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The only reason for time is so that
everything doesn’t happen at once.

–A. Einstein



Preface

“Most of what makes a book ‘good’ is that we are reading it at the right moment for
us” is a quote from the Swiss-British philosopher Alain De Botton. The quote is
right on top for a book where timing is the central given. Read this book about
timing if at this moment your design is in need of an accurate yet efficient timing
reference!

The book you are holding is the result of several years of Ph.D. research that
started with the ambition to set important steps toward the implementation of
batteryless wireless sensor nodes. Relatively soon it became clear that accurate
timing is one of the key points in realizing this. Therefore the focus shifted to the
construction of a low power, supply, and/or temperature independent timing ref-
erence. This topic in its turn surpasses the world of wireless sensor networks as it is
much wider applicable.

We are convinced that the results we present here can help you in several ways.
You can have a look at the circuits and concepts and adapt them for your system.
More importantly the book can act as a source of inspiration for all those that are
involved in sensor network design and the hardware for the Internet of Things. We
dare to hope that the book brings you as much research inspiration as it brought us
research joy while creating it.

Leuven, September 2014 Valentijn De Smedt
Georges Gielen
Wim Dehaene
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Abstract

Back in 2000, the Nobel prize committee recognized the invention of the integrated
circuit in 1958 by Jack Kilby as one of the most far-reaching steps forward in
modern technology. Today, almost 60 years after this invention, electronics are
found everywhere in our society. This is mainly caused by the characteristic
exponential growth factors in the electronics industry (Moore’s law), which result
in an exponential miniaturization and cost decrease. This evolution goes hand in
hand with a similar growth of wireless communication technology: devices become
smaller, frequencies and data rates higher. As a result, the wearability and func-
tionality of wireless electronic devices drastically increase.

This ongoing technological progress is a direct cause of the appearance of
Wireless Sensor Networks (WSN). An increasing number of autonomously oper-
ating devices is wirelessly connected to a network and/or to the Internet, an evo-
lution which will eventually result in the so-called Internet of Things. Since both the
miniaturization as well as the cost decrease of these wireless sensor nodes is nec-
essary to become economically feasible, a growing need for fully-integrated, single-
chip wireless devices is observed. The use of modern deep-submicron CMOS
technologies in analog electronics, however, has several drawbacks in terms of
temperature sensitivity and linearity.

This work elaborately investigates the possible circuit techniques to overcome
the temperature and supply voltage sensitivity of fully integrated time references for
ultra-low-power wireless communication in WSN. In a first step, the basic needs to
build a frequency reference are studied. Furthermore, a closer look at the short-term
as well as the long-term frequency stability of integrated oscillators is taken. This
results in a design strategy, which is applied to six different oscillator design cases.
All six implementations are subject to a study of phase noise and long-term fre-
quency stability.

The first two implementations are respectively a temperature- and a supply
voltage-independent Wien bridge oscillator. The temperature independence is
obtained by using a novel feedback amplifier topology of which the output resis-
tance only depends on a temperature stable resistor. This requires advanced circuit
techniques and a highly-stable amplitude regulation circuit. The second Wien
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bridge implementation makes use of two nested regulators, resulting in an ultra-
high supply voltage stability over a wide voltage range.

The third design case makes use of a high-quality bondwire LC tank. A novel
pulsed driving technique is developed to decrease the power consumption of the
high-frequency oscillator circuit. This driving technique reduces the impact of the
oscillator circuitry on the output frequency and therefore also on the temperature-
and supply voltage stability of the oscillator. To better understand the application
field of the pulsed oscillator topology, the noise performance is analyzed as well.
The processed implementation is a unique combination of power consumption and
long-term frequency stability.

Next, two injection-locked oscillator implementations are discussed. Apart from
a stable output frequency, a high absolute accuracy is also obtained due to the
locking to a wirelessly received RF signal. The first design uses the received
2.4 GHz carrier frequency as a time reference. Despite its simple system topology,
this approach has several drawbacks in terms of selectivity and power consumption.
The second implementation locks to the envelope of the received RF signal.
Therefore, the oscillator can run at a low frequency, drastically diminishing the
power consumption. A second improvement is the addition of a network coordi-
nation receiver. For this purpose, a novel ultra-low-power receiver topology and
demodulation technique are developed. As a result of the addressability, the overall
power consumption in the network is reduced.

The last design case is a temperature- and supply voltage-independent oscillator-
based sensor interface. Since the challenge in this design is rather the stability of the
output value than the frequency stability, a different design strategy is used. It is
shown that the matching of different oscillator delay stages can be applied to obtain
a stable and highly-linear digitalization of a sensor input.

The wirelessly injection-locked oscillator, the coordination receiver, the sensor
interface, and a transmitter are combined into one highly-flexible wireless tag. The
content, the scrambling code, and the length of the transmitted data burst can be
adapted freely, depending on the application. The developed tag can therefore be
used in a wide range of applications, with different accuracy requirements and
energy constraints.

Finally, an elaborate comparison between the developed oscillator designs and
the state of the art is performed. It is shown that the free-running implementations
as well as the injection-locked designs improve the state of the art. This discussion
results in several suggestions for possible future work.
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LTV Linear Time-Variant
MEMS Microelectromechanical systems
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MoI Moment of Impact
MoM Metal-oxide-Metal
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
OCXO Oven-Compensated Crystal Oscillator
P-UWB Pulsed Ultra-Wideband
PC Personal Computer
pcb Printed Circuit Board
PDF Probability Density Function
ppb Parts per billion
ppm Parts per million
PSD Power Spectral Density
PVT Process, Temperature and (Supply) Voltage
PW Pulse Width
RF Radio Frequency
RFID Radio Frequency Identification
rms Root mean square
SNDR Signal to Noise and Distortion Ratio
SNR Signal to Noise Ratio
TANSTAAFL There Ain’t No Such Thing As A Free Lunch
TCXO Temperature-Compensated Crystal Oscillator
ULP Ultra-Low Power
VCO Voltage-Controlled Oscillator
VCXO Voltage-Controlled Crystal Oscillator
WSN Wireless Sensor Network
XO Crystal Oscillator
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Symbols

aðx � tÞ Deterministic, periodic function with period 2p
ak Phase shift of the k-th harmonic of a voltage oscillator

signal
aln Temperature coefficient of the electron mobility
aVth Temperature coefficient of the transistor threshold voltage
b Phase modulation index
bk Phase shift of the k-th harmonic of a voltage oscillator

signal
Dx3dB −3 dB width of a resonant peak in a transfer function
Df�3dB Half-power width of an oscillator output spectrum
DTn Delay error induced by noise
DVn Output voltage error induced by noise
DVrel Relative supply voltage span, as defined in Sect. 4.3.2
AðDxÞ Amplitude noise density at frequency offset Dx, relative to

the carrier
Dx0 Difference between the fundamental frequency x0 and the

natural frequency xn of the tuned network
Dxn Angular frequency difference between the natural oscillator

frequency xn and the frequency of an injected signal xi

Dxinj Frequency perturbation on the injected signal iinj, equal to
d/injðtÞ=dt

Dxnn Frequency perturbation on the free-running oscillator signal
(not the injection-locked oscillator signal), equal to
d/nnðtÞ=dt

D/iðtÞ Perturbation of the phase shift between an oscillator current
and an injected current (due to noise), equal to
D/injðtÞ � D/osc

D/in j tð Þ Perturbation on the phase of the injected signal iin j
D/osc Perturbation on the phase of the (locked) oscillator signal
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dk Relative amplitude of the k-th harmonic of the voltage
waveform, compared to the amplitude of the fundamental
frequency

dXx Skin-depth of a conducting material Xx (for instance Silver,
Ag)

ε Parameter equal to Ainj=Aosc

ε(t) Random amplitude variation of an oscillator signal
c Constant parameter used to determine the bandwidth of a

Lorentzian spectrum, equal to p � f 20 � c
CðxÞ The Impulse Sensitivity Function (ISF) with period 2 � p
CiðxÞ Impulse Sensitivity Function (ISF) on node i with period

2 � p
ck Relative amplitude of the k-th harmonic of the voltage

waveform, compared to the amplitude of the fundamental
frequency

Ceff ðxÞ Effective Impulse Sensitivity Function (ISF), taking cyclo-
stationary noise sources into account

Crms Root mean square (rms) value of the Impulse Sensitivity
Function (ISF)

KðxÞ Amplitude Impulse Sensitivity function (A-ISF), with
period 2 � p

ki Eigenvalue with corresponding eigenvector ui
KiðxÞ Amplitude Impulse Sensitivity function (A-ISF) on node i,

with period 2 � p
q Generalized eigenvector with corresponding eigenvalue k
l Scalar nonlinearity parameter in the van der Pol equation
lXx Magnetic permeability of a conducting material Xx (for

instance Silver, Ag)
X Unit of electrical resistance
x Instantaneous angular frequency, pulsation, 2pf
xðtÞ Instantaneous angular frequency over time
x0 Constant mean angular frequency of an oscillator, often

used as the angular frequency in standard conditions
xB Beating frequency of an injected oscillator
xi Angular frequency of an injected signal
xL One-sided lock range of an injection-locked oscillator
xm Angular frequency of a motor
xn Natural angular frequency of an electrical (tuned) network,

natural angular frequency of an oscillator, 2pfn
U magnetic flux due to the magnetic poles in a motor
UðtÞ Instantaneous phase of an oscillator signal
/ðtÞ Random variations of noise in the phase function, also

called excess phase function
/1 Steady-state phase shift between the oscillator current and

the injected current
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/iðtÞ Phase shift between the oscillator current and the injected
current

/ETF Phase shift of an Electro-Thermal Filter
/i;0 Initial phase shift between the oscillator current and the

injected current
/injðsÞ Phase shift of the injected signal in the frequency domain
/nnðsÞ Phase shift of the free-running oscillator signal in the

frequency domain
/nnðtÞ Phase shift of the free-running oscillator signal (not the

injection-locked oscillator signal)
/oscðsÞ Phase shift of the locked oscillator signal in the frequency

domain
w Phase shift between the injected signal and the relaxation

oscillator current
WðtÞ Systematic or deterministic variations in the phase function
qXx Conductivity of a conducting material Xx (for instance

Silver, Ag)
rðA; f ; sÞ Allan variance of the output of a function f with dead time s

between the subsequent samples
rðTh; TlÞ Covariance between two stochastic periods
rc Cycle-to-cycle jitter of an oscillator output signal
rA;h;l Allan covariance between two variables Th and Tl (with

dead time s)
rabsðt ¼ N � savgÞ Standard deviation of the absolute jitter after N oscillation

cycles, sometimes also called the absolute jitter
rcc Alternative definition of the cycle-to-cycle jitter, calculated

using the difference between subsequent periods
rLC;Cte Average cycle-to-cycle jitter of the output waveform of a

resonant tank with constant output amplitude
rLC;Pulsed;N Standard deviation of the length of the pulsed period of an

LC tank, normalized to TLC=2
rLC Average cycle-to-cycle jitter of the output waveform of a

resonant tank with decaying output amplitude
rTn Standard deviation (rms) of the time noise on a stage delay
rVn Standard deviation (rms) of the voltage noise
s An arbitrary moment in time
si Period of the i-th oscillation cycle
savg Average period of an oscillator output signal
hðtÞ Phase shift of an oscillation over time (compared to xn � t)
h0 Initial phase shift of an oscillation
hi Phase shift induced by a small injected signal in the

oscillator, angle between the oscillator signal and the
resulting signal

hn Phase shift of a tuned network at x 6¼ xn

Symbols xxv



� ðtÞ Deterministic and systematic amplitude variations of an
oscillator signal

A Voltage gain of a generic amplifier
A0 Ideal constant amplitude of an oscillator signal
A1 Linear gain of a voltage dependent transconductance

amplifier
A Ampère, unit of electrical current
AD Area or size of a diode junction
Ads Amplitude of the drain-source current in an oscillator
Aenv;DC DC approximation of the complex envelope of an oscillator

output signal
AenvðtÞ Complex envelope of an oscillator output signal
Ai i-th-order gain of a voltage dependent transconductance

amplifier
Ainj Amplitude of a signal injected in an oscillator
Aosc Amplitude of an oscillator signal current
AR Area or size of a resistor
Ar Amplitude of the resulting oscillator signal, sum of the

injected current and the oscillator current
AðtÞ Instantaneous amplitude of an oscillator signal
At Minimum attenuation of a feedback network
Av Voltage gain of an amplifier
B Bandwidth of a modulating signal
C Capacitance, a capacitor
c Motor constant, speed of light
c Constant parameter used to determine the bandwidth of a

Lorentzian spectrum
Cds Drain-source capacitor of a MOS transistor
Cgd Gate-drain capacitor of a MOS transistor
Cgs Gate-source capacitor of a MOS transistor
ci Complex i-th pole frequency
Cox Gate-oxide capacitance per unit area of a MOS transistor
Cp Parallel capacitor in the equivalent quartz crystal model
Cs Series capacitor in the equivalent quartz crystal model
DC Duty cycle of a digital signal
e Euler’s constant
EDecayðNÞ Energy loss over N oscillation cycles in a resonant tank

with exponentially decaying output amplitude
EM Back electromotive force
EOscðNÞ Energy loss over N oscillation cycles in a resonant tank

with constant output amplitude
f ðUðtÞÞ Periodic function of UðtÞ with period 2 � p
F Device excess noise factor
Famp Noise factor of an amplifier
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F Farad, unit of electrical capacitance
fi State variable of an oscillation on node i, normalized to

amplitude and frequency
fi x1; . . .; xnð Þ A smooth real-valued function of x1; . . .; xn
FoMAD Figure of Merit for Analog to Digital converters
FoMJT Jitter and Temperature-dependency Figure of Merit (FoM)

of an oscillator
FoMPN Phase noise Figure of Merit (FoM) of an oscillator
FoMPN;tuned Phase noise Figure of Merit (FoM) of an oscillator, taking

the tuning sensitivity into account
FoMPNT Phase noise and Temperature-dependency Figure of Merit

(FoM) of an oscillator
FoMPNTV Phase noise, Temperature-dependency and Voltage-depen-

dency Figure of Merit (FoM) of an oscillator
FoMTV Temperature- and Voltage-dependency Figure of Merit

(FoM) of an oscillator
FoMV Voltage-dependency Figure of Merit (FoM) of an oscillator
G Transconductance of a generic amplifier
gm Transconductance of a transistor
gmb Transconductance of the bulk of a transistor
GmðvÞ Gain of a nonlinear negative resistance or amplifier
gm;wi Transconductance of a MOS transistor in weak-inversion
GðsÞ Transconductance of a generic amplifier, dependent on the

Laplace variable (representing the frequency)
GðvÞ Input-amplitude-dependent transconductance of a generic

amplifier
h/ðt; sÞ Unit impulse response for the excess phase for a charge

injected at time s
hAðt; sÞ Unit amplitude impulse response for a charge injected at

time s
H Henry, unit of electrical inductance
Hinjðj � DxÞ Transfer function of the phase perturbations on the injected

signal iinj to the injection-locked oscillator output
Hnðj � DxÞ Transfer function of the phase perturbations on the free-

running oscillator signal iosc to the injection-locked oscil-
lator output

hnðtÞ Normalized impulse response of a resonant network
HðsÞ Transfer function of a linear system or network
hðtÞ Impulse response of a linear system or network
I Unity matrix, symbol of electrical current, mechanical

moment of inertia
IA Current amplitude through an inductor
Ib Biasing current of an oscillator or an oscillator stage
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ID0 Technology dependent parameter determining the weak-
inversion current of a MOS transistor

id;nðtÞ Small-signal differential noise current
Ids Large-signal drain-source current of a MOS transistor
ids Small-signal drain-source current of a MOS transistor
Ids;f Zero-temperature-coefficient DC biasing current of a

transistor
Ids;wi Large-signal drain-source current of a MOS transistor in

weak-inversion
iinjðtÞ Injected current in an oscillator
Ii;reg Regulated output current of a current regulation circuit
Ii;reg;rep Regulated output current through the oscillator replica

when the regulator is loaded with a resistor
Ik Fourier coefficient of a current oscillator signal
=ðxÞ The imaginary part of x
In Amplitude of a noise current
in0ðtÞ Stationary current noise source
inðtÞ Injected small-signal noise current
iosc Oscillator signal current
irðtÞ Resulting current in an oscillator, sum of the injected

current and the oscillator current
IðsÞ Laplace transform of a current waveform
iðtÞ Small-signal current
j Imaginary unit,

ffiffiffiffiffiffiffi�1
p

jabsðt ¼ N � savgÞ Absolute jitter after N oscillation cycles
JðdÞ Current density in a conductor, depending on the distance

d from the surface
J Joule, unit of energy
Js Current density in a conductor at the surface
k The Boltzmann constant, approximately equal to

1:38 m2 � kg � s�1 � K�1

k100 Conversion gain of an envelope detector for an input signal
with 100 % modulation depth

k30 Conversion gain of an envelope detector for an input signal
with 30 % modulation depth

kDC Conversion gain of an envelope detector for a DC (low-
frequency) input signal

KfD Technology dependent 1/f noise fitting parameter of a diode
KfR Technology dependent 1/f noise fitting parameter of a

resistor
KfT Technology dependent 1=f noise fitting parameter of a

transistor
Kij Residue of a partial fraction corresponding to real pole

i with j-th degree denominator
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KILO Injection-locked oscillator gain
Kmix Mixing gain of a mixer circuit
KVCO Integration constant or sensitivity of a VCO to its control

voltage vc
L Inductance, an inductor
L Length of a MOS transistor
LðDxÞ Phase noise density at frequency offset Dx, relative to the

carrier
Lij Residue of a partial fraction corresponding to complex pole

i with j-th degree denominator
LtotalðDxÞ Total noise power density at frequency offset Dx, relative

to the carrier
MoI Moment of Impact of a pulse applied to a resonant tank
MoIN Moment of Impact of a pulse applied to a resonant tank,

normalized to TLC=2
N Number of free-running periods in a Pulsed-Harmonic

oscillator
NFamp Noise figure of an amplifier
NLF Noise spectral density of the low-frequency noise at an

amplifier output (expressed in V2=Hz)
No;ED Noise spectral density of the noise at the output of an

envelope detector (expressed in V2/Hz)
Nsrc Noise spectral density of an input source (expressed in

V2/Hz)
p Frequency of a single pole
pi Real i-th pole frequency
PðsÞ Numerator of a transfer function HðsÞ
Ps Average power dissipated in a resonant tank
PsbcðDxÞ Single-sideband noise power at offset frequency Dx,

relative to the carrier
Psideð f0 þ Df ; 1 HzÞ Single-sideband noise power in a 1 Hz interval at a

frequency offset Df from the carrier
PW Pulse width of a pulse applied to a resonant tank
PWN Pulse width of a pulse applied to a resonant tank,

normalized to TLC=2
Q Quality factor of a resonant (second order) network
q Unit charge of a single charge carrier (electron or hole)
QC Quality factor of a capacitor C
qCte Maximum charge displacement (compared to equilibrium)

in a resonant network with constant output amplitude
during one period

qDecay Maximum charge displacement (compared to equilibrium)
in a resonant network with exponentially decaying output
amplitude during one period
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QG Generalized Q factor
QL Quality factor of an inductor L
qmax Maximum charge displacement from the equilibrium state

on the output node of a resonant tank during one oscillation
cycle

QðsÞ Denominator of a transfer function HðsÞ
R Resistance, a resistor
r0 Small signal output (drain) impedance of a MOS transistor

(also called rds)
RB Bulk resistance of a transistor
RD Drain resistance of a transistor
rds Small signal output (drain) impedance of a MOS transistor

(also called r0)
Reff Effective noise resistance of a transistor
<ðxÞ The real part of x
RG Gate resistance of a transistor
Rp Equivalent parallel resistance of an RLC network
RS Source resistance of a transistor
Rs Series resistance of an inductor
s Laplace variable, equal to rþ j � x, in steady-state equal to

j � x
s Second, unit of time
S/;f ð f Þ Power Spectral Density of the phase fluctuations as a result

of the 1=f noise component
Sað f Þ Power Spectral Density of a waveform a
Sinð f Þ Power Spectral Density of a current noise source in
SinjðxÞ Power spectral density of the injected signal iinj
SnnðxÞ Power spectral density of the free-running oscillator signal
SoscðxÞ Power spectral density of the locked oscillator signal iosc
SRFð f Þ Power Spectral Density of a general RF signal
SVnð f Þ Power Spectral Density of the voltage noise on a capacitor
Svnð f Þ Power Spectral Density of a voltage noise source vn
Sxð f Þ Power Spectral Density of phase time fluctuations
Syð f Þ Power Spectral Density of fractional frequency fluctuations
S/ð f Þ Power Spectral Density of phase fluctuations
SDf ð f Þ Power Spectral Density of frequency fluctuations
SDxð f Þ Power Spectral Density of angular frequency fluctuations
T Absolute temperature, expressed in Kelvin [K] or (depend-

ing on the context), the oscillation period
t Time variable
T0 Period of an oscillator
TD Delay of an oscillator stage
td Delay of an inverter
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Th Time span that a digital oscillator output is high during one
period

Th;0 Time span that a digital oscillator output is high during one
period with a sensor input signal equal to zero

thl Input-output delay of an amplifier for a falling edge at the
output

Ti;reg Loopgain of a current regulation circuit
Tl Time span that a digital oscillator output is low during one

period
tL Time needed for an injection-locked oscillator to lock, lock

time of an injection-locked oscillator
Tl;0 Time span that a digital oscillator output is low during one

period with a sensor input signal equal to zero
TLC Period of a free-running LC tank
tlh Input-output delay of an amplifier for a rising edge at the

output
TM Motor torque
TOsc Complete period of a multi-stage oscillator
TðsÞ Frequency dependent loopgain of a feedback system
TSens Sensitivity of the output frequency f0 to temperature
TSwitch Time interval needed for a differential oscillator stage to

switch
TðtÞ Phase time
Tv;reg Loopgain of a voltage regulation circuit
U Symbol of electrical tension
ui Eigenvector with corresponding eigenvalue ki
uðtÞ The Heaviside function
VA Voltage amplitude over a capacitor
Vbs Large-signal bulk-source voltage of a MOS transistor
vbs Small-signal bulk-source voltage of a MOS transistor
vcðtÞ Control voltage of a VCO
VCte Constant input voltage
Vctrl Control voltage to control the gain of an amplifier
Vd Differential voltage applied to the input of a differential pair
Vdd Supply voltage
Vds Large-signal drain-source voltage of a MOS transistor
vds Small-signal drain-source voltage of a MOS transistor
VE Early-voltage of a MOS transistor
Vgs Large-signal gate-source voltage of a MOS transistor
vgs Small-signal gate-source voltage of a MOS transistor
Vgs;f Zero-temperature-coefficient DC biasing voltage of a

transistor
Vgt Overdrive voltage of a MOS transistor, equal to Vgs � Vth

Vi Output voltage of the i-th oscillator stage
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Vi;reg Regulated output voltage of a current regulation circuit
Vk Fourier coefficient of a voltage oscillator signal
Vmax Maximum supply voltage at which a circuit can properly

operate
vmax Maximum output voltage (compared to equilibrium) of a

resonant tank during one oscillation cycle
Vmin Minimum supply voltage at which a circuit can properly

operate
vn;diff Differential noise voltage
vnðtÞ Small-signal noise voltage
Vref Output voltage of a voltage reference
Vreg Output voltage of a voltage regulator
Vrep Output biasing voltage coming from a replica circuit
VðsÞ Laplace transform of a voltage waveform
VS Output voltage of a sensor, input voltage of a sensor

interface
VS;DC DC value of the sensor output voltage
VSens Sensitivity of the output frequency f0 to the supply voltage
VS� Negative voltage output of a differential sensor
VSþ Positive voltage output of a differential sensor
vðtÞ Small-signal voltage
vðt � sÞ Decay function of the excess amplitude
VT Threshold voltage of a relaxation oscillator
Vt Thermal voltage, equal to k � T=q ¼ 26 mV at room

temperature
Vth Threshold voltage of a MOS transistor
V Volt, unit of electrical tension
Vv;reg Regulated output voltage of a voltage regulation circuit
Vv;reg;rep Regulated output voltage over the oscillator replica when

the regulator is loaded with a resistor
Vv;reg;res Regulated output voltage of a voltage regulation circuit

loaded with a resistor
W Width of a MOS transistor
x Normalized variable of the ISF CðxÞ, typically equal to

xn � t
_xi Time-derivative of xi
xiðtÞ A real-valued function of t
xðtÞ Random instantaneous phase time variation, /ðtÞ=x0

yðtÞ Instantaneous fractional frequency variation, dxðtÞ=dt
Z Complex impedance
z Scalar for which z 2 Z

Zk Impedance of a resonant network, seen by the k-th
harmonic
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