between C, and C”.. In both modes, the amplification factor Ag¢
of the SC amplifier and the feedback capacitor C'y of the C-V converters need
to be programmed for optimal accuracy of the interface.

The programmability (step size and range) of C'..r, Cy and Agc strongly
influences the use of the dynamics and the settling performance of the interface.
This section introduces methods to estimate these influences mathematically.
Furthermore, the appropriate step sizes and ranges of C,..r, Cy and Agc are
calculated for our generic architecture.

2.1 Full-scale loss

We consider a general sensor characteristic C'(x), where x varies between
Tymin and Tpqy (Fig. 4.1). If C.r, C'y and Agc have unlimited programmabil-
ity, the input of the modulator sees a voltage characteristic between —0.5V fs,,,
and 0.5V fspp,. Due to the limitation of the programmability, one cannot use
the full input range of the ADC (Fig. 4.2). The full-scale loss AV fs,.; is given
by:

AV, AV
AV fs,q = Smez T Vmin (4.1)
V fspp
where AV, and AV,,,;, are the deviations between the ideal (unlimited pro-
grammable interface) and realistic (limited programmable interface) ADC input

characteristics at x4, and Tpin.

meax

xmin

X

min max

Figure 4.1.  General sensor characteristic C(z).
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Figure 4.2. The input voltage of the modulator for an unlimited (ideal curve) and limited
(realistic curve) programmable SC interface.

The full-scale loss has two causes: firstly, the components are programmable
between certain boundaries, P,;, and P4, ; secondly, they are programmable
in finite steps, Psiep.

The optimal settings are calculated with an algorithm, which maximizes the
accuracy (see section 3). This objective function considers not only the full-
scale loss, but also the settling error, leakage error, noise and ADC accuracy.
Due to the boundaries of the programming components, the optimal settings
may result in a full-scale loss that is significant. For our capacitive sensor
interface, this deterministic full-scale loss is given by:

_ dVieraCoAsc

AV fs =1
Jsrel CV 5

4.2)

where d = 1 for single sensors and d = 2 for differential sensors.

The finite step size makes the programmed value P differ from the ideal
value P, by an amount AP = P — P;. This deviation AP can be considered as
a stochastic variable with a uniform probability distribution between —0.5 Py,
and 0.5Pgcp. This results in a stochastic full-scale loss.

2.2 Programmability of C,..;

The deviation, AC.cf, of Crer to Cg (d = 1) or Cpef to Coppoer (d = 2)
resultsin an offset voltage, AV, s ¢ct, towards the ideal ADC input characteristic
(Fig. 4.3):

AscAC,efVies

A‘/offset = Cf

4.3)
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Figure 4.3.  The full-scale loss AV fs for an offset deviation AV, ¢ fget.

If we assume that C'y and Agc have unlimited programmability, we find:

2AC, ¢y
dAC
We consider AC,..y as a stochastic variable with a uniform probability func-

tion between —0.5C)¢ 1 step and 0.5C) ¢ f siep- Hence, the full-scale loss is also
uniformly distributed with mean value zero and standard deviation :

AV fSper = 4.4)

o 2Cref,step

AV ret) — T~~~ /4o
o(AVisra) = Ixovia

4.5)

This standard deviation gives a measure for the loss in dynamics, which is
caused by the finite step size, Cyef step, Of Crep. In order to allow a good
exploitation of the system dynamics, we postulate that o (AV fs,.¢;) needs to be
smaller than 25% for our interface (200fF< AC' <10pF and 1pF< Cy <15pF).
In Fig. 4.4 we see that this condition is met for a C.cf st¢p value of 75 fF.

Hence, we obtain a C,.. s capacitance, which is 8-bit programmable between
0 and 19.125 pF (= Crefimaz > Co,maz) in steps of 75 fF. The matching
properties of a standard analog CMOS technology do not pose any problem for
the development of such an 8-bit capacitor array (INL<< 0.5LSB).

2.3 Programmability of C

Fig. 4.5 shows the ULP C-V converter (section 3.2). During the sampling
phase @1, the sense capacitor, Cy, is charged. During the signal phase ®, V,,
becomes a virtual ground and the charge is transferred to the feedback capacitor,
(. Atthe end of the signal phase, assuming an ideal charge transfer, the voltage
at the output of the C-V converter equals V,¢(C;/C}). In reality, the charge
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10 ¢

Figure 4.4. Standard deviation of the full-scale loss as a function of AC' with Che,step= 75
fF (d = 1).

transfer will be imperfect due to the finite transient response of the OTA. This
transfer error has two contributions: the leakage error and the settling error.
The potential V), will settle in a certain time to the virtual ground, during this
time some charge will leak away through the parasitic shunt conductance, G/,
resulting in a leakage error. At the end of @5, the potential V}, will be slightly
different from the ground level, so a small charge remains on Cp2+Cy, resulting
in the settling error.

The C-V converter uses a class AB OTA with cascode output stage to reduce
the leakage and settling errors (Figs. 4.6 and 4.7). After the transition from
phase ®; to phase ®9, the tail current of the OTA is boosted, which speeds up
the charge transfer from the sense capacitor to the feedback capacitor. During

C, @,
— =
o) o,
CS
—
) o) - C
[T (" '

Figure 4.5. Capacitance-to-Voltage converter with correlated double sampling and class AB
operation.
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.
e e T

Figure 4.6. Class AB OTA.

settling, the voltage V), approaches the virtual ground and the tail current falls
back to a low quiescent level.

During ®4, the charge transfer passes the following three phases:

m During the first phase, the internal feedback op-amps op set the potential V
to follow the larger of the two voltages V,, and V4.

m= During the second phase, the current is strongly boosted and the output
current of the OTA, 1,,;, becomes:

Iowt = Blyigs <6XP <W> - 1)

Blyias €Xp <M> 4.6)

%

nUT

M3a M4a MEJ

A

Vout,,

M1a M2a

S e
Vina+ Vina-
i Ibias,,

Figure 4.7. Internal feedback op-amp.
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m During the third phase, the current boosting is nearly exhausted and the OTA
output current shows a small signal settling behavior

Iout = BIbias (exp <W> - 1>

V;n—l- - V;n—
~ Bl | ——— 4.7
b ( wUn > 4.7)
The total leakage error leak.,, has contributions of the three phases:

G Al Als —Blyjas [
leaker, = d Vin(0)dt + nU- ) dt
“ C:B‘/tr‘ef (/0 ( ) o T/O P ( nUrCout )

Atz —Vin(0) Blyis ft
U 1 mn 14 dt 4.8
! T/o n(exp< nUr >+nUTCout) ) @9
with
V;"efo
©) Cz + Cp2 + CrC1/(Cy + C)
c _ Cf(Cx + Cpg)
out OO+ O
Cy

= — 4.9
! Cf +Cp +Cpo (4.9)

The time intervals At, Aty and Ats indicate the duration of each phase and
are given by the following formulas:

At~ VessCe
Ibiasop
Vi (0) C’outnUvT
Aty = —-1) — —
2 <exp( ) 6Ip< nUr )) fBIbias
At3 ~ Tq)2 (410)

where T2 is the duration of the signal phase ®.
The contributions of the first two phases are negligible in the settling error,
settlinge, then we obtain:

(CpQ + Cx)nUT exXp <_BCI{)721+7"‘ZCUA7153>
Cx‘/ref

settlingerr ~ 4.11)

The leakage and settling errors decrease with increasing C'y. Simulations show
that our interface has a good settling behavior if the feedback factor f is greater
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than 0.25. This implies that C'y 4, needs to be higher than 1/3(Cy mar +
Cp2,maz) to provide a sufficient settling for the whole application range. On
the other hand, a larger Cy needs a larger chip area and a larger amplification
factor, Agc, for the SC amplifier to use the full input range of the ADC. This
results in a higher GBW specification and hence a higher power consumption
for the SC amplifier. If we make C' 4-bit programmable between 0 and 27 pF
(= Cfmaz) insteps of 1.8 pF, we can always find a suitable C'y for the specified
application range.

In order to evaluate the validity of the leakage charge model, we compare
the mathematical model (4.8-4.10) with Cadence simulations. Fig. 4.8 shows
the leakage charge as a function of C,, and C)2 with G}, = 0.01S and optimal
configuration settings (algorithm section 3, withd = 1, « = 0.5 and b =
10bits). In Fig. 4.9, we see that the model has an accuracy of 5% for most of
the capacitor values. Only for small values of C, (< 3pF) the error rises to
approximately 20%.

2.4  Programmability of Asc
The limited programmability of Agc results in a full-scale loss (Fig. 4.10):

AAsc
Asc

AV fspe = 4.12)
The full-scale loss contains contributions of the deterministic full-scale loss
(limited range Asc mae) and the stochastic full-scale loss (limited step size
ASC,step)~

leakage charge (fC)

o= N W » U0 O N ©

N

Figure 4.8. The leakage charge as a function of C and Cp2 (mathematical model=meshed
curve, Cadence simulation=marker points.
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Figure 4.9. The relative deviation between the mathematical leakage charge model and the
Cadence simulation points as a function of C'; and Cy..

We assume that the full output range of the C-V converters is used for small
a. Hence, we find that the interface can always provide an optimal usage of the
ADC input range (deterministic full-scale loss AV fs(det) = 0) if

V fspp
damin Vf SCc-v
where V f sc_y is the maximum allowable output voltage of the C-V converters.
Consequently, the output of the C-V converter will not saturate.

In our interface ( apin = 0.05, V fsc_y = 1V and V fsp, = 0.5V for

single sensors d = 1) we choose Asc mer = 15.75 accoring to condition
(4.13).

ASC’,maJ} > (413)

0.5Vfs,,

___ldeal curve IO.5 AV,
— Realistic curve
0
05 AV,SI
-0.5 Vfs,, X X

Figure 4.10. The full-scale loss AV fs for a slope deviation.
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For the stochastic full-scale loss, we consider A Ag¢ as a stochastic variable
with uniform probability function between —0.5As¢ step and 0.5As¢ step. We
obtain:

ASC 4A18C,step.
AV fsre 4.14)
ol )= V1245

If we assume that C'y ,, is programmed for optimal settling and the deterministic
full-scale loss is zero, we find:

daCy Vre A ste
G(AV foye) = —rioref C5Cstep (4.15)
C’f7oprspp\/ﬁ
where
if Vs acﬁ$a;d < As5Cmaz
Cfvop Cf,maz (4.16)
else
OzCoVrefd
C’f,op = ASC,max (417)

V fspp

In order to offer a standard deviation of the full-scale loss smaller than 25%
for capacitive sensor applications with a > 0.05 and 200fF< AC' < 10pF, we
program Agc between 0 and 15.75 in steps of 0.25 (Fig. 4.11).

2.5 Noise

The noise of the system depends on the configuration settings of the front-end
circuit. The noise presented at the input of the modulator V.;,5 noise contains

o(AVes ) (%)

4 5 6
AC (pF)

Figure 4.11. Standard deviation of the full-scale loss as a function of AC, with Asc,step =
0.25 and d = 2 (differential sensors).
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contributions of the C-V converter and the SC amplifier. This noise is calculated
with the techniques from section 5.

3.  Optimal settings

For every application, optimal settings for C,... ¢, C'y and Agc can be obtained.
They are the solution of an optimization problem, which minimizes the total
error (4.18).

Given: a capacitive sensor application with the following properties: d, Cy,
a, Cp1, Cpa, G and an ADC accuracy of b bits. For a single sensor application
(d = 1), we set Cp..y =~ Cp. In a differential sensor application (d = 2), we
program C'..y to compensate for the offset between C; and C.

The algorithm minimizes the objective function:

(leaker (Cp = C’o))2 + (settlingerr(Cy = C’o))2
b 2 —bpoise )2 (4.18)
+ ( 17A2Vf5'r‘el ) + ( 1EAVf57"el )

where

_ (AVfSrel(det))z + (U (AVfSTel(ASC)))2
Astrel - \/ + (0_ (Avfsrel(cref)>)2

This formula has contributions of the leakage error (4.8), settling error (4.11),
the noise by,pise, the ADC accuracy b, the deterministic full-scale loss (4.2) and
the stochastic full-scale losses due to Agc (4.14) and C,..f (4.5).

The feasible solutions of the problem are subject to the following four con-
straints:

4.19)

= The outputs of the C-V converter are not allowed to saturate.

VisovCr > Vies (1+5) Co (4.20)

m The ADC is not allowed to saturate.

VieradCoA
TrefAE0ESC LV f sy 4.21)
Cy
= The lower and upper bound of C.
0 < Cfp < 27pF (4.22)

m The lower and upper bound of Agc.

0< Asc < 15.75 (4.23)
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4. Results

The computer algorithm is implemented in Matlab as a constraint based gra-
dient search optimization function and performs a smooth convergence. As
an example, we consider the case of bladder pressure measurements for uro-
dynamic tests. In this application we use a single capacitive absolute pressure
sensor (BO12FA, VTI Technologies) to monitor the pressure in the range of 100-
130kPa. The application properties are: o = 0.1, Cy = 10.3pF, G}, = 0.001uS
and Cp; = Cp2 = 30pF. The ADC accuracy is set to 10 bits. Fig. 4.12 shows
the error function (4.18) for the feasible Asc and Cy values (4.20-4.23). The
algorithm gives C..y = 10.275pF, Cy = 16.2pF and Agc = 7.25 as optimal
solution. For these values, we obtain a leakage error of 0.01%, a negligible
settling error, a full-scale loss of 4% and noise by of 11.5 bits. These set-
tings are the starting points of a calibration cycle. During this procedure, the
settings can be adjusted in order to cope with the technology variations of the
sensors and the interface chip. The measured full-scale loss is approximately
7%. The repeatability of the output is, for each applied pressure, within +1

Total error (%)

0.3
!easible region - lozs
-0.26
~0.24
—_ 0.22
L
E-:_ Optimal settings: A, =7.25; C, = 16.2 pF 02
O
0.18
10
016
5 Non-feasible region 0.14
012
5 10 15
Asc

Figure 4.12.  Error function (4.18) for the feasible Asc and C values, the optimal settings
Asc = 7.25 and Cy = 16.2pF result in an error of 0.11%. The white region violates the
constraints (non-feasible region).
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count. Hence, the dominant noise source is the quantization, as was predicted
by the calculated model (4.18).

5. Conclusion

The limited programmability of generic sensor interfaces results in a loss of
dynamic range (full-scale loss). Hence, the influence of noise increases and the
ADC accuracy is not exploited optimally. Furthermore, it is important that one
maximizes the interface accuracy for each application. This can be expressed
as an optimization problem. The minimized objective function considers the
leakage error, settling error, noise, ADC accuracy, deterministic and stochastic
full-scale losses. The obtained values for C,.r, Cy and Agc estimate the
optimal configuration. These settings are the starting points of a calibration
cycle. During this procedure, the settings can be adjusted in order to cope with
the technology variations of the sensors and the interface chip.






Chapter 5

PHYSICAL ACTIVITY MONITORING SYSTEM

1. Introduction

The developed Generic Sensor Interface Chip enables low cost autonomous
sensor nodes for several state-of-the-art applications. This is illustrated in a
demonstrator for physical activity monitoring. The system can be used to
monitor the wellness of both humans and animals. The miniaturized sensor
node contains an accelerometer, the GSIC, a microcontroller and a wireless
transceiver. A computer interface displays the sensor data in real-time and
allows to change the interface settings during operation.

Section 2 presents the background and motivation for physical activity mon-
itoring. The implementation of the system is given in section 3.

2. Background and motivation

A physical activity monitoring system is useful for the surveillance and eval-
uation of patients [Ste03]. Such systems are used to motivate clinical groups
to exercise, including people with diabetes, obesity and congestive heart fail-
ure. Furthermore, the motion sensor technology helps to improve the quality
of rehabilitation programs and program changes.

The activity monitoring system contains an accelerometer, which monitors
the low frequent body movements (bandwidth < 20Hz). The accuracy of the
system is significantly increased by filtering the high frequent vibrations. For
this purpose, a sensor with low pass characteristic is used. Extra filtering is
performed by the read-out electronics (e.g. A modulator and digital filtering
techniques). In most cases, the observation of the physical activity takes several
days or even weeks. Hence, Ultra Low Power sensor nodes are necessary to
enable long term monitoring.
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Activity monitoring systems are also used for animal welfare observations. In
this application, the activity, heart rate and body temperature gives an indication
for the health of livestock [Wou95]. Hence, the productivity in farms can be
significantly increased.

3. Implementation

The physical activity gives a good indication for the health and wellness. For
this purpose, we have developed a wireless autonomous sensor system, which
monitors the acceleration in the range from -7.5 gto 7.5 g. This physical activity
monitoring has been implemented as a 3D stack, which contains a sensor, a
microcontroller and a wireless layer. The sensing layer is developed in this
work, whereas the microcontroller and wireless layers were already presented
in [Tor04]. Each layer has been made on a 14 mm x 14 mm printed circuit
board. The boards are connected vertically into a miniaturized cube (Fig. 5.1).

The sensor layer performs the sensing, amplification and analog-to-digital
conversion of the acceleration signal. It contains a differential capacitive ac-
celerometer (GO12BA of VTI Technologies) and the GSIC (naked die covered
with globtop coating).

The microcontroller layer implements the data processing and control of the
entire module. An MSP430 microcontroller (Texas Instruments) was selected
for its low active power (0.6 nJ/ instruction), low standby power (2 W) and fast
wakeup from standby to active mode (6us). To meet the size requirements, a
bare die component is used, which is encapsulated with globtop coating.

Figure 5.1. 3D stacked autonomous sensor cube, containing a sensor, a microcontroller and a
wireless layer (size 14mm x 14mm x 12mm).



Physical Activity Monitoring System 89

1001 ]

50r| | b RN AR R RN AN E NN

Digital output code
e

_100 Y ,‘l‘l‘, ASARENYE ARN!

0 50 100 150 200 250
Sample

Figure 5.2. Output data for a sinusoidal acceleration (f=15Hz, peak-to-peak amplitude=10g,
offset=-1g).

The wireless layer consists of a single-chip short-range 2.4 GHz transceiver
(nRF2401, NORDIC, 18 nJ/bit) with a custom designed coplanar integrated
folded dipole antenna.
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Figure 5.3. Power Spectral Density of the output data for a sinusoidal acceleration (f=15Hz,
peak-to-peak amplitude=10g, offset=-1g).
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The sensor node communicates with a remote basestation, which is imple-
mented on the PC (USB stick). A Labview computer interface displays the data
in real-time and allows to change the interface settings remotely.

We have selected a 120 Hz sample frequency and 8-bit accuracy for this
application. Hence, the GSIC operates in a duty cycle of 24%, which results
in a measured average current consumption of 16p:A. The total system (GSIC,
microcontroller and wireless core) consumes 700uA. The dynamic performance
of the system is tested with shaker tests. In these tests, we applied a 15 Hz,
10 g (peak-to-peak) sinusoidal acceleration with 1 g (gravitational field) offset
on the sensor node (Fig. 5.2). Fig. 5.3 shows the measured output spectrum.
The harmonics in the spectrum correspond to a non-linearity of 4.1%. The rms
noise to signal ratio equals 0.7%.

4. Conclusion

A modular autonomous sensor node for physical activity monitoring has
been developed. The 3D stacked cube is approximately 1 cm? and contains a
sensor board (accelerometer and GSIC), a microcontroller board and a wireless
board. In this application, the GSIC consumes approximately 48uW for a
sample frequency of 120 Hz and 8-bit accuracy. The digital sensor data are
temporarily stored in the memory of the microcontroller. No data compression
is performed, although application specific algorithms could be implemented in
the microcontroller. The wireless transceiver sends the sensor data in packages
of four words to the remote USB transceiver. The computer interface displays
the data in real time and allows to change the configuration settings of the GSIC
via the bidirectional wireless communication link.



Chapter 6

CONCLUSION

1. Realized developments

An increasing number of medical diagnostics, comfort, entertainment and
sports applications are making use of sensor systems in and around the body.
Power autonomy is still a major challenge in these applications and a significant
part of the power consumption stems from the sensor interface circuitry. Most
often, the sensor interface is tailored towards one specific application. This
leads to a high recurrent design cost. An Ultra Low Power (ULP) generic
multi-sensor interface would offer a solution to both problems. Several research
groups have already developed generic sensor interface architectures. Because
the power dissipation of these systems is in the mW range, the power autonomy
problem is not solved. ULP sensor interface circuits have also been reported,
but these are dedicated to a specific sensor and therefore do not address the
generic application requirement.

This work presents a new generic architecture for autonomous sensor nodes.
The modular design methodology provides a flexible way to build a complete
sensor interface out of configurable blocks. The combination and the settings of
these blocks can be changed according to the varying needs of the application.
Furthermore, the sensor system can be expanded with additional building blocks
during the development phase.

This architecture is illustrated in a Generic Sensor Interface Chip (GSIC)
for capacitive sensors. The GSIC contains a microcontroller interface, a con-
figuration memory and the following configurable blocks: LF clock, sample
timer, reference and bias circuits, main oscillator and clock generation circuits,
Capacitance-to- Voltage (C-V) converters, Switched Capacitor (SC) amplifier,
voltage-to-current (VI) converter, modulator, decimation counter and conver-
sion counter.
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The sensor interface converts a capacitance variation, AC', into a proportional
digital output code. It consists of a SC interface followed by a A modulator.
The SC interface (two C-V converters and a SC amplifier) operates on a lower
clock frequency, 8 kHz, than the modulator, 128 kHz, to achieve very low power
consumption. A new C-V converter with class AB and Correlated Double
Sampling (CDS) operation is developed. This C-V converter is approximately
three times more efficient in reducing the effects of the shunt conductance
than conventional C-V converters (with the same current consumption). The
mismatch between both C-V converters makes the system more susceptible to
interference. This can cause an extra loss in accuracy. The proposed chopping
scheme provides a solution for this problem. Hence, a pseudo differential
structure is built, where the capacitive sensor elements are connected to each
C-V converter for an equal number of interface periods. This modulates the
effects of the mismatch with the chopping sequence. These components are
filtered by the low pass operation of the A modulator. The fully differential
SC amplifier amplifies the difference between the outputs of the C-V converters
and provides a quasi continuous input voltage for the modulator. The CT XA
modulator consists of a VI converter, a modulator and a decimation counter. It
produces an 8-bit, 9-bit or 10-bit code for a conversion time of 2, 4 or 8 ms
(INL and DNL are in all modes smaller than 0.5 LSB).

The main oscillator and clock generation circuits provide the clock signals
to the capacitive sensor interface and the decimation counter. The LF clock
is used for the timing during low-power standby operation. The reference and
bias circuits generate the bias currents for the sensor and the main oscillator.

The GSIC performs an interface to single and differential capacitive sen-
sors with 1pF< Cjy <15pF, 200fF< AC <10pF and 0.05< a(= AC/Cy).
For single sensor operation, the on chip reference capacitor, C,., needs to be
programmed to approximate Cy. For differential sensor operation, the on chip
reference capacitor is programmed to compensate for the offset between C, and
C,. In both modes the amplification factor, Agc, of the SC amplifier and the
feedback capacitor, C't, of the C-V converters need to be programmed for op-
timal accuracy of the interface. The sample frequency is 6-bit programmable
between 2 Hz and 125 Hz. Both the LF clock and main oscillator are pro-
grammable to cope with technology variations.

The GSIC is designed in a 0.5pm CMOS technology for a supply voltage
between 2.7 and 3.3V. The chip has a size of 3.2mm by 2.9mm. The GSIC
is tested with several pressure sensors and accelerometers. In the pressure
monitoring system, we measured an averaged power consumption of 7.3uW
for a 10 Hz sample frequency and 8-bit accuracy in the 100 to 130 kPa range.
For the acceleration measurement system, it achieves a power consumption of
10.3W for a sample frequency of 10 Hz and 9-bit accuracy in the 1 g range.
The energy per accuracy was defined as a performance metric. It is shown that
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the GSIC outperforms the existing generic sensor interfaces. It is even more
efficient than most of the dedicated ULP sensor interfaces.

A physical activity monitoring system is implemented in a 1 cm?® stack.
This demonstrator consists of a sensor layer (the GSIC and an accelerometer),
a microcontroller layer and a wireless layer. The bidirectional wireless link
(from the sensor node to the computer) makes it possible to display the data in
real time and to change the interface settings remotely. Hence, we have made a
smart autonomous sensor node, which can adapt at any time to changes in the
environment.

2.  Suggestions for future work

Based on the developments presented in this work, some suggestions for
future work in the field of autonomous sensor interfaces are summarized:

m The implemented GSIC can only interface with capacitive sensors. But
the modular architecture can be expanded with extra configurable blocks,
such as a temperature sensor or a (bio)potential interface. For this purpose,
programmable filters, instrumentation amplifiers, etc. need to be developed.
Hence, one could make a microsystem that can interface with several types
of sensors in different time intervals. This will result in applications such
as a personal health assistant, which monitors the blood pressure, body
temperature and heart rate.

= Many biomedical applications need an extremely miniaturized sensor node.
One could reduce the size of the 3D stack with special packaging techniques
(e.g. 3D solder ball interconnect technology). Furthermore, the activity
monitoring system could be implemented on a flexible substrate, which is
very suitable for human body applications (smart bracelet). However, this
packaging technique effects the mechanical response (linearity, damping,
etc.) of the accelerometer system. New measurement set-ups should be
developed to estimate the real life performance and reliability of such a
system.

m One could integrate a microcontroller core or a digital signal processing unit
with the interface electronics. Potential benefits are a reduced power con-
sumption (less buffering, processing unit is more dedicated to smart sensor
applications), a smaller size and a lower interconnection cost. The main
drawback is the increased effect of the substrate noise on the interface elec-
tronics [Ast04]. For this purpose, new guarding techniques, which separate
the sensitive ULP read-out electronics from the noise generating digital core,
should be explored.

= The battery supply of the autonomous sensor node can be replaced by en-
ergy scavengers with conversion electronics. These electronics convert the
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energy from the scavengers into a reliable supply voltage. They can be in-
tegrated with the GSIC (low cost) or implemented in a special technology
(higher conversion efficiency).

m The narrowband communication front-end (NORDIC chip and folded dipole
antenna) can be replaced by an Ultra Wide Band solution. This would reduce
the power consumption significantly.

m The drift in autonomous sensor nodes has to be studied. New algorithms
should separate the sensor signal from the long term drift. These algorithms
are able to adapt the interface settings of the GSIC (optimal settings) and to
digitally compensate for the sensor drift.
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look-up table algorithm, 8

polynomial evaluation, 8
Capacitance-to-Voltage converter, 24-29
Charge injection imbalance, 35, 40, 43
Charge injections, 27, 36
Chopping, 7, 27-29

enhanced, 29
Class AB

buffer, 47-48

OTA, 25-27
Clock jitter, 35, 49
Closed loop accelerometers, 22
Common mode feedback, 32
Computer algorithm, 53, 84
Configuration settings, 51-53
Constraint, 83
Constraint based optimization, 83
Continuous time comparator, 50
Correlated Double Sampling, 7, 25

slew enhanced, 29-32
Current boosting, 25-27
Current DAC, 38-39

Decimation filter, 34

Delay cell, 41

Differential sensor, 24, 51

Digital signal processing unit, 8, 93
Duty cycle operation, 13-14, 20, 33, 48

Effective number of bits, 59-60
Electromagnetic interference, 27-29
Electrostatic force, 22, 27

Energy conversion electronics, 94
Energy efficiency, 69

Energy per accuracy level, 69
Energy scavengers, 9, 93

Feasible solutions, 83
Feedback capacitor, 51
Flexible substrate, 93
Folded cascode OTA, 32-33
Folded dipole antenna, 89
Full-scale loss, 74-75
deterministic, 75
stochastic, 75
Asc, 82
Crey, 76

Guard rings, 61

Harmonic driven AC-bridge, 21

Inclination monitoring, 65-68
Inclinometer calibration fixture, 65
Integrator, 39-40

Integrator leakage, 35, 36, 39
Intersymbol interference, 35

Labview computer interface, 90
Leakage error, 25, 27, 77-80
LF clock, 50-51

frequency, 52
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Main oscillator, 48-50 Reference current generator, 46—47
frequency, 52 Regenerative comparator, 40-42
Mean capacitance, 19 Relative full-scale deviation, 19
Microcontroller, 8, 69, 88, 93 Relaxation oscillator, 48-50
Mismatch, 27
Modular sensor interface chip, 10-14, 20, 52 Sample period, 52
SC amplifier, 29-33
Noise, 35, 53-60, 82 SC interface, 21
electrical, 53 Self-biased differential amplifier, 50
mechanical, 53 Sensor non-ideality, 6-7
quantization, 53 cross-sensitivity, 6
Noise excess factor, 55 drift, 7, 94
Non-linearity, 43 non-linearity, 6
differential (DNL), 43 production spread, 6
integral (INL), 43 Settling error, 77-80
Non-overlapping delayed clocks, 27, 30, 41 Shaker tests, 90
Sigma Delta modulator, 22, 29, 33-43
Objective function, 53, 83 CT, 34-35
Operational flow, 13-14 NRZ, 35
Optimal settings, 83 RZ, 35-36
Output, 69 SC, 34
analog, 69

Single sensor, 24, 51
Smart energy management, 14, 20, 33, 52, 61
Solder ball interconnect technology, 93

Square wave driven AC-bridge, 21
Parasitic capacitance, 18, 24 SR latch. 39

Parasitic shunt conductance, 18, 23, 25, 77 State model, 30-32
Personal health assistant, 93
Physical activity monitoring, 87-88
Piezoresistive sensors, 18
Power management, 9-10

active devices, 9

passive devices, 10
Pressure sensor, 62
Programmability, 73-83

digital, 69
quasi-digital, 69

Step size, 74

Substrate noise, 93

Supply strategy, 61

Surface micromachining, 18

Three-signal autocalibration, 25
Total harmonic distortion, 34, 37

Asc, 80-82 . .
C,76-80 USB transceiver stick, 90
Crey, 75-76
Programming flow, 11-13 Vertical bipolar transistors, 44
Proportional to absolute temperature, 44 Voltage-to-current converter, 34, 36-37
Quantizer, 35, 40-42 Weak inversion, 26, 32
Wireless transceiver, 9
Range, 74 high-frequency, 9
Reconfiguration, 11-13 narrowband, 9, 89, 94
complete, 11-13 ultra wide band, 9, 94
fast, 11-13 low-frequency, 9

Reference capacitor, 24, 51 inductive coupling, 9
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