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Resumen

Los nodos sensores inalambricos tienen fuertes requerimientos de bajo consumo de
manera de operar con baterias pequenas o algin mecanismo de cosecha de energia,
o ambos. En muchos casos, la cosecha de energia térmica o electroquimica provee
tensiones muy bajas del orden de 100 mV o incluso menos. Los sistemas de internet
de las cosas incluyen un médulo de reloj que debe estar siempre encendido a efectos
de contar el tiempo. Los osciladores a cristal son probadamente ttiles como relojes
de bajo consumo, y en este contexto la reduccion de la tensién es una estrategia
conveniente. Por lo tanto, presentamos osciladores a cristal de 32 kHz operando
con sélo 60 mV de tensién de alimentacién. Dos implementaciones, basadas en
el circuito Schmitt trigger para dos cristales diferentes, se disenan y caracterizan
experimentalmente.

Estos osciladores a cristal estan basados en la aplicacién del Schmitt trigger
como amplificador. Se provee una guia para el disenio de este bloque para fun-
cionar como el amplificador de un oscilador a cristal. Adicionalmente se propone
un modelo dindmico del Schmitt trigger y los resultados del modelo son compara-
dos con resultados de simulacién. Los amplificadores son caracterizados exper-
imentalmente, proveyendo una ganancia de 2.48 V/V con 60 mV de tensién de
alimentacién. Tal como se pretende en la etapa de diseno, para tensiones mayores
a 100 mV aparece el fenémeno de histéresis y el Schmitt trigger comienza a operar
como un comparador.

Los Schmitt trigger para operar como amplificadores de los osciladores a cristal
son disenados en un proceso CMOS de 130 nm y ocupan un area de 45 pm x 74 pm
y 78 pm x 83 nm, respectivamente. El consumo de potencia de sendos osciladores es
2.26 nW y 15 nW y la estabilidad en temperatura obtenida es de 62 ppm (25-62°C)
y 50 ppm (5-62°C), respectivamente. Se midieron la dependencia del consumo de
corriente con respecto a la tension de alimentacién, la frequencia de oscilacién, el
tiempo de arranque y la amplitud de oscilacién. La desviacion de Allan es 30 ppb
en ambos osciladores.

Por otra parte, un oscilador LC controlado por voltaje es disenado en un pro-
ceso CMOS de silicio sobre aislante en deplexién total de 28 nm, para aplicaciones
de radiofrecuencia. Se estudia la posibilidad de utilizar en este caso el mismo
modelo utilizado para el disefio del Schmitt trigger. Dicho modelo es valido en
todas las regiones de inversién y esta desarrollado para transistores de tipo sus-
trato y de canal largo. La arquitectura de transistores nMOS entrelazados es la
utilizada para este oscilador. Se estudia el limite tedrico para la minima tensién de
alimentacién. Los transistores son dimensionados de manera éptima para obtener



el minimo consumo de potencia posible, utilizando un enfoque de baja tensién y
el desempenio del oscilador se obtuvo mediante simulaciones.

viii



Abstract

Wireless sensor nodes require very tight power budgets to operate from either a
small battery, some energy harvesting mechanism or both. In many cases, thermal
or electrochemical harvesting devices provide very low voltages of the order of
100 mV or even lower. Time-keeping functionality is required in IoT systems and
the time-keeping module must be on at all times. Crystal oscillators have proven
to be useful for low power time-keeping applications, and in this context supply
voltage lowering is a convenient strategy. Therefore, 32 kHz crystal oscillators
operating with only 60 mV supply are presented. Two implementations based on
a Schmitt trigger circuit for two different crystals were designed and experimentally
characterized.

These crystal oscillators are based on the application of a Schmitt trigger as
an amplifier. Guidelines for designing this block to be the amplifier of a crystal
oscillator are provided. Furthermore, a dynamic model of the Schmitt trigger is
proposed and the model results are compared against simulations. The amplifiers
were experimentally characterized, providing a gain of 2.48 V/V with a 60 mV
power supply. As it was intended in the design stage, for voltages above 100 mV
hysteresis appears and the Schmitt trigger starts operating as a comparator.

The Schmitt triggers to operate as amplifiers of the crystal oscillators are
designed in a 130 nm CMOS process, requiring an area of 45pm x 74pm and
78 pm x 83 pm, respectively. The power consumptions of the crystal oscillators are
2.26 nW and 15 nW and the temperature stabilities attained are 62 ppm (25-62°C)
and 50 ppm (5-62°C), respectively. The dependence on the supply voltage of the
current consumption, fractional frequency, start-up time and oscillation amplitude
were measured. The Allan deviation is 30 ppb for both oscillators.

On the other hand, an LC voltage controlled oscillator (VCO) is designed in
28 nm FD-SOI for RF applications. The possibility of modeling the transistors in
the 28 nm FD-SOI technology by means of the all inversion region long channel
bulk transistor model used for the Schmitt trigger circuits, is studied. A cross-
coupled nMOS architecture is used to build the VCO. The theoretical limit for the
minimum supply voltage that enables oscillation is studied. The transistors were
optimally sized to aim the minimum power consumption through a low-voltage
approach and the performance of the VCO was obtained through simulations.



This page is intentionally left blank.



List of Abbreviations

AC

BLE
CMOS
DC
FD-SOI
IoT
LC-VCO
LUT

MI
MOSFET
nMOS
PCB
PLL
pMOS
RF

SI

SoC
UTBB
WI
WSN

alternate current

Bluetooth low-energy

complementary metal oxide semiconductor
direct current

fully depleted silicon on insulator

internet of things

LC-tank voltage controlled oscillator

look up table

moderate inversion

metal oxide semiconductor field effect transistor
n-type metal oxide semiconductor

printed circuit board

phase locked loop

p-type metal oxide semiconductor

radio frequency

strong inversion

system on chip

ultra thin body and buried oxide

weak inversion

wireless sensor network
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List of Symbols

A voltage gain
Agy, drain or source diffusion area of transistor &
" junction capacitance per unit area
Cri extrinsic capacitance of the drain or source to bulk junc-
tion
C; capacitance between nodes j and k
Cm motional capacitance of the crystal
Cl, oxide capacitance per unit area
Cprov  overlap capacitance at node p of transistor k
fr transition frequency
Gm equivalent transconductance
Imb bulk transconductance
Gmerit  critical value of the transconductance to enable oscillation
Imd drain transconductance
Imyg gate transconductance
Gmopt  transconductance value to achieve the maximum negative
resistance
9ms source transconductance
Gy equivalent output conductance
Ip drain current
Ir forward current
if forward inversion level
Iy current strength of an nMOS transistor
Ip current strength of a pMOS transistor
Iy, current strength of transistor k
Ir reverse current
iy reverse inversion level
Ig specific current
L transistor channel length
Isg specific current of an equivalent square transistor
k Boltzmann’s constant (= 1.38 x 10723 J/K)
LD overlapping distance on the channel length direction be-

tween the source or drain and the gate
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xiv
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QB
Qp
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drp
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drs

Qs

Vbp
VbpH

motional inductance of the crystal

carrier mobility

slope factor

thermal voltage (= kT'/q)

electronic charge (= 1.60 x 1071 Q)

total bulk charge

total drain charge

total gate charge

inversion charge per unit area at drain
normalized inversion charge density at drain
inversion charge per unit area at source
normalized inversion charge density at source
total source charge

motional resistance of the crystal

output resistance

absolute temperature

time constant

back-plane voltage

drain-to-bulk voltage

supply voltage

minimum supply voltage to obtain hysteresis
gate-to-bulk voltage

pinch-off voltage

source-to-bulk voltage

threshold voltage

zero-bias threshold voltage

transistor channel width

crystal impedance

motional impedance of the crystal
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Chapter 1

Introduction

Wireless sensor nodes, among other Internet of Things (IoT) elements, require
a very tight power budget in order to be powered from either a small battery,
some energy harvesting mechanism or both. Applications involving continuous
monitoring or idle listening must spend the least energy possible. If so, the battery
lifetime would be extended and operation with a harvester only may be possible.
In fact, the limited power budget might be the most significant challenge [1].

Voltage scaling has proven effective for energy consumption reduction [2]. Sub-
threshold design has been extensively used in power constrained applications, such
as time-keeping wrist watches [3]. More recently, near threshold design techniques
have been developed and supply voltage has been more aggressively lowered to
further reduce power consumption [2]. All kinds of circuits are involved, from a
Bluetooth Low-Energy (BLE) receiver front-end operating with 0.18 V [4] to a
whole System on Chip (SoC) [5].

However, there are harvesters that provide smaller voltage levels. This is the
case of thermoelectric generators [6], which provide a voltage supply in presence
of a temperature difference as it is shown in the schematic drawing of Fig. 1.1a.
In the IoT applications context, a small thermoelectric generator patch may be
worn on the skin and 2 °C, found between the air and the skin, suffice to obtain
150 mV. However, the voltage obtained drops with the temperature difference,
compromising the operation of the device powered from this harvester.

Photovoltaic cells arrangements used indoors also provide low voltage levels [7].
For an indoor well illuminated environment, say 200 lux, 0.88 V and 132uW are
extracted. However, if light diminishes to 50 lux, power would drop to less than
50 nW and voltage to 0.3 V. Moreover, each one of these photovoltaic cells spends
much more area (19.6 mm x 50 mm) than the aforementioned thermoelectric
generator in Fig. 1.1a.

In many cases, thermal or electrochemical harvesting devices provide very low
voltages of the order of 100 mV or even lower [8-10]. A startup boost converter
is presented in [9] using a thermoelectric generator that provides 50 mV. In [10],
energy is harvested from the endocochlear potential, as shown in Fig. 1.1b. This
is a 70 to 100 mV electrochemical bio-potential inside the mammalian ear, that
provides power within the range from 1.1 to 6.25 nW. In [8], less than 100 mV are
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Figure 1.1: (a) Schematic drawing of an application of the Micro-Peltier coolers, taken from [6].
Electrochemical bio-potential examples: schematic drawing of (b) the endocochlear potential
as an energy harvesting source, extracted from [10], and (c) the bio-potential between a tree
and its soil, taken from [8].

obtained as a result of the pH difference between a tree and its soil. Figure 1.1c
shows a schematic diagram on how this voltage difference appears.

Complementary Metal Oxide Semiconductor (CMOS) electronics is possible at
such low supply voltages [11,12], which are well below the supply that minimizes
the energy per operation, typically in the range of 200 to 350 mV. The minimum
energy per operation point may be the ideal condition for the active operation of
a circuit [2], but this is not the case for circuits with long standby times. In effect
for such circuits the power spent can be minimized by setting the supply voltage
to its lowest possible value in the standby mode [12].

Supply voltage constrained applications are those powered from the aforemen-
tioned very low voltage harvesters, given that no higher voltage sources are avai-
lable. Then, supply voltage reduction techniques should be developed to provide
functional circuits within those levels. In particular, for digital circuits, supply
voltage reduction beyond the minimum energy per operation point are advanta-
geous and can help to considerably reduce standby power consumption [12]. This is



Figure 1.2: (a) Transmitter on fingertip and (b) Thiomargarita namibiensis, at the same scale
with (c) die photo. Figure taken from [13].

so, even though most efforts are made towards the minimum energy per operation
point and near threshold design [2]. In [12], Schmitt trigger gates were proven to
be more efficient than CMOS gates for 75 mV supply, with respect to power/delay.

Due to the positive feedback, the Schmitt trigger provides a significant gain for
voltages below 4kT'/q, approximately 100 mV at room temperature. This feature
could enable CMOS electronics operating from such voltage levels. Practical ultra
low voltage levels would be 5kT"/q for analog RF circuits [13] and 4kT'/q for digital
circuits [14]. In [13], the miniaturization of an RF transmitter compatible with
bio-potential energy harvesting sources around 5k7'/q is addressed. Figure 1.2
shows the SoC on a finger tip, together with a photo of the die and some vacuoles
(Thiomargarita namibiensis) as a possible source of energy.

To obtain functional digital circuits at ultra low voltage levels, the threshold
voltage of nMOS and pMOS devices may be matched by means of a simple re-
gulator circuit [14]. Figure 1.3a shows a NAND gate connected to the regulator
circuit. The voltage transfer characteristic of the NAND gate can be modified by
adjusting the well bias, as shown in Fig. 1.3b. Additionally, for circuits powered
from low voltage energy harvesters, reducing the minimum supply voltage required
by the electronics simplifies the design of the voltage step-up converters.

Besides the digital circuits, all kinds of building blocks able to work with such
voltage levels are required. Examples of circuits developed to this aim are a 75 mV
71 nW fully-integrated temperature sensor [15] and a 0.18 V 382 pW BLE receiver
front-end with 1.33 nW sleep power [4].

Time-keeping functionality is required in IoT systems. Synchronization be-
tween nodes in a wireless sensors network (WSN) is vital in order to keep the
exchange of coordination messages to the minimum [1]. In addition, the time-
keeping module is likely to be always on.

When it comes to ultra low voltage oscillators capable of operating at tens
of mV, inductively loaded ring oscillators and Colpitts oscillators may be suita-
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Figure 1.3: Well biasing technique to enable digital circuits at 4kT/q supply voltage: (a)

circuit schematic showing a NAND and the regulator circuit to bias the wells, and (b) voltage
transfer characteristic of circuit in (a). Figures taken from [14].

ble choices for the 100 MHz range [16]. To fulfill the low voltage budget, these
oscillators are implemented with zero-VT transistors and high quality factor in-
ductors. The latter might be either external inductors or on chip, area demanding,
inductors. Without these, not only the voltage supply and current consumption
would have to be increased to enable starting up, but also the performance of the
oscillator would worsen.

A relaxation oscillator for time-keeping operating in the Hz-range from 0.3 V
to 1.8 V with 3.32 pW has been reported in [17]. Maybe due to the very low
power consumption achieved, it exhibits a high frequency spread (8.9 %) and a
poor long term stability (<1 000 ppm). In the kHz-range, another relaxation
oscillator [18] operates with 0.4 V and 1.14 nW and has 60 Hz variation over the
range from 0.4 V to 0.65 V. It accomplishes a frequency stability of 94 ppm/°C and
an Allan deviation floor of 58 ppm, which are remarkable considering it being the
relaxation type. Nevertheless, RF communications synchronization applications
demand better frequency stability and accuracy [1]. A cross-coupled LC-tank
Voltage Controlled Oscillator (LC-VCO) with very low phase noise and frequency
stability features was presented in [19]. This LC-VCO operates with 0.3 V at
3 579 MHz, but consumes 0.225 mW owing to the high frequency, making it
unsuitable for the aforementioned applications.

Crystal oscillators have proven to be useful for low power time-keeping appli-
cations, and supply voltage lowering a convenient strategy [3,20,21]. Crystal
oscillators operating in the range of tens of MHz shall attain pnW-power consump-
tion by means of a low supply voltage of 0.7 V in [22] and between 0.3 and 0.5 V
in [23,24].

In [25], a 0.15 V 32 kHz crystal oscillator is presented. A very low power con-
sumption of 1.89 nW and a fine frequency stability performance are accomplished
using a self-charging scheme. However, the output waveform is deformed possibly
jeopardizing the frequency spectrum of the oscillator. A one-pin oscillator (instead



of two pins) based on the same scheme, but with 0.25 V and 2.89 nW, was reported
in [26].

A 32 kHz phase locked loop (PLL) assisted crystal oscillator working within
hundreds of mV supply and a remarkable performance is reported in [27], invol-
ving additional complex circuits and consequently a large amount of silicon area.
Moreover, two different supply sources are required.

Regarding ultra low voltage 32 kHz crystal oscillators, the lowest power con-
sumption is that reported in [28], attaining 0.55 nW by means of downconverting
the signal to DC, amplifying in DC and then upconverting the signal to the fre-
quency of the crystal. An excellent phase synchronization is achieved providing
excellent frequency stability over temperature and over time. The output wave-
form is the result of switching DC levels to obtain a four level switched signal,
which will have important harmonic content. The output harmonic content would
be filtered by the high quality factor of the crystal. Nevertheless, this might be an
issue if spectral purity is needed. Other examples in the single digit nW range are
those reported in [29], [30] and [31].

This thesis is organized as follows. The Schmitt trigger circuit topology, which
is extensively referred to in this thesis, will be presented in Chapter 2. In the first
place, the long-channel MOS transistor model used herein and the procedure for
the extraction of the parameters of the transistor, are revisited. Then, the small-
signal low-frequency model of the Schmitt trigger and its operation as an amplifier
for ultra low voltage are also revisited. Finally, a brief comparison between the
Schmitt trigger and a CMOS inverter is presented. Chapter 3 is dedicated to the
dynamic model of the Schmitt trigger, including the capacitive coefficients due to
intrinsic and extrinsic capacitances, the intrinsic transition frequency and the main
parameters to describe its operation in the region with hysteresis. The dynamic
model is verified through simulations. In Chapter 4, the design of two crystal
oscillators is assessed. Firstly, the operation of the Pierce oscillator is revisited.
Secondly, the particulars of the design of a Pierce oscillator based on a Schmitt
trigger as an amplifier are presented. In Chapter 5, the design and performance of
the oscillator are verified through simulations and measurements. Finally, Chap-
ter 6 deals with an LC-VCO for RF applications in a 28 nm Fully Depleted Silicon
on Insulator (FD-SOI) technology. First, the model and parameter extraction pro-
cedure explained in Chapter 2 are translated to the present circuit and FD-SOI
technology. Then, a non-tuneable version of the LC oscillator that operates at the
minimum possible supply voltage is studied. The performance of the LC oscillator
under this condition is obtained through simulations. Finally, an LC-VCO is op-
timally designed for the frequency band from 2.4 GHz to 2.5 GHz to minimize the
power consumption by means of a low-voltage strategy. The performance of the
LC-VCO is obtained through simulations. Finally in Chapter 7 the conclusions of
this thesis are drawn.
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Chapter 2

Schmitt trigger as an amplifier for ultra
low voltage

To design a Schmitt trigger circuit to operate as an amplifier, a small-signal model
is used and presented in this chapter. First, a basic all-region MOSFET model is
revisited in Section 2.1. Then, expressions for the small-signal transconductances
and the capacitive coeflicients are provided in Sections 2.2 and 2.3. The equa-
tions within the model require the parameters of the technology of use. Thus, a
parameter extraction procedure is followed as presented in Section 2.4. The DC
transfer characteristic of the Schmitt trigger is subject of Section 2.5, where ana-
lytic expressions for obtaining the characteristic are provided. The low-frequency
small-signal equivalent model of the Schmitt trigger is derived in Section 2.6 using
the MOSFET model aided by the extracted parameters. Finally, the Schmitt trig-
ger is compared to a CMOS inverter to see the benefits of using a Schmitt trigger
circuit in ultra low voltage applications through numerical examples.

2.1 Basic all-region MOSFET model

In this section an all-region MOSFET model [32] is briefly reviewed.

The drain current of a long-channel transistor is expressed as the difference
between two currents, namely, the forward and reverse currents, Ir and Ig, re-
spectively, as follows

Ip =1Ip — Ig = Is(if — i), (2.1)

where Ig (called specific current) is given by

2 W
Is=pnCl, % (2.2)

and ¢ and ¢, are the forward and reverse inversion coefficients, respectively.
In (2.2), p is the mobility, n is the slope factor, C/, is the oxide capacitance
per unit area, ¢ is the thermal voltage and W/L is the aspect ratio.
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The specific current is normalized to the aspect ratio, leading to the specific
current of an equivalent square transistor Isg, with W = L, giving
I
Isog = ——. 2.3
SQ = WL, (2.3)
The forward and reverse currents in (2.1) relate to the normalized inversion
charge density at source and drain, ¢j¢ and ¢}, respectively, as follows

Ir(ry = Is ldfs(p) + 2415(p)): (2.4)

where ¢} and ¢}, are defined in terms of the inversion charge per unit area Q¢
and Q) p, such that

/
1S(D)

d1s(p) = Tl oy (2.5)

The relationship between the terminal voltages Vi, Vg, Vp (all referred to the
bulk) and the charge densities is

Vep —Vsop
T() — gy~ 1+ 1n (q}S(D)), (2.6)
where the pinch-off voltage Vp can be approximated by
Vp &2 M’ (2.7)

n

being Vg the threshold voltage at Vg = 0.
Expressing the inversion coefficients in terms of the normalized inversion charge,
results in

i) = ldrs(py + 17 - 1. (2.8)

Note that iy does not depend on ¢}, and 4, does not depend on ¢jg.
Thus, (2.6) can be rewritten in terms of the inversion coefficients in (2.8) as

follows T
P~ Vs _ — —
— =it 2t (V1 +ise) - 1)- (2.9)

2.1.1 Weak inversion model of the MOSFET

Deep in weak inversion (WI), i¢,y — 0. In this condition, the square root term in
it(ry becomes negligible and we can approximate the logarithmic term using that

V1I+z~1+7in (2.9), resulting in

Vp— V. o
1) R R, P (”()) (2.10)
on 2

Substituting (2.10) into (2.1) and using the pinch-off voltage approximation
in (2.7), it follows the expression of the drain current Ip for the nMOS transistor
operating in WI

Yep ([ _Vsa _VbB
Ipn = Inenne <e P —e Pt ), (2.11)
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where the current scaling factor I, which represents the transistor current strength,

is given by
_Vron

In=2Igye "nor, (2.12)

The expression for the pMOS current is obtained from (2.11) changing Vsp by
Ves, Vbe by Vep and Vg by Via. The expression for the current strength of
the pMOS transistor, Ip, is the same as (2.12), using the pMOS parameters.

2.2 Small-signal transconductances

Provided that the MOSFET is a four terminal device, an increase in the voltage
of these terminals translates to an increase in the drain current. Thus,

Alp = gmgAVg — gmsAVs + 9maAVp + gmpAVp (2.13)

where

o,  olp A, dlp

9Img = %7 Ims =
are the gate, source, drain and bulk transconductances, respectively. Figure 2.1
depicts the circuit schematic of this low-frequency small-signal model.
An expression for g,,s and g,,q can be deduced from their definition in (2.14)
and from the definition of the drain current in (2.1), giving

(2.14)

iy — ir) Oig(r)
Ims(d) (+) S GVS(D) SaVS(D) ( 5)

D

8 md 4 d

D

g mb 1..??

‘g ms 1‘.5‘

—(D—

g mg "‘g

B

Figure 2.1: Low-frequency small-signal model of the MOSFET. Figure taken from [32].



Chapter 2. Schmitt trigger as an amplifier for ultra low voltage
From (2.9) it can be obtained an expression for the derivative (dig)/0Vs(p))-

Thus, (2.15) becomes
2Ig ;
s = 5 (, [+ ip — 1) : (2.16)

The expression for g,y can be deduced from its definition in (2.14) and from
(2.1), giving

Gmg = fsé“zgv‘e“). (2.17)
Noting from (2.9) that
Oigr) _ Oy (2.18)
oVp IVspy’
equation (2.17) can be rewritten as
Img = Is g“z (— g‘z/]; + ;é;) . (2.19)

Using the expression for g,,s and g,q in (2.16), and the definition of Vp in (2.7),
gmg reduces to

Img = 9ms ;gmd. (2.20)

The bulk transconductance g, can be derived from (2.13) by noting that, if the
four terminals of the MOSFET increase the voltage by the same amount, Alp = 0,
thus

Img — 9ms T 9md + Gmb = 0. (2-21)
From (2.20) and (2.21), g, reduces to

gmb = (1 — 1)gmg. (2.22)

2.3 Capacitive coefficients

All charges Q; (j = G, S, D, B) can be expressed in terms of the instantaneous
values of the terminal voltages, by applying the chain rule of differentiation, ob-
taining an expression for the charging currents as

0Q; _ 0Q; 0V 0Q;0Vs 0Q; 0Vp  0Q; 0V
ot Vg Ot oVs ot  0Vp Ot Vg ot

(2.23)

The four-by-four matrix of the MOSFET intrinsic capacitances for quasi-static
operation is defined by [33]

_ 0@ :
Cir = el # k, (2.24)
_ 0Q;
Cjj = AR (2.25)

10



2.4. Parameter extraction

where @); can be any one of the charges Qg, @p, @B or Qg, and V; and V}, can
be any of the voltages Vg, Vp, Vg, and V. The notation “0” indicates that the
derivatives are calculated at the bias point. C}j determines the current transferred
out of node j because of a voltage change on node k, all the other node voltages
remaining constant.

Because the MOSFET is an active device, the capacitances Cj, are non-
reciprocal, that is, in general, Cjp # Cy; for j # k. Only 9 of the 16 capacitive
coefficients are linearly independent, due to charge conservation and the fact that
only three voltage differences from four terminal voltages can be chosen indepen-
dently.

From the expressions for the MOSFET charges, explicit formulas for the ca-
pacitive coefficients can be derived from (2.23) and (2.24). Thus,

2 142 g
C s — S5 Vox s 2.26
g 3 (1+a)21+q’15 ( a)
2 o?+2a ¢
Cog==Cop D 2.26b
99T 3" 1+ )21+ 4, ( )
Crs@y = (n — 1) Cyys(ay (2.26¢)
n—1
Cyp = Coy = "=V (0 — €y = Cpa), (2.26d)
4 a+3a’+a® qpp
= — Iz ox ) 2.2
Csa 15nC (+a)P 1+d, (2.26¢e)
4 14+3a+a® ¢
C s — T I1g Coac LS y 2.26f
T 1+ a)? 144 (2.266)
Cug — Cyg = Cip = w (2.26¢)
where

Cor = WLC! ., (2.27)

and . .
_ 4t (2.28)

qs +1

2.4 Parameter extraction

The all-region model in 2.1 is the basic long channel compact model applied to
extract the parameters of the transistors.

For parameter extraction, the g,,/Ip based procedure described in [34] is fol-
lowed, where the authors propose to extract the parameters n, Vg and Ig using
Vs =0, Vp = ¢¢/2, sweeping Vi (as shown in Fig. 2.2a) and plotting Ip and
gm/Ip with respect to Viz (as shown in Fig. 2.2b).

From (2.20), the g,,/Ip ratio can be expressed as
9m 1 dlp _ 9ms — 9md

Ip IpdVe  nlp

(2.29)

11
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30 (@il | 107°
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Figure 2.2: (a) Circuit schematic and (b) graphical representation of the g,,/Ip procedure for
the extraction of V.

Using the expressions for g,,s and g,q in (2.16), g, /Ip in (2.29) simplifies to

gm _ 2
Ip  nee (VI+ig+VI+in)

(2.30)

The extraction of the parameters is then based on the following relationships.
The maximum value of g,,/Ip (for iy =i, = 0) is 1/ (n¢y).

For Vg = 0 and Vi = V (which implies Vp = 0), we obtain iy = 3 from (2.9).
For Vpg = ¢¢/2, Vg = 0 and Vg = Vp we obtain i, = 2.12 from (2.9). For these
values of iy and i,, we have g,,/Ip = 0.531/ (n¢;) from (2.30) and Ip = 0.881g
from (2.1).

So the parameters are extracted as follows. First, n = 1/ (¢ (9m/ID)maz)
then Vp such that g,,/Ip (Vg =Vr) = 0.531/ (n¢;) is determined and, finally,
Is =1Ip (Vg =Vr)/0.88.

Even though an nMOS transistor is used to exemplify the extraction procedure,
the parameters of a pMOS transistor are extracted in the same way but with Vgp =
¢¢/2. Once the extraction is completed, the designer can choose the dimensions of
a transistor to match certain parameters. Moreover, by using series and parallel
arrangements of unit transistors, one can have an equivalent transistor, build of
many transistors in series or in parallel, with the exact same parameters as each
of the unit transistors [35].

2.5 DC transfer characteristic of the Schmitt trigger

The Schmitt trigger topology is shown in Fig. 2.3. The bulk of the nMOS and
pMOS transistors are connected to ground and Vpp, respectively.

In ultra low voltage operation, both nMOS and pMOS are in the WI region.
The MOS transistor drain current in WI is given by (2.11) and rewritten here for

12



2.5. DC transfer characteristic of the Schmitt trigger

Figure 2.3: Six transistor Schmitt trigger circuit schematic.

convenience. Thus,

Vap _VsB _VYbB
IDN:INe"N¢t<e . —e ), (2.31)

where Iy, represents the transistor current strength, and is given in (2.12).

The expression for the pMOS current is obtained from (2.31) changing Vgp by
Ves, Vbe by Vep and Vg by Vig. The expression for the current strength of
the pMOS transistor is the same as (2.12), using the pMOS parameters.

In order to design a Schmitt trigger, first the parameters of the transistor
are extracted as explained in Section 2.4. The extracted parameters are then
replaced in (2.31) to evaluate the drain current of each of the transistors. As a
result, the remaining variables are exclusively currents and voltages. Moreover, the
transistors may be sized to match certain parameters. The sizing of the transistors
is discussed in Section 4.4 applied to the case of a Pierce oscillator using a Schmitt
trigger as the inverting amplifier.

All transistors of the Schmitt trigger are composed of parallel arrangements
of either nMOS or pMOS unit transistors. Thus, all of the parallel arrangements
have the same V7, Isg and n as the unit transistor of choice [35]. This strategy
significantly simplifies the calculations in circuits with many transistors.

The number of transistors in parallel must be such that every pMOS has the
same current strength as its symmetric nMOS, that is, Ing = Ipg = Ip, In1 =
Ipl = Il, IN2 = ng = IQ and nN =np=n.

Calculating the drain currents of the six transistors in Fig. 2.3 from (2.31), the
DC equations for nodes Vx and Vy are [36]

Vo-Vi1

Yx Io+ 11 + Ie 9t
ed’t =

(2.32)

) Vo-Vi _Vpp’
Ip+TIie ¢t +Ise ¢t e 9t

13
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Figure 2.4: Output voltage Vp of the Schmitt trigger obtained from analytical expressions
(2.32), (2.33) and (2.34), with I; /Iy = 0.25 and I5/Iy = 0.5.

and

Vbp Vi-Vo

Vo
Y Iyje ¢ Led +1 3
e —= o€ * t+the® _t/lfveo : ) (233)

I+ +1,e ¢

where ny = np = 1 for simplicity. The DC equation for node V is given by

Vi-Vx Vi—-Vo Ww—Vr Vo-Vi
e % —e ¢ =e % —e % . (2.34)

Figure 2.4 shows the voltage transfer characteristic of the Schmitt trigger,
calculated from (2.32), (2.33) and (2.34). For Vpp = 150 mV the voltage transfer
characteristic presents hysteresis, but for Vpp = 60 mV it does not.

2.6 Low-frequency small signal equivalent model of the
Schmitt trigger

The equivalent small-signal model of the Schmitt trigger is depicted in Fig. 2.5.
The transconductances present in Fig. 2.5 follow the definition in (2.14) and are
evaluated around the operating point Vi = Vp = Vpp/2, giving

Imk = B 5 (235&)
GB |Vi=Vo=Vpp/2
oI
Imdk = Wf)N ; (2.35b)
DB | vi=Vo=Vpp/2
oI
Imsk = — 8‘/DN 5 (2350)
SB |V;=Vo=Vpp/2

where gk, 9mdar and gmsk, are the gate, drain and source transconductances
of transistor k, respectively. The values of the transconductances, according to
(2.35), are given in Table 2.1.

14
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?29m1v (BZdelv #29,“51V
29m2Vo

29 moVi ¢29mdovx ng—l
29ms2Vx

Figure 2.5: Six transistor Schmitt trigger circuit low-frequency small-signal equivalent model
for V] = VO = VDD/2-

Table 2.1: Transconductances of the Schmitt trigger

9m 9ms Imd

Mo | gy [1oe Iy e
Mpy i 6_‘2%5 > ‘6%0 -
MNla I [ _%_ _V2Lq)>D_ I i ‘2/51?_ I i ‘2/7?¢D_

Aje wome B hjers | e
Mpy no: L 67‘;’?“3 i Z _6%0 | Z _GVQ?T?_
Myo, | gy [ 30 o 82 | 1 [o558]

2 2o
Yl I B P o

The equivalent small-signal model of the Schmitt trigger in Fig. 2.5, looks
like the nMOS network small-signal model, but all transconductance values are
doubled.

The Schmitt trigger can be represented by an equivalent transconductance G,
and an equivalent output conductance G, [37]

Gy = 1;0 — 9« Im1(gms2 + Gmdo) + gmslgmo (2.36)
Vg Vi=Vo=Vpp/2 Ims1l + Ims2 + Gmdo
and
G, = Z;O — 9% Imd1 (Gms2 + Gmdo) — Gms1gm2 ' (2.37)
Vo Vi=Vo=Vpp/2 9Imsl1 + 9ms2 + 9Gmdo

The equivalent transconductance G,, can be rewritten in terms of the supply

15



Chapter 2. Schmitt trigger as an amplifier for ultra low voltage

Figure 2.6: Circuit schematic of the small-signal equivalent model of a Schmitt trigger as an
amplifier.

[VIV]

Gain

0.5 1.0 1.5 2.0
I2/lp  [nA/nA]

Figure 2.7: Voltage gain as a function of I; /Iy and I»/I, given by (2.40), with n = 1.3 and
Vbp = 60mV, based on [37].

voltage, Vpp, and the current strengths, Iy, I; and Is, as follows

26 /n  [(Io+ Ip)e”Vop/20t — e~ Vxo/ot

Gm = e—Vpp/2nd: Iy e(Vxo—Vpp)/dt 1 I+ 1, ’ (2'38)
where Vg, the value of Vx at V; = Vo = Vpp/2, is such that
—Vbp/2 -V
e~ Vxo/dt — Io + Le” "% 4 Iye DD/%. (2.39)

Ip+ 1) + I

Figure 2.6 depicts the schematic of the small-signal equivalent model of the
Schmitt trigger as an amplifier, with G, and G, the equivalent transconductance
and output conductance in (2.36) and (2.37), respectively.

Lastly, the Schmitt trigger voltage gain is expressed as

Vo Gm

A=22 = — ) (2.40)
Vi lVi=Vo=Vpp/2 Go

The voltage gain A is a function of the supply voltage Vpp, the ratios I /Iy and
I5/1y, and the slope factor of nMOS and pMOS devices ny and np (considered
equal for the sake of simplicity, without loss of generality, thus: n = ny = np).

Figure 2.7 shows the dependence of the voltage gain on Is/Iy, for constant
values of I /Iy and supply voltage Vpp = 60 mV. We have chosen this ultra low

16



2.7. Comparison between Schmitt trigger and CMOS inverter

voltage to explore the frontier of the design space. A practical ultra low voltage
complex circuit should operate with a minimum supply of 100 mV as explained in
the introduction. For values of 5/ close to 0.5, independently of the ratio I /Iy,
the maximum absolute gain is reached. Therefore, I3/l = 0.5 is chosen. On the
other hand, the lower the ratio I /I, the larger the magnitude of the voltage gain.
I /Iy = 0.25 is chosen for the sake of layout simplicity. In this case, the voltage
gain is A = —2.48 V/V.

As a consequence, after Vpp, I1/Iy and I2/1y have been selected and n is given
by the process chosen, G,, and G, can be expressed only in terms of the current
strength Ij.

2.7 Comparison between Schmitt trigger and CMOS in-
verter

Hysteresis is the most distinguishing characteristic of a Schmitt trigger circuit,
when comparing it to a CMOS inverter. As shown in [36], the minimum supply
voltage to obtain hysteresis in a Schmitt trigger with balanced pMOS and nMOS
subcircuits is given by

Vopa ~ 2¢¢In [n <1+5_(2)> (1—1—24—2) —2] . (2.41)

Figures 2.8a and 2.8b show the voltage transfer characteristic and the maxi-
mum absolute gain, respectively, of two Schmitt triggers, one with Vppyg = 100 mV
and the other with Vppyg = 150 mV.

Note that the maximum absolute gain increases until hysteresis appears at a
certain level, herein Vppg. It can be seen that, for the same supply voltage Vpp,
the Schmitt trigger that exhibits hysteresis at a lower voltage consistently has a
higher maximum absolute gain. The value of Vppy depends on the values of I,
I; and Iy, and thus is chosen during the design. Iy = 70 nA, I; = 2.8 nA and
Is = 25 nA give Vppyg = 100 mV, while Iy = 46 nA, Iy = 7.4 nA and I» = 4.6 nA
give VDDH = 150 mV.

On the other hand, Figures 2.9a and 2.9b let us compare the gain of a CMOS
inverter to the gain of a Schmitt trigger, as a function of Vpp. The Schmitt trigger
exhibits a much higher maximum absolute gain. Thus, for a given supply voltage
it is possible to design a Schmitt trigger with maximum absolute gain much higher
than that of a CMOS inverter.

17
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Figure 2.8: (a) Voltage transfer characteristic of two Schmitt triggers designed to exhibit

hysteresis at different supply voltages, Vppg, and (b) their maximum absolute gain as a
function of the supply voltage Vpp.
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Figure 2.9: (a) Voltage transfer characteristic of a Schmitt trigger with Vppgy = 100 mV and
of a CMOS inverter and (b) their maximum absolute gain as a function of the supply voltage
Vob.
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Chapter 3

Schmitt trigger dynamic model

Besides the low-frequency small-signal model presented in Section 2.6, a dynamic
model requires insight on the circuit behaviour in the frequency domain. In this
chapter, the capacitive coefficients of the transistors are calculated and a model
with an equivalent input and output capacitances is proposed. The transition fre-
quency is also derived, completing the model for the Schmitt trigger operating as
an amplifier. Afterwards, the key parameters of the operation of the Schmitt trig-
ger with hysteresis are also estimated. These are, the thresholds of the hysteresis
and the step response. The model is verified through simulations.

3.1 Capacitive coefficients

Here the capacitive coefficients for the nMOS network only are considered. Later,
the results are extended to the entire Schmitt trigger. Figure 3.1 presents the small-
signal equivalent model for high-frequency operation, including both transconduc-
tances and parasitic capacitances.

In WI the intrinsic capacitances, other than the gate-bulk capacitance Cy,, are

—o0 Vo
ImdiVe égmsl"x cxo
R Y IJ C
ci T @gmo‘li ImdoVx ?gmz Vo Ims2Vx % cx

Figure 3.1: nMOS network of the six transistor Schmitt Trigger circuit. High-frequency small-
signal equivalent model for V; = Vo = Vpp/2, accounting for parasitic capacitances.

9
¢
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Chapter 3. Schmitt trigger dynamic model

negligible. This can be verified by deriving the expressions in WI for the intrinsic
capacitances in (2.26a)-(2.26g), as follows. In WI, a =~ 1, 1 +q’IS(D) ~ 1, obtaining

Cos(a) = COIQQ,IS(D), (3.1a)
Chs(ay = -y C;w q}S(D), (3.1b)
Csa = —%, (3.1c)
Cas = —%, (3.1d)
Cop = Cog = nT_l(Cox — Cys — Cya), (3.1¢)
Cag = Cga + (Csa — Cys) /m, (3.1f)

with q’ls py much less than one. Consequently, all the intrinsic capacitances are
negligible, except for Cy, and Cy, that can be approximated as

n—1

Cos. (3.2)

Thus, the gate to bulk intrinsic capacitance of transistor k is given by

-1
Copk = <n - )WkLkCéx, (3.3)

where Wy and L are the width and length of transistor My, respectively.

On the other hand, the overlap and junction extrinsic capacitances are taken
into consideration.

Each of the parasitic capacitances contribute to one of the equivalent capaci-
tances in Fig. 3.1, giving

Ci = Csoov + Cgro + Cypr, (3.4a)
Cz = Cjo+ Cj1 + Cja, (3.4b)
Ciz = Caoov + Cs1 v, (3.4c)
Co =Ca20v + Cyp2 + Cj1, (3.4d)
Cio = Cd1ov, (3.4e)
Cro = Cs20v, (3.4f)

where Cpp oy is the overlap capacitance at node p of transistor k£ and C; is the
extrinsic capacitance within the drain or source to bulk junction.
The extrinsic overlap capacitances of transistor k are expressed as

Cskov = Cdkov = C(/;g;WkLDv (35)

being LD the overlapping distance.
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3.1. Capacitive coefficients

+ _L 1 J_ +
v, Ic. G,.Vv, []6G. Ic0 A

Figure 3.2: Circuit schematic of the dynamic model of a Schmitt trigger as an amplifier.

For the sake of simplicity, the extrinsic junction capacitances are considered to
be independent of any voltage variations, this is

Cjk = C'f] X ASk7 (3.6)

where C'; and Agj, are the junction capacitance per unit area and the drain or
source diffusion area of transistor k, respectively.

Figure 3.2 depicts the schematic of the dynamic model of the Schmitt trig-
ger as an amplifier, with G, and G, the equivalent transconductance and output
conductance derived in Section 2.6 in (2.36) and (2.37), respectively. The equiv-
alent input and output capacitances, C; and Cp, can be expressed taking into
consideration the Miller effect [38] as

C'I :Cz+Czo (1+ ’Azo’)'i_cw (1+ ‘Am|)7 (37)
Co =C,+C; (1+1>+C <1+|A”|> (3.8)
O o 0 |Aio| To ’Aio‘ ; .

where A;, and A;; are the low frequency voltage gain between v, and v; and
between v, and v;, respectively. A;, and A;; can be expressed as

A — Vo _ Im1 (ngZ + gme) + Gms19mo (3 9)
0 Vilv,=vp=Vpp/2 Imdl (gm32 + gme) - gmslng,
iz = = , .
U Vi=Vo=Vpp/2 Imsl + Gmdo + Gms2 — Gm2

being the transconductances those in Table 2.1.

Due to the symmetry of the Schmitt trigger circuit, each capacitive component
within the pMOS network is modeled in parallel with the same component in the
nMOS network. Thus, the capacitances of the Schmitt trigger shall be computed
as those in the nMOS network times (1 + Wyrros/Wnmos), provided that the
pMOS and nMOS transistors have the same channel length.

In order to verify the model, simulations were run based on the Schmitt trig-
ger circuit designed to work as the inverting amplifier of one of the oscillators
presented in Chapter 4. The dimensions of the transistors are shown in Table 3.1
for convenience.

The simulation results are presented in Fig. 3.3 and so are the analytical curves.
At Vpp = Vppm, Cr curve presents a singularity, due to the appearance of hys-
teresis. An expression for Vppy is provided in (2.41) and the main parameters of
the Schmitt trigger with hysteresis are modeled and verified through simulations
in Section 3.3.
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Chapter 3. Schmitt trigger dynamic model

Table 3.1: Transistor dimensions of the Schmitt trigger circuit.

LN, P WNO WPO WNl WPl WN2 WP2
[pm] | [pm] | [pm] | [pm] | [pm] | [pm] | [pm]
1.08 | 8x5.1 | 8xH3 | 2x5.1 | 2xb53 | 4x5.1 | 4x53

= C; model
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1 O Co simulation
— 5 |l
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Figure 3.3: Equivalent input and output capacitances as functions of the supply voltage, Vpp.
The analytic curves follow the equations (3.7) and (3.8) and are contrasted to simulation
results.

Furthermore in Fig. 3.3, the simulation results are well predicted by the model,
not only in the amplifier region (Vpp < Vpppm), but also in the region with
hysteresis (Vpp > Vppg). This is due to the simulations being AC simulations
and the model a linear one.

3.2 Intrinsic transition frequency

The transition frequency of the Schmitt Trigger is defined similarly to that of a
single transistor [39]. Firstly, the short-circuit current gain magnitude a; is defined
as the ratio of the amplitude of the small-signal output current to the amplitude
of the small-signal input current, this is

iout Gm
=2 —_-m 3.11
" im 2nfCrr (3.11)
being G, the equivalent transconductance of the Schmitt trigger in (2.36) and Cyp
the total input capacitance. Note that C;r is simply the sum of all the capacitances
in the input node, since a; is a current gain, in contrast to the voltage gain involved
in the calculations of C; and Cp in Section 3.1. Thus,

Cir=Ci+ Cip+ Ciy. (3.12)
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Figure 3.4: Transition frequency as a function of the supply voltage, Vpp, estimated analyti-
cally and contrasted to simulation results.

The intrinsic transition frequency fr, is defined as the frequency at which a;
drops to the value of 1. This is

Gm
= 3.13
fr 570y (3.13)
where, according to (2.38), G, can be expressed as
—Vbp/2¢t _ —Vxo/ét
G 2[1/77, (Io-i—[z)e e (3'14)

= o Vbp/2nd: Iy eWVxo=Vop)/de 4 [} + I,

Figure 3.4 shows the simulation results of the transition frequency and the
analytic curve provided in (3.13). It is seen that the model fairly predicts the
simulation results.

3.3 Schmitt trigger with hysteresis

As explained in Section 2.7, the minimum supply voltage to obtain hysteresis is
provided in (2.41) and rewritten here for convenience

Iy L I I
~ 20 1 14+ — 1+—+—=|——|. 1
Voo Ot In |:7”L< + Iz) < + Ty + IO) I():| (3 5)
The hysteresis width is approximated by [37]
(VDD _ QVXO) (1 — VDD H_VDD)

VL%
2+ 2+ 3

, (3.16)

provided that the transistors are in WI region. Owing to the symmetry of the
circuit, the input value of the upper and lower thresholds of the hysteresis loop
are

Vop | VL

= —4 —. 1
Vo + 5 5 (3.17)
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Figure 3.5: Thresholds of the hysteresis as a function of the supply voltage, Vpp, estimated
analytically and contrasted to simulation results.

Figure 3.5 shows the model results obtained from (3.17) and the simulation
results of Vry 4+ and Vg — as a function of the supply voltage.

In the region with hysteresis, the response to a step from Vpp to zero is given
by

() = Vi (1 - e—t/f) : (3.18)
with the time constant
T=RoCo (3.19)
and the output resistance
Ro = Yo . (3.20)
1o |y,—0

The output current Ip is calculated as the difference between the drain currents
of transistors Mpy1 and Mpq, at V; = 0 V. The drain currents are Ipyq and Ipp,
respectively, and follow (2.1). The results of the output current predicted by the
model are presented in Fig. 3.6, showing that the output current is highly depen-
dent on the output voltage. Therefore, for each value of Vpp an approximation
of the output current is required to estimate an equivalent resistance Rp and the
time constant 7. Thus, the mean value of the output current is chosen to this aim.

Figure 3.7 shows the transient simulation results of the step response for several
values of Vpp. The time constant 7 is extracted from the rise time (between 10%
and 90% of the final value Vpp) of the step response in Fig. 3.7. It is seen that
the rise time decreases with the supply voltage, as expected.

The time constant is calculated following (3.19). Thus, the results predicted
by the equations are shown in Fig. 3.8 together with the simulation results.

24



3.3. Schmitt trigger with hysteresis
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Figure 3.6: Model results of the output current of the Schmitt trigger, Ip, at V; =0V, as a
function of the output voltage Vi and for several values of supply voltage Vpp.
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Figure 3.7: Transient simulation results of the step response of the Schmitt trigger with
hysteresis for several values of supply voltage Vpp.
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Figure 3.8: Time constant 7 as a function of the supply voltage, Vpp, estimated analytically
and contrasted to simulation results.
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Chapter 4

Design of crystal oscillators

In this chapter, the basic concepts to fully understand the operation of the Pierce
crystal oscillator are revisited. An amplifier, connected in parallel to a crystal
resonator, compensates the losses in the crystal to enable oscillation. Firstly, it
is briefly explained how to model the crystal resonator in Section 4.1. Secondly,
a linear analysis on how the most simple Pierce circuit works is addressed in
Section 4.2. The operation of a Pierce oscillator in a more general form, is presented
in Section 4.3. The simplified case of the amplifier being lossless is studied in
Section 4.3.1. In the ultra low voltage context, the losses in the amplifier are not
negligible. The quantification of these losses and how to deal with them, is subject
of Section 4.3.2. The design of two crystal oscillators is presented in Section 4.4,
based on our work in [40]. A Schmitt trigger circuit is used as the amplifier of
each of the crystal oscillators. The design of the Schmitt trigger circuits is the one
explained in Section 2.6.

4.1 Equivalent impedance of the quartz crystal

A quartz crystal can be modeled by means of a motional impedance in parallel

with a capacitance [3]. This motional impedance depends on the resonance mode

of the crystal resonator. Fig. 4.1a shows the equivalent impedance model, used

in the fundamental mode, where R,,, C,, and L,, are the motional resistance,

capacitance and inductance, respectively, and Cp is the parallel capacitance.
Thus, the motional impedance of the crystal is given by

. 1

Neglecting R,,, the equivalent impedance in Fig. 4.1a is such that
1 14 LpCp,s*

Loy & — . 4.2
Cr S LmCmCP82 + C’m + CP ( )
Zor in (4.2) has one pole at zero frequency, a double zero at wg, with
1
ws = (4.3)

LmCm ’
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Figure 4.1: Crystal resonator: (a) circuit schematic of the equivalent impedance model and
(b) value of the module of the impedance of the crystal as a function of the frequency w.

and a double pole at w,, with

/ Cm Cm
Wq = Wy 1+C,P~ws<1+2C,P>, (44)

provided that C,,/Cp < 1.
Thus, the crystal impedance can be rewritten as follows

2

1 1=

ZCT' ~ (45)

jwCp 1 — w2’
wa
Figure 4.1b shows the dependence of the module of the crystal impedance on
frequency.

4.2 Linear analysis of the basic Pierce oscillator

The most basic form of the Pierce oscillator is depicted in Fig. 4.2a, where a single
nMOS transistor is used. The biasing circuit is omitted, without losing generality.
On the right hand, Fig. 4.2b shows the impedance equivalent model of the circuit
in Fig. 4.2a, where Z,, in parallel to Cp represents the crystal equivalent model
seen in Section 4.1.

The oscillation condition is given by

Zo+ Zm =0, (4.6)

where the impedance Z¢ represents the rest of the circuit, besides motional impedance,

as marked in Fig. 4.2b.
To obtain an expression for Z¢ it is useful to compute the impedance Z marked
in Fig. 4.3a, this is, the transconductance in parallel with C. Thus,

_ 9m + jwC o 1 9m

=T—= = - + — : 4.7
JjwCojwCy  jwCs  (jw)?2C1Cs (4.7)
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4.2. Linear analysis of the basic Pierce oscillator
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Figure 4.2: Single nMOS Pierce crystal oscillator (a) circuit schematic and (b) impedance
equivalent model.
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Figure 4.3: Two equivalent circuit schematics representing the same impedance Z¢.

In this way, the circuit schematic in Fig. 4.3a can be redrawn as that depicted in
Fig. 4.3b. Thus, the impedance Z¢ is given by

Zo=— gm + jw(C1 + C9) (4 8)
(01C2 + C1Cp + CQCP)W2 — ngme. ’

Rearranging (4.8) it is obtained

7 _9mC1Cs + jlw(C1 + C3)(C1Ch + C1Cp + CoCp) + 7,Cp/w] (4.9)
¢ w2(0102 + C1Cp + CQCP)Q + (ngp)2 ' '

From (4.1) and (4.3), and neglecting R,,, it can be seen that Z,, at the oscil-
lation frequency wp is such that

2 2
_ M. —
Zm(wP) = -t ol ~ (WS WP)

- ~— , 4.10
]Wngcm ]WSWPCm ( )
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Chapter 4. Design of crystal oscillators

since (ws +wp) & 2ws. Then the oscillation condition in (4.6), aided by (4.9) and
(4.10), for g,, — 0, reduces to

2(wp — ws) _ C1+Cy (4.11)
meg ws(ClC'2+Cle—|—C’ng)' '
Defining
C1Cq

= 4.12
oy oy ( )

the oscillation frequency is obtained from (4.11) and (4.12) as

Cm

S R — 413
o = Lt 5 o] (413)

Note that (4.13) is the same result that was obtained in (4.4), by calculating
the pole of the impedance of the crystal.

Comparing (4.13) and (4.4), we observe that ws; < wp < w,. Thus, at the
oscillation frequency the impedance of the crystal is inductive, as expected. The
impedance of the crystal Z¢, in (4.5) can be obtained at the oscillation frequency,
using the expressions for wg and w, in (4.3) and (4.4), respectively, giving

C 2
1 1= [1 + ‘2(0,31107)} i
Rl | gt O

- 2
C.
[+ 5]

Zey(wp) = (4.14)

The critical value of the transconductance to enable oscillation, called g,crit,
is obtained by means of balancing the real parts of Z¢ and Z,,, when ¢g,,, — 0, this
is

—Re(Z¢) \gmﬁo = Ron, (4.15)
thus, giving
Gmerit = Wi RmC1Cy (1 + CP) . (4.16)
Cr
If C; = Cy =2 x Cp, (4.16) reduces to
gmerit = 4wi R (CL + Cp)?. (4.17)

4.3 Pierce crystal oscillator operation

The schematic of a Pierce oscillator is depicted in Fig. 4.4a, consisting of a quartz
crystal connected to an amplifier and two functional capacitors [3]. The amplifier
provides the negative resistance required to compensate for the crystal losses, in
order for the oscillation to take place.

Figure 4.4b shows the equivalent impedance model of the circuit in Fig. 4.4a.
On the left hand side, the motional impedance Z,,, accounts for the motional part
of the crystal by means of the series of R,,, Cp, and L,,, the crystal motional
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Figure 4.4: Pierce crystal oscillator (a) circuit schematic and (b) impedance equivalent model.

resistance, capacitor and inductor, respectively. On the right hand side, Z¢o repre-
sents the rest of the circuit impedance for the fundamental frequency, this is, the
compact small-signal model of the rest of the circuit connected in parallel to the
crystal and also the crystal parallel capacitance Cs. G, and G, are the transcon-
ductance and the output conductance of the inverting amplifier, respectively. All
of the parasitic capacitances within the inverting amplifier as well as the functional
capacitors, are grouped in the capacitances C1 and Cs.

4.3.1 Lossless amplifier

Having a lossless amplifier implies that the conductance G, in Fig. 4.4b is ne-

glected. According to [3], and by inspection of the schematic in Fig. 4.4b, Z¢ can

be expressed as

Ze = I 23+ ZaZis + G 212273
Zy+Zo+ Z3s+ GnZiZy '

being Z1 = 1/jwC4, Zy = 1/(Gy + jwCs) and Zs = 1/jwCs.

The locus of Z¢ as a function of G, is depicted in Fig. 4.5. The imaginary part
of Z¢ is negative, since it is a purely capacitive impedance. The real part of Zgo
is negative, provided that G,, has positive values. The dotted line represents the
locus of —Z,,, with a constant real part of value —R,,,. These loci intersect twice,
when the critical condition for oscillation is reached at Gi,eriz, and an unstable
solution obtained at Guumaz [3]. Gmopt is the transconductance value to achieve
the maximum negative resistance possible, and can be obtained equating to zero
the first derivative of the real part of Zo. The negative resistance obtained in that
case would be —|R0|maz-

Gmerit and Gpmaz are obtained balancing both impedances —Z,, and Z¢ real
parts, giving [3]

(4.18)

2
Grerit = W2CIC2Rm <1 + = + > (419)
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Figure 4.5: Locus of the impedance Z¢ as a function of the transconductance G, for a lossless
inverting amplifier and locus of —Z,,, (dotted line), being Z,,, the motional impendance.

and o0
Grmar = s 4.20
Equations (4.19) and (4.20) are valid as long as [3]
|Rn0|maz
—_— 1 4.21
onar (1.21)
or equivalently
QUJRng(l + 03/01 + 03/02) < 1. (4.22)

As a rule of thumb [41], the transconductance value is designed to be 3 X Gerit-
Afterwards it will be verified that G, < Gpoept, With

Gmopt = W(Cl +Co + 0102/03)7 (423)

in spite of the over estimation of G,,. Also it will be verified that the condition in
(4.22) is fulfilled.

4.3.2 Lossy amplifier

The effect of losses in the inverting amplifier is not negligible at low supply voltages,
and the transconductance GG,, must also compensate these to enable oscillation.

Equations (4.19) and (4.20) are still valid as long as the losses, modeled through
Gy, are small. The effect of G, is accounted for, as seen in Appendix A, as an
horizontal displacement in the locus of Zs, provided that

G, < (wCs)?. (4.24)

Expression (4.24), herein the small losses hypotheses, will be verified after the
design is completed in Section 4.4.

32



4.4. Design of crystal oscillators based on Schmitt trigger

Table 4.1: Crystals and Other Discrete Components of the Oscillators.

Parameter Oscillator A Oscillator B
Crystal ABSO7TW- AB38T-
part number | 32.768kHz-D1 | 32.768kHz-12.5pF-E-7
flkHZ] 32.768 32.768
Con [fF] 4.68 3.5
L, [H] 5 048.571 6 740.193
Ry [k 38.194 15.419
Q 27 214 90 000
Cy, [pF) 3 12.5
Ch = Gy [pF] 6 25
Cs [pF] 1.15 1.60
Rr [GQ] 5 5

This horizontal displacement, AR, is obtained in (A.9) and rewritten here
for convenience

Go
w? ((JQ +C5 + Cg—f?’)Q

AR¢ = (4.25)

Thus, from (4.19) and (4.25), the increase in Gerit needed to compensate

losses in GG, is
Ch
Cs

Note that with C1 = Cs, (4.26) simplifies to

AG, G,. (4.26)

AGy, = G, (4.27)

4.4 Design of crystal oscillators based on Schmitt trigger

The design of the crystal oscillators presented herein is based on our work in [40].
Two oscillators, A and B, were designed. Oscillator A includes a crystal suitable
for smaller external capacitors. On the other hand oscillator B uses a crystal with
a lower motional resistance, R,,, providing a larger quality factor Q.

Table 4.1 summarizes all parameters related to the two crystals, that is, res-
onance frequency f, motional capacitance C,,, motional inductor L,,, motional
resistance R,,, quality factor @, load capacitance C, (C] in series with Cy) and
the parallel capacitance C5. Here, C7 = Cy = 2 x Cp, for simplicity. A feedback
resistor R is connected in parallel to the crystal for biasing purposes.
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Figure 4.6: The required current strength parameter I as a function of the transconductance
G, in (2.38), for supply voltages 60 mV and 90 mV. G,,, also fulfills (4.29) for each oscillator,
A or B, with G, 4 = 561 nS (blue triangle) and G,,, 5 = 2 612 nS (red circle).

A Schmitt trigger is used as the inverting amplifier of the Pierce oscillator. As
seen in Section 4.3.1, the transconductance G, is firstly designed to be 3 X Gerit,
with Gperie that in (4.19). Afterwards in Section 4.3.2, G, is further increased by
the amount AG,, in (4.27) to compensate losses in the amplifier. Thus,

Gm =3 X Gperit + Go. (4.28)
From (2.40) and (4.28),
3 X Gmcm’t
Gm = T4 (4.29)

On the other hand, G,,, can be expressed only in terms of the design parameters
Ii, (with k = 0,1,2) and Vpp, according to (2.38). Figure 4.6 shows the dependence
of Iy on the transconductance G, for I /Iy = 0.25 and I5/Iy = 0.5 according to
the design in Section 2.6. As a consequence, Iy is determined for each oscillator,
with G,, 4 = 561 nS and G,,, g = 2 612 nS according to the values in Table 4.1.

To properly size the transistors, the parameters are extracted following the
procedure described in Section 2.4. Figures 4.7, 4.8, and 4.9, show the simulation
results, using the PSP model, of the threshold voltage Vg, the slope factor n and
the specific current of an equivalent square transistor Igq.

The transistors are built as parallel arrangements of unit transistors that are
long enough to attain a low threshold voltage and a low slope factor. However,
the total silicon area increases with the length of the transistors, provided that the
current strength I is fixed at this stage. Thus, the channel length is chosen to be
Ly, p = 1.08 pm, taking into consideration the results in Figs. 4.7 and 4.8.

The unit nMOS transistor width Wy is selected to obtain a parallel arrange-
ment composed of a reasonable number of unit transistors (less than 20, for the
sake of layout simplicity), since all of the parameters, Vg, n and Isg, are not
significantly dependent on Wy. On the other hand, the pMOS transistors are
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Figure 4.7: Simulation results of the threshold voltage as a function of the channel length of an
nMOS and a pMOS transistors. See Section 2.4 for the specifics on the parameter extraction.
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Figure 4.8: Simulation results of the slope factor as a function of the channel length of an
nMOQOS and a pMOS transistors. See Section 2.4 for the specifics on the parameter extraction.

sized such that the current strength in (2.12) is the same as that of the unit nMOS
transistor. By inspection of Fig. 4.9, the unit pMOS transistor is chosen to be 10
times wider than the unit nMOS transistor, giving Wy 4 = 5.1 pm, Wp 4 = 53 pm,
Wnp = 11pm, Wpp = 120 pm.

Table 4.2 summarizes all parameters related to both Schmitt trigger circuits,
that is, the supply voltage Vpp, current strengths I, (with & = 0, 1,2), current
consumption Ipp, voltage gain A, transconductance G,,, output conductance G,
and dimensions of all the transistors involved.

Lastly, some assumptions remain to be verified. Equation (4.22), with C; = Cq,
becomes 2wR,,C3(1 + 2C3/C1) < 1, which holds for oscillators A and B, given
that 0.035 < 1 and 0.011 < 1, respectively. Also in Section 4.3.1 it is stated
that, even though G,, is 3 times the critical value, it would still be well below
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Figure 4.9: Simulation results of the specific current of an equivalent square transistor as a
function of the channel length of an nMOS and a pMOS transistors. See Section 2.4 for the
specifics on the parameter extraction.

Table 4.2: Operating Point and Transistor Dimensions of both Schmitt trigger Circuits.

Parameter A B
Design Vpp [mV] 60 60
parameters | Io[nA] 32.2 150
I [nA] 8.05 37.5
I [nA] 16.1 74.9
Performance | Ipp [nA] 27.7 129
parameters | Gy, [nS] 561 2612
G, [nS] 226 1053
AV/V] | -248 | -2.48
Transistor Ly, p [um] 1.08 1.08
dimensions | Wy [pm] | 8x5.1 | 16x11
Whpo [pm] | 8x53 | 16x120
Wyt [um] | 2x5.1 | 4x11
Wei [um] | 2x53 | 4x120
Wie [um] | 4%5.1 8x11
Whpe [pm] | 4x53 | 8x120
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Figure 4.10: Simulation results of the output peak amplitude of an oscillator based on a CMOS
inverter and an oscillator based on a Schmitt trigger, versus the supply voltage.

Gmopt in (4.23). Since Gpopt 4 = 8 915 nS and Gpepe = 90 719 1S, it holds that
G < Grmopt- On the other hand, the small losses hypotheses in (4.24) holds for
oscillators A and B, provided that for oscillator A

Goa® =512 x 1071 <« (wC4)? = 1.53 x 10712
and for oscillator B
Gop® = 1.11 x 107 < (wCyp)* = 2.65 x 1071

To complete the understanding on the advantages of using a Schmitt trigger
instead of a CMOS inverter, an oscillator based on a CMOS inverter and using
the crystal in oscillator A was designed. For comparison purposes the same unit
transistors are used and Vpp = 60 mV. Figure 4.10 shows the simulation results
of the output voltage amplitude of the oscillators based on a CMOS inverter and
based on a Schmitt trigger. The results in the FS and SF corners show that the
CMOS inverter has a lot more variability than the Schmitt trigger. In fact, the
oscillator based on a CMOS inverter in the F'S corner does not start with less than
80 mV supply and in the SF corner with less than 75 mV supply. Furthermore,
the simulation results also show that the standard deviation of the oscillation
frequency is 0.16 Hz and 0.53 Hz in the case of the Schmitt trigger and the CMOS
inverter, respectively.

The fact that the oscillators in the FS and SF corners do not start, together
with the higher standard deviation of the oscillation frequency, make the oscillator
based on a CMOS inverter unsuitable at supply voltages as low as 60 mV.
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Chapter 5

Results of two crystal oscillators based
on Schmitt trigger

The simulation and measurement results of the oscillators designed in Chapter 4,
are presented in this chapter. The two oscillators, A and B, are based on a Schmitt
trigger circuit operating as an amplifier. A test chip including amplifier circuits A
and B was designed and fabricated in a 130 nm technology. A microphotograph
of one die is shown in Fig. 5.1. The actual position of these circuits in the die and
their dimensions were drawn and superimposed. The layout of each circuit is also
depicted. For details on the layout, see Appendix B. The area occupied by circuit
A'is 44.86 pm x 74.15 pm. Circuit B occupies a larger area (77.90 pm x 82.95 pm),
which is related to the need for a higher current drive.

Firstly, the stand-alone amplifier is characterized and the measurement re-
sults are compared against simulations. The voltage transfer characteristic of the
Schmitt trigger and the gain obtained are presented as functions of the supply
voltage. Secondly, the results of the oscillators are presented. The power and cur-
rent consumption results are shown as functions of the supply voltage and some
insight is provided on the dependence of the current consumption on temperature.
The results for the start-up time and the minimum supply voltage for the oscilla-
tors to start-up, as well as for the output voltage amplitude, are also presented.
The oscillation frequency is characterized as a function of the supply voltage and
temperature. The time jitter and the Allan deviation results are presented. Fi-
nally, the oscillators presented here are compared to prior work.

The results presented herein are based on our work in [40].

5.1 Measurement results of the Schmitt trigger as a stand-
alone amplifier

The voltage transfer characteristic of the Schmitt trigger was measured as a func-
tion of the supply voltage by means of a semiconductor parameter analyzer (HP4156).
Figs. 5.2a and 5.2b, show the voltage transfer characteristic of circuits A and B,
respectively, and the simulation results are also shown.
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82.95 um

77.90 pm

Figure 5.1: Microphotograph of the fabricated integrated circuit, showing circuits A and B,
which are the two Schmitt trigger circuits referred to in this theses.
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Figure 5.2: Simulation and measurement results of the Schmitt trigger voltage transfer char-

acteristic. Results for different supply voltages are displayed for both circuits, (a) A and (b)
B.
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Figure 5.3: Maximum absolute gain of the Schmitt trigger for circuits A and B, showing their
dependence on (a) the supply voltage (simulations and measurements) and (b) the temperature
(simulations only). For Vpp > 100 mV hysteresis appears, and the circuits no longer work as
amplifiers.

The maximum absolute gains for circuits A and B were extracted from the
voltage transfer characteristic measurements and simulations, as shown in Fig. 5.3a.
The estimated curve was calculated using (2.40), which is why the results are ex-
pected to be the same for circuits A and B, since they were designed to achieve
the same gain. Accordingly, the simulation results for the two circuits are exactly
the same. In the case of the measurements, the results are acceptably close. Note
that the predicted gain for Vpp = 40 mV is unity, thus for Vpp < 40 mV the
maximum absolute voltage gain is less than 1, disabling regeneration. The values
for Vpp > 100 mV are not included since hysteresis appears, and these circuits
are meant to work as the amplifier of a Pierce oscillator exhibiting no hysteresis.

Figure 5.3b shows the simulation results for the maximum absolute gain over
temperature. Since the gain decreases with increasing temperature to well below
2 V/V for a 60 mV supply, the measurement of the frequency of the oscillators as
a function of the temperature was taken using a 90 mV supply, in order to arrive
at insightful conclusions. These simulations predicted a slightly higher maximum
absolute gain for circuit A compared with circuit B, in agreement with the sim-
ulation results reported in Fig. 5.3a. This effect becomes more relevant for low
temperatures and Vpp = 90 mV.

5.2 Measurement results of the crystal oscillators

Two printed circuit boards (PCBs) were built in order to fully test both oscillators,
one of which is based on circuit A and the other on circuit B. Figures 5.4a and 5.4c
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Chapter 5. Results of two crystal oscillators based on Schmitt trigger

Figure 5.4: PCBs to experimentally characterize circuits A and B. (a) bottom view of PCB A,
(b) lateral view of PCB B, (c) top view of PCB A, and (d) top view of PCB B.

show the PCB of circuit A. On the other hand, Figs. 5.4b and 5.4d show the PCB
of circuit B. Circuit A includes an SMD crystal resonator in the bottom layer,
while the crystal in circuit B is through-hole.

The values for the parameters of the crystals, the external capacitances and
the feedback resistors, are reported in Table 4.1.

A buffering stage is also included in the PCB and connected at the output
using a TL072 operational amplifier, which has a very low input capacitance,
to avoid excessively loading the oscillator. The actual capacitors connected to
the crystal, the parasitic capacitances and the buffering stage input capacitances
must add up to the design values of C and Cj, in order to properly tune the
oscillation frequency. Unfortunately, the parasitic capacitances within oscillator
A are too large, exceeding the total capacitance needed. As a consequence, the
frequency of oscillator A was lower than the nominal resonance frequency of the
crystal, which implies a poorer frequency stability. This and other consequences
are fully explained in the rest of the chapter and their impact on the performance
parameters is quantified. In the case of oscillator B, the oscillation frequency was
finely trimmed to the nominal frequency.

To measure the circuits, a Faraday cage is used, as shown in Fig. 5.5a. The mea-
surement setup, shown in Fig. 5.5b, includes two DC voltage sources (HP 3245A,
Tektronix PS280) to supply the oscillator and the buffering stage, respectively, an
oscilloscope (Tektronix 1001B), a multimeter (Fluke 8846A). Also, another multi-
meter (Fluke 289) was used to measure temperature.
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Figure 5.5: Measurement setup for power and current consumption, start-up time and voltage
amplitude measurements.
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Figure 5.6: Schematic of the auxiliary circuit used for current measurements.

5.2.1 Oscillator power and current consumption

The current delivered to each of the oscillators was measured using a simple aux-
iliary current-to-voltage converter circuit [42] shown in Fig. 5.6. The results for
oscillators A and B are given in Figs. 5.7a and 5.7b, respectively. It can be seen
that the current and power consumption increase exponentially with the supply
voltage, as expected for WI operation. However, the results for oscillator B de-
serve further inspection, since the measurement results are not very well predicted
by the simulations. To this aim, Monte Carlo simulation results for the current
consumption are shown in Figs. 5.8a and 5.8b for both oscillators with 60 mV and
90 mV supplies, respectively. It is seen that oscillator B measured current falls
far from the distribution mean value, in agreement with the results presented in
Fig. 5.7b. Consistently with results shown in Fig. 5.7a, oscillator A exhibits a
measured current closer to the mean value of the distribution.

The variations of the drain currents of the transistors over temperature, as well
as the total current consumption over temperature, were simulated. The results
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Figure 5.7: Simulation and measurement results of the oscillators (a) A and (b) B, DC current
and power consumption against the supply voltage.
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sumption of oscillators A and B for (a) 60 mV and (b) 90 mV supplies. The Monte Carlo
simulations were run for 200 samples to obtain data for both the mismatch and the process

variation.
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Figure 5.9: Simulation results for the oscillators (a) A and (b) B, DC currents in steady state
over temperature. Ipg, Ip1 and Ips are the drain current of transistors My, Mpy1 and
Mpo, respectively, normalized to the value at 25°C and 60 mV supply. Ipp is the current
consumption of the oscillator in the TT corner, normalized to the value at 25°C and 60 mV
supply.

are shown in Figs. 5.9a and 5.9b, for oscillators A and B, respectively. All the
currents are normalized to their typical value at 25°C.

Monte Carlo simulations were run to quantify process variations of the drain
current through transistors Mpyg, Mpy; and Mpyo. The results are shown in
Figs. 5.10a and 5.10b. Besides the fact that the currents in oscillator B have
more variability, all the currents in both oscillators may vary between half and
twice their nominal value. These variations in the currents are only due to the
Schmitt trigger, rather than to the crystal resonator and other components. As
a consequence, the frequency stability exhibits variations, and the results are pre-
sented in Section 5.2.4.

5.2.2 Oscillator start-up

Figures 5.11a and 5.11b show the start-up transient measurements for oscillators A
and B, respectively, for a supply voltage of 60 mV. The start-up time was measured
for both oscillators with different values of the supply voltage Vpp, and the results
are shown in Fig. 5.12a.

In order to determine the minimum supply voltage for which the oscillator
starts up, measurements for eight samples were taken and the results are plotted
in Fig. 5.12. It can be seen that all oscillators start up and that this occurs for
supply voltages below 60 mV. Oscillator B starts-up at a lower supply voltage
than oscillator A, which is consistent with the fact that circuit B exhibits a higher
maximum absolute gain than circuit A, according to the results shown in Fig. 5.3a.
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Figure 5.10: Monte Carlo simulation results for the drain current of the transistors Mg, M1
and My of oscillators (a) A and (b) B, at 60 mV supply. The Monte Carlo simulations were
run for 200 samples to obtain data on both the mismatch and the process variation.
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Figure 5.11: Start-up of oscillators (a) A and (b) B, with 60 mV supply.
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Figure 5.12: Measurement results for oscillators A and B: (a) start-up time versus supply
voltage and (b) minimum supply voltage for starting up. The start-up time was measured
from the instant the DC output voltage reached 90 % of its final value until the instant when
the amplitude of the oscillating signal was 90 % of its value at steady state.

The minimum supply voltage varies over temperature, giving a minimum sup-
ply to start of 80 mV and 75 mV for oscillators A and B, respectively, at the upper
limit of the temperature range measured (62°C).

5.2.3 Oscillator output voltage amplitude

The output voltage amplitude of oscillators A and B at resonance frequency was
obtained through Monte Carlo simulations of the mismatch and process variation.
The results are presented in Figs. 5.13a and 5.13b for supply voltages of 60 mV
and 90 mV, respectively. Oscillation takes place with a yield of 100%, even though
for a 60 mV supply the output signal could attain a peak to peak amplitude as
small as 3 mV in some cases. Statistically, there is 5% probability that a sample
of oscillator A exhibits a peak to peak output voltage smaller than 10 mV and in
the case of oscillator B the probability is 9%. As seen in Fig. 5.13b, this effect
decreases for a larger supply voltage, where all oscillator A samples attain at least
a 39 mV peak and oscillator B samples at least a 36 mV peak.

Figure 5.14 shows the waveforms for the two oscillators with different supply
voltages. The blue discontinuous line corresponds to oscillator A and the red
continuous line, to oscillator B. For Vpp = 120 mV and 180 mV the output
waveform is visibly no longer sinusoidal. Furthermore, the harmonic components
increase with the supply voltage. It should be noted that for Vpp = 110 mV
and above the Schmitt trigger exhibits hysteresis and loses the purely amplifying
characteristic.

47



Chapter 5. Results of two crystal oscillators based on Schmitt trigger

B ] 1 40 .
Os<.:|llatolr A : Oscillator A :
50 [ simulation 1 [0 simulation 1
== measurement : —— measurement :
Oscillator B : 30 Oscillator B :
w [ simulation 1 n simulation o
9 == measurement : 2 measurement :
[e% 1 o 1 i
£ | £ ]
) ! n 20 i
Y—
c 25 ! kS {
o S 1
1
=2 =2 1
10 :
1
1
1
i
O 0 H | L
5 10 42 44 46 48
Voutpeak [MV] Voutpeak [MV]
(a) (b)

Figure 5.13: Monte Carlo simulation and measurement results for the amplitude of the output
voltage of oscillators A and B for (a) 60 mV and (b) 90 mV supplies. The Monte Carlo
simulations were run for 200 samples to obtain data on both the mismatch and the process
variation.
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Figure 5.14: Measurement results for the output voltage with different supply voltages, Vpp,
for oscillators A and B.
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Figure 5.15: (a) Measurement results for the fractional frequency normalized to that obtained
with a 60 mV supply for oscillators A and B, and its dependence on the supply voltage. (b)
Monte Carlo simulation results for the normalized fractional frequency for oscillators A and
B, with either 60 mV or 90 mV supply. Simulations were run for 200 samples to obtain both
mismatch and process variation.

5.2.4 Oescillator frequency

The frequency of the oscillators was measured, by means of a frequency counter
(Agilent 53230A) linked to a time source (Symmetricom 5071A primary cesium
frequency standard). The measurement results for the two oscillators are shown
in Fig. 5.15a. The fractional frequency was normalized to the frequency obtained
with a 60 mV supply. For oscillators A and B, the fractional frequency varies
only 0.251 ppm and 0.328 ppm, within the range from 60 mV to 90 mV supply,
respectively. As a consequence, the fractional frequency has little dependence on
the supply voltage within the range of interest where there is no hysteresis. As
the hysteresis appears the frequency drops.
For reference purposes, the Monte Carlo simulation results are shown in Fig. 5.15b,

where the normalized fractional frequency can be observed for both oscillators for
supply voltages of 60 mV and 90 mV.

Fig. 5.16 shows the measurement results for the frequency stability for both os-
cillators operating with a 90 mV supply. Even though the temperature setup used
allows for accurate temperature setting and measurement, the heating capability
is limited to 62°C. Thus, the temperature was ramped from ambient temperature
to 62°C within 4 h and back to ambient temperature over another 4 h, and the
frequency was measured at a rate of once per second, obtaining as a result the
shaded area in which the actual frequency stability falls. The same procedure
was carried out to obtain measurements below ambient temperature. The curves
for the typical values of the intrinsic instability of the used crystal resonators are
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Figure 5.16: Measurement results for the fractional frequency normalized to that obtained at
26°C for circuits A and B with 90 mV supply, and its dependence on temperature compared
to typical values of the intrinsic instability of the used crystal resonators (provided in the
datasheets).

superimposed for reference. The frequency stability of oscillator B falls within the
crystal specifications, indicating that the stability is not altered by the presence
of circuit B. In the range of 5-62°C, a stability of 50 ppm is attained. On the
other hand, oscillator A exhibits less frequency stability, as expected, due to the
poor frequency trimming. In this case, the stability is 62 ppm within the range of
25-62°C.

Time jitter was measured using a digital oscilloscope (Tektronix MSO05204).
Peak to peak jitter measurements of oscillators A and B are shown next to sim-
ulation results in Fig. 5.17a. As the supply voltage increases the jitter decreases,
as expected.

Measurement results of the Allan deviation for both oscillators are shown in
Fig. 5.17. The measurements were taken with an averaging time of 1 s over 10 h,
with a maximum temperature variation of 0.5°C. It can be seen that the Allan
deviation is below 30 ppb for both oscillators.

5.2.5 Comparison against state-of-the-art

Table 5.1 summarizes the details for state-of-the-art ultra low voltage crystal os-
cillators of frequency 32 kHz and compares these to the results of this study.

To the best of our knowledge, the oscillators presented herein are the crystal
oscillators for 32 kHz with the lowest operating voltage, working with only 60 mV.
The closest prior works in terms of low supply voltage are [27] and [25]. [27]
reports a minimum supply voltage of 100 mV in part of oscillator circuit, but
requires also a second, higher, supply voltage, from 400 mV on. [25] operates
down to 150 mV with a supply voltage drift well above all other reported values,
remarkable power consumption, temperature stability and Allan deviation. The
power consumption reduction is traded-off with a modification in the oscillator
output waveform, which might degrade the frequency spectrum. Furthermore, it
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Figure 5.17: Results for the oscillator performance: (a) simulation and measurement results for
time jitter versus supply voltage, and (b) Allan deviation measurements with a supply voltage
VDD =60 mV.

needs a conventional crystal oscillator to start-up, requiring more area.

The power consumption of oscillator A is very well suited for ultra low power
applications and in line with other state-of-the-art oscillators. Prior works with
comparable ultra low power consumption are [28], [29], [25] and [27]. The draw-
backs of [25] and [27] have already been discussed. In [28], a power consumption
of 0.55 nW is achieved by means of downconverting the signal to DC, amplify-
ing in DC and then upconverting the signal to the frequency of the crystal. An
excellent phase synchronization is achieved providing excellent frequency stability
over temperature and over time. The output waveform is the result of switching
DC levels to obtain a four level switched signal, which will have important har-
monic content. The output harmonic content would be filtered by the high quality
factor of the crystal. Nevertheless, this might be an issue if spectral purity is
needed. [29] reaches a minimum supply voltage of 300 mV while decreasing con-
sumption by means of a sophisticated duty-cycling mechanism. However, a large
silicon area is required and the Allan deviation is much larger than that attained in
the present work. In order to further reduce the power consumption of a Schmitt
trigger-based crystal oscillator, the parasitic capacitances should be lowered using
smaller packaging rather than DIP40. Furthermore, a crystal specified for a lower
load capacitance would reduce the power consumption. Reduction in packaging
capacitances also allows a better tuning of the oscillator frequency in the case of
oscillator A.

The approach described herein is also notable for the extremely small silicon
area budget, using standard CMOS transistors within a widely used and inexpen-
sive technology. This small area is due to the use of a standalone amplifier, with
no calibration or auxiliary circuits needed to improve the power consumption or

o1



Chapter 5. Results of two crystal oscillators based on Schmitt trigger

frequency stability. Other designs shown in Table 5.1 are several times bigger,
even those in more advanced technology nodes.
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Table 5.1: Comparison to prior work

This work
[20] 23] [29] [26] [27] [31] [30) 28] T
Technology 2 pm 28 nm 0.13 pm 0.18 ym 55 nm 40 nm 0.18 pm 65 nm 0.13 pm 0.13 pm
Area (mm?) N/A 0.03 0.0625 0.027 0.16 0.07 0.035 0.027 0.0033 0.0065
Frequency (kHz) 32.8 32.768 32.768 32.768 32.768 32.76 32.768 32 32.763 32.768
1 total 1
Crystal total load 8.2 N/A 3 N/A N/A N/A 2.23 7.5 3 12.5
capacitance (pF)
Supply 071-1.7] 015-05 | 03-09 |025-05| %1709 0.5 0.4-55 0.5 0.06 - 0.1 | 0.06 - 0.1
voltage (V) 0.4-0.8
ly volt
Supply voltage N/A ~83 7 N/A 6.7 1 2.1 13 8.4 11
drift (ppm/V)
P
ower 23 1.89 15 2.89 1.7 47 10 aW@1V | 0.55 2.26 15.0
consumption (nW)
Amplitude of
mpatude o 130 150 230 250 100 N/A 90 500 27.5 40
oscillation (mV)
Start-up time N/A N/A 3ls N/A 8 ms N/A 1 ms 0.2s 14.5 s 13.0's
Temperature N/A 48.8 ppm | -150 ppm N/A 109.1 ppm | 0.25 ppm/°C 120 ppm 80 ppm -62 ppm | -50 ppm
stability -20~80°C | 0~80°C -20~80°C | @room temp | -40~85°C | -20~80°C | 25~62°C | 5~62°C
All
an N/A ~2ppb | 90 ppb N/A 2.5 ppb N/A N/A 14ppb | 30ppb | 30 ppb
deviation

The crystal oscillator in [27] is PLL-assisted and requires two different supply voltages. The two operating ranges are reported.
Crystal total load capacitance is the series of C7 and C2, including parasitic capacitances.

Amplitude of oscillation is peak to peak.

Amplitude of oscillation and power consumption are reported at the lowest operating supply voltage.
Unless stated otherwise, results are reported at room temperature.
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Performance aspects, where other designs in Table 5.1 are better than this
work, are start-up time ( [27], [30]) and Allan deviation ( [25], [27], which draw-
backs were previously discussed). Regarding start-up time, [27] and [30] require
much higher minimum operating voltage. Furthermore, the start-up time and the
Allan deviation in the designs here presented are still within the range achieved
or better than other state-of-the art works, as visible in Table 5.1.

Summing up, the designs shown in this work, provide record low operating
voltage and a very compact implementation with competitive consumption and
precision specifications (temperature stability, long term stability, supply voltage
drift).
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Chapter 6

Low power LC voltage controlled
oscillator

The LC voltage controlled oscillator (LC-VCO) presented in this chapter is de-
signed using a 28 nm fully depleted silicon on insulator technology (FD-SOI). First,
in Section 6.1, it is studied the possibility of using the basic all-region long chan-
nel MOSFET model aided with look up tables (LUTS), presented in Sections 2.1
to 2.4, to design the circuit in the 28 nm FD-SOI technology. In Section 6.2,
the limit for the minimum supply voltage of an LC oscillator is studied, based
on the aforementioned model. Finally, the design of the LC-VCO is presented in
Section 6.3, and the simulation results are compared to the state of the art.

6.1 Modeling a nanometer FD-SOI transistor with a basic
all-region MOSFET model

The capability to estimate circuit performance and explore the design space in
all inversion regions of the MOS transistor is key for gaining insight and opti-
mizing the design of analog and RF circuits. A widespread approach is based on
the gm/Ip method [43,44]. When aiming at nanometer processes, the transistor
characteristics may be captured on look up tables (LUTSs) [44,45]. In this way
the complexity of second order modeling effects in nanometer processes, and in
particular short channel effects, are dealt with by using different LUTs depending
on the target transistor length (or range of lengths) and, in some cases, depending
also on the bias drain voltage.

A step further from the pure LUT approach would be to have analytical expres-
sions for the transistor model. In this way analytical derivations can be performed
providing further insight and understanding in the design process. However, com-
plete analytical models, including all second order effects, are not suitable for
analytical circuit design due to their complexity. Here, an intermediate way is
explored. Could the basic model presented in Section 2.1, coupled with a LUT
that defines their parameters as a function of the transistor length, be applied to
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Figure 6.1: Cross section of the low Vi devices in the 28 nm FD-SOI technology used showing
(a) the connections to the voltage terminals and (b) a diagram of the layers between the front
gate and the back plane.

model an advanced nanometer process? Such basic model does not consider effects
such as mobility reduction and velocity saturation that will be significant in the
strong inversion (SI) region. Nevertheless, considering the very high transition fre-
quency of short channel transistors in a nanometer process, for many analog and
RF circuits, even for frequencies up to several GHz, the optimum operating point
occurs in the moderate invertion (MI) or even weak inversion (WI) regions [43,44].
This is the case of ultra low power or ultra low voltage circuits, in particular for
2.4 GHz low noise amplifiers in a 90 nm process [46]. Therefore, an analytical
model that allows to reasonably fit the transistor characteristics in WI and MI
would be enough and useful in several cases.

The nanometer process considered is a fully depleted silicon on insulator (FD-
SOI), ultra thin body and buried oxide (UTBB) 28 nm process. There are regular
Vr and low Vp devices available. In the ultra low voltage context, the low Vp
devices are preferred and are the ones selected here. The profile of the low Vp
devices are depicted in Fig. 6.1a and a detailed diagram showing the layers between
the front gate and the back plane is depicted in Fig. 6.1b. In Fig. 6.1a, the back
plane voltage of the nMOS and the pMOS transistors are connected to ground,
but can be connected to any voltage ranging from -0.3 V to 3 V and from -3 V
to 0.3 V, respectively. The back plane voltage let the circuit designer tune the
threshold voltage of the transistors in a wide range, as it will be seen in the case
of the nMOS transistor in Section 6.1.1.

An additional challenge arises, since we will attempt to describe an FD-SOI
device with a bulk MOS model. This challenge will be further discussed in Sec-
tion 6.1.1. On the other hand, FD-SOI largely reduces short channel effects [47],
which helps to make viable the approach discussed herein. The device perfor-
mance for extraction of the model parameters and the assessment of model results
is based on simulations performed with the foundry provided model in the Spectre
simulator.
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Figure 6.2: Results of the extraction of Vi, according to the g,,,/Ip procedure, as a function
of the channel length L of an nMOS transistor with a channel width W = 500 nm, for several
values of the back-plane voltage Vpp.
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Figure 6.3: Results of the extraction of the normalized Is and the slope factor n, according
to the g,n/Ip procedure, as a function of the channel length L of an nMOS transistor with a
channel width W = 500 nm, for several values of the back-plane voltage Vgp.

The results presented in Sections 6.1.1 and 6.1.2 are based on our work in [48].

6.1.1 Parameter extraction for FD-SOIl nanometer device

In order to apply the bulk MOS transistor model to the FD-SOI device, we will
consider the model with Vg = 0 (i.e. null source to bulk voltage). Equivalently, we
are considering the gate and drain voltage of the FD-SOI transistor referred to the
source. The slope factor n, the threshold voltage Vpr and the specific current Ig
are extracted using the procedure depicted in Section 2 for different values of the
channel length (L) and the back plane voltage Vpp (also referred to the source).
Results, for low Vp transistors, are shown in Figs. 6.2 and 6.3.

It can be seen in Fig. 6.3, that n has little variation with Vpp, as has been shown
by prior works such as [49,50], n is very high, up to 1.5, (i.e. the subthreshold
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Figure 6.4: Simulation and model results of (a) Ip and (b) g, for several values of L, with
W =500 nm, Vps = 0.6 Vand Vgp =0 V.

slope is degraded) for the minimum channel length but n decreases fast as the
channel length increases, reaching typical values of FD-SOI of 1.1. The threshold
voltage varies with Vpp, as expected [47] and has a slight dependence on the
channel length, showing the improved (decreased) short channel effects in FD-
SOI. Figure 6.3 shows the specific current, given in (2.2), divided by the aspect
ratio. There is moderate variation with Vpp and a significant dependence on L.

6.1.2 Comparison of the model against simulations

An insightful case with the transistor in saturation, for Vpg = 0.6 V, was simulated
and the results are compared to those obtained with the model. In Section 6.2
where the transistors operate with Vpg well below 0.6 V, the parameters that
depend on Vpg are extracted for a suitable value of this voltage.

Figure 6.4a compares model and simulation for the Ip vs. Vg characteristic
for several values of channel length L. Even though the Ip of a minimum channel
length transistor (L =30 nm) is not well predicted by the model, it works fine for
L > 60 nm. The same trend occurs with the transconductance in Fig. 6.4b.

Small signal parameters

Figure 6.5 shows ¢,,,/Ip as a function of the normalized drain current. The model
fits the simulations for all transistor lengths in all inversion regions except for deep
weak inversion and deep strong inversion. The former, with Ip/(W/L) < 10 pA,
where the leakage current dominates, making this region a very unlikely design
choice. The latter, with g,,/Ip < 6 V™1, exhibits a difference between the model
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and the simulation due to mobility reduction and velocity saturation.

The relative error in g,,,/Ip, between the model and the simulations, is depicted
in Fig. 6.6. It can be seen that the model provides a reasonable approximation
(relative error less than 7 %) of the g¢,,/Ip characteristic of the full simulation
model in WI and MI, for g,,/Ip > 6 V1.

The ratio g,,/Ip proves to be fairly independent of Vpp, as has been shown by
prior works such as [49,50], because of its independence on the threshold voltage.
The simulation results depicted in Fig. 6.7 are consistent with this.

The considered basic model does not include the second order effects that
define the output conductance. Therefore, in the proposed approach the output
conductance will be considered fully based on a LUT of the Ip/g4s ratio [44,45],
which can be interpreted as the Early voltage. This LUT will have as inputs L,
Vep and ¢, /Ip (or alternatively Ip/(W/L)). The evolution of the Ip/g4s ratio
with L and Vpg is shown in Fig. 6.8 for an MI operating point. It can be seen that
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Figure 6.7: Simulation and model results of g¢,,/Ip for several values of Vpp, with
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Figure 6.8: Simulation results of the Early voltage for several values of L, with W = 500 nm,
gm/Ip = 15 V=1 and Vp = 0 V. The horizontal lines are the result of approximating the
Early voltage at Vpgs = 0.6 V.

taking a constant Early voltage extracted at a given Vpg (e.g. 0.6 V) would be
only acceptable if the Vpg range is small. Otherwise the LUT should also consider
the Vpg dependence.

Intrinsic small signal capacitances

In order to assess the performance of the modeling approach regarding the intrinsic
small signal capacitances, the main components of the total gate capacitance are
considered. These are: gate to source, gate to drain and gate to bulk. In the case
of the gate to bulk capacitance of the model, it is associated to the gate to back-
plane capacitance of the FD-SOI device. The expressions of these capacitances as
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Figure 6.9: Simulation (markers) and model (lines) results of the normalized intrinsic capac-
itances (a) Cys and (b) Cyq for several values of L, with W = 500 nm, Vpg = 0.6 V and
Vep =0 V.

presented in 2.3 as a function of 4, and iy lead to the results shown in Figs. 6.9a,
6.9b and 6.10a.

Note in Fig. 6.9b that Cy4 is estimated by the model to be zero in saturation,
since the effect of the drain voltage on the transistor charges is neglected in sat-
uration in the basic long channel model. In the simulation results in Fig. 6.9b, it
is noticeable that the effect of the drain voltage in saturation is very significant,
particularly for shorter channels. This modeling limitation also impacts the other
capacitances. This can be seen, either because the part of the channel charge in sat-
uration controlled by the source changes or considering that the three components
of the gate capacitance are related by (2.26d), rewritten here for convenience:

n—1

Cp = ———(WLCl, — Cgs — Cya). (6.1)

Furthermore, in this nanometer process, this relationship will be influenced by the
change in the inversion charge depth in the Si film with bias voltage [47]. These
effects mean a significant intrinsic Cyq and modified Cys and Cg,. The overall
result is that Cy, is underestimated and Cy, is overestimated.

Figure 6.10b shows the model predicted and simulated transition frequency.

6.2 Study of the minimum operating voltage limit

The minimum possible supply voltage to enable oscillation is studied herein in the
case of an LC cross-coupled oscillator. Figure 6.11 shows the circuit schematic of
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Figure 6.10: Simulation (markers) and model (lines) results of (a) the normalized intrinsic
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Figure 6.11: Circuit schematic of an LC cross-coupled oscillator.

such oscillator. Each transistor introduces 180° shift, so two transistors suffice for
oscillation [51].

This voltage biased topology is more suitable for ultra low voltage operation
than a current biased topology, since the transistors in the current mirror would not
saturate. In addition, the voltage biased topology is useful in the ultra low voltage
context, since the circuit is only connected to the supply voltage, Vpp, through
the inductor. Therefore, the DC voltage is directly supplied to the transistors and
the output may swing well above Vpp [52].

Here the oscillator is designed to operate with the least supply voltage. To this
aim, the inductor chosen from the library must have the highest quality factor Q.
The parasitics of the inductors available in the library are extracted to conveniently
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Figure 6.13: Parasitic resistor as a function of frequency of a given inductor of the library with
11 pm coil width.

choose the inductor and the oscillation frequency. The capacitance Cy must be
adjusted to attain that frequency. Finally, the transistors are designed.

6.2.1 Design of the inductor

There are four kinds of inductors available in the library. The achievable induc-
tance values using the single turn coil are in the range from 0.091 nHy to 1.2 nHy,
while using the multi turn coils the achievable values are in the range from 0.61 nHy
to 7.76 nHy. These two kinds (single and multi turn coils) have their differential
and non-differential version. Here the differential multi turn coils are chosen, to
use higher values of inductors that achieve a higher Q.

The parameters of the inductors in the library were extracted for several values
of the intended nominal inductance. The results are plotted in Figs. 6.12 to 6.14,
as a function of frequency.

The maximum value of the quality factor () increases with frequency, as seen
in Fig. 6.14, which is why the oscillation frequency is chosen to be 2.45 GHz.
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Consequently, the inductor value will be 6 nHy because it gives maximum ) at
2.45 GHz, with Rp = 1.3kQ2 and Cp = 0.4 pF.

The coil width used in these simulations is 11 pm, as stated in the caption of
Figs. 6.12 to 6.14. Moreover, the dependence of the coil parameters on its width
is negligible, according to simulations (omitted here).

6.2.2 Design of the transistors for minimum supply voltage

The lvtnfet devices are the nMOS transistors of choice, since these have a lower
threshold voltage.

To minimize the capacitance contribution, the minimum channel length is used
(following some of the suggestions in Section 8.8 of [52]). The width of the transis-
tors must enable start-up for a given supply voltage, Vpp. Choosing the minimum
width that enables start-up, provides the lowest power oscillator feasible using
this topology. Both transistors are implemented as an arrangement of parallel
transistors of unit width W = 160 nm.

The Barkhausen oscillation condition reduces to

2
> — +q,, 6.2
gm = ot 9o (6.2)
where g,, and g, are the transconductance and the output conductance of either
transistor, respectively. Both are calculated around the DC operating point Vx =
Vv = Vpp.
The output conductance is related to the Early voltage, V4, giving

Ip

= —, 6.3
Vps +Va ( )

Yo

Then, the oscillation condition simplifies to a condition on the drain current

2

Ip> —" (6.4)

Ip Vpp+Va
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Table 6.1: Simulation results of the oscillator for different values of the supply voltage Vpp.

Vpp | Fingers | Ip | Vip/Vop | Phase noise (dBc/Hz)
(mV) (nA) @ 1 MHz offset
150 2750 53 1.57 -108.2

200 500 42 1.625 -107.6

250 130 44 1.54 -105.2

where g,,/Ip = 25.8 V™1, according to the extraction for L = 30 nm in Fig. 6.5.
Besides depending on L, Vy strongly depends on the drain voltage (here Vpg =
Vbp) as discussed in Section 6.1.2, which is unknown at this stage. Nevertheless,
V4 is approximated by its value at Vpp = 150 mV, giving V4 = 85.2 mV. If
the resulting Vpp is far from the first estimated value, the value of V4 must be
corrected in the loop. Thus, the oscillation condition is Ip > 60 pA.

Since in DC Vs = Vps = Vpp, the drain current depends only on the ex-
tracted parameters, W and Vpp, following (2.10). Thus, to find the minimum
value of Vpp, the maximum value of W must be selected, provided that the par-
asitic capacitances do not disable oscillation. Through simulations, the minimum
value of Vpp at f = 2.45 GHz is found to be 150 mV, where the two nMOS
transistors are implemented with a parallel arrangement of 2 750 transistors each
(total width 440 pm each). The simulation result of the drain current of each of
the equivalent transistors is Ip = 53 pA, which is slightly below but close enough
the calculated limit.

The output voltage amplitude at Vx is 236 mV peak to peak (equal to 1.57 xVpp).

The oscillation condition does not depend explicitly on the supply voltage, but
through the parameters which depend on the voltage biasing. Table 6.1 shows
the simulation results of the lowest power oscillator attainable with the nMOS
cross-coupled topology, for different values of Vpp. The results listed are: the
number of transistors in each parallel arrangement (fingers), the drain current of
the equivalent transistor, the output swing as a proportion of the supply voltage
and the phase noise at 1 MHz offset frequency. For reference, the phase noise
required by the IEEE 802.15.4 standard is at least -88 dBc/Hz [53], being in most
of cases around -110, -120 dBc/Hz.

Impact of the back-plane voltage on the performance

If the back-plane of the transistors is biased with 3 V, which is the maximum
possible value, the minimum supply voltage decreases to Vpp = 50 mV. Table 6.2
shows the simulation results of the lowest power oscillator with back-plane biasing.

With the back-plane biasing, the parameters of the transistors change. For
instance for Vpp =150 mV, g¢,,/Ip = 14.7 V1!, this is 56 % of its value without
back-plane biasing. However, the Early voltage remains almost the same, being
V4 = 150 mV with back-plane biasing. The variation of g,,/Ip implies a greater
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Table 6.2: Simulation results of the oscillator with back-plane biasing for different values of
Vbbp.

Vpp | Fingers | Ip | Vip/Vop | Phase noise (dBc/Hz)
(mV) (nA) @ 1 MHz offset

50 703 184 0.830 -94.1

100 118 136 0.922 -102.2

150 47 160 1.07 -103.7

200 26 200 0.985 -104.4

RE Outputs

2,4...2,5GHz

X

fRF h le

Figure 6.15: Block diagram of the RF receiver.

current is required for oscillation to take place, this is Ip > 107 pA.
The process variability will be analyzed in the case of the designed VCO in
Section 6.3.1.

6.3 Low power voltage controlled oscillator

A voltage controlled oscillator (VCO) is designed to be the local oscillator (LO)
of the RF receiver in Figure 6.15.

A four path mixer is used, thus the LO must provide four signals with a 90 °C
phase shift from one another. The frequency of these four signals must be tuned in
the range from 4.8 GHz to 5.0 GHz with the lowest power consumption possible.
Thus, the intermediate frequency frr is zero. The phase noise should be lower than
-88 dBc/Hz at 1 MHz offset frequency, to prove useful according to the standard
IEEE 802.15.4.

6.3.1 Design and simulations of the VCO

In the ultra low voltage context, it proves difficult to generate phase and quadrature
signals, due to the lack of a well functioning current source, as it is one of the
building blocks of this kind of circuits. For this reason, a VCO operating at the
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Figure 6.16: Block diagram of the local oscillator, including the VCO and the divider by two,
to obtain the four signals with 90 °C phase shift.

double of the nominal frequency will be connected to a divider by two block, to
obtain the phase and quadrature signals at the nominal frequency. The block
diagram is shown in Fig. 6.16.

The divider by two block is implemented by means of an asynchronous state
machine. The logic gates loading the VCO are inverters biased with a sup-
ply voltage of 0.5 V and a symmetric back-plane voltage of Vpp, = 2 V and
Vepp = —2 V. The low-Vt transistors sizes are: L = 30 nm, Wy = 80 nm and
Wp = 260 nm. Even though the back-plane voltages are out of the range defined
by the supply voltage of the inverters, the current drawn is very small since the
nodes are only capacitively loaded. Thus, these DC voltages can be obtained by
means of a voltage step-up.

As a consequence of selecting a higher oscillation frequency, the quality factor
of the inductors within the library is higher, according to Fig. 6.14. A higher
quality factor enhances the performance of the oscillator. Thus, the inductor of
choice to operate at 4.8 GHz to 5 GHz is L = 4nHy, thus, achieving the highest
parallel resistance Rp.

The architecture of the VCO is an LC cross-coupled nMOS, as it is the LC
oscillator used to discuss the limit for the supply voltage in Section 6.2. Here, a
differential varactor is added to tune the oscillation frequency. Figure 6.17 shows
the circuit schematic of the VCO.

It is seen from the g,,, /Ip results in Fig. 6.5, that the longer the channel length,
the higher g¢,,,/Ip in WI region, however increasing the parasitic capacitances.
Therefore, the length of the unit transistor is chosen to be 60 nm, as g,,/Ip is
already significantly higher than that of a minimum channel length transistor.

In the quest for the minimum supply voltage, the results obtained in Sec-
tion 6.2 are such that the parasitic capacitances dominate. Moreover, the choice
of L = 60 nm rather than 30 nm also contributes to increasing the parasitic capac-
itances. In addition, the VCO is loaded with the divider by two block. Therefore,
the tuning range in that case would be very small. It was verified through sim-
ulations that the minimum supply voltage to tune the VCO in the range from
4.8 GHz to 5 GHz is Vpp = 250 mV.

The capacitor C is implemented with a metal over metal (MoM) capacitance
available in the library. The varactor Cy is also implemented using a cell from
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Figure 6.17: Circuit schematic of the LC cross-coupled voltage controlled oscillator.

the library. Cy and Cy are selected such that the oscillation frequency is 4.8 GHz,
the lower limit of the specified range, while the control of the varactor is 0 V. As
a result, C; = 4.4 fF implemented with 10 devices in parallel with 10 fingers of
length and width.

Also, Cy must be such that, with a control voltage of at most 1.8 V, the
oscillation frequency is 5 GHz, the upper limit of the specified range. As a result,
Cy is implemented with 5 fingers of 1.5 pm of length and width, attaining up to
104 fF at a control voltage of 1.8 V. The oscillation frequency is 5 GHz with a
control voltage of 0.7 V. The current supplied to the varactor from the 0.7 V source
is very small and the variations required are very slow. Thus, it can be handled in
the same way as the back-plane voltage supplies.

Figure 6.18a shows the transient simulation results of the output voltage at
node V, of the oscillator, with the control voltage of the varactor connected to
ground, this is Vygree = 0 V. The amplitude of the output voltage V, (which is the
same as V) is depicted in Fig. 6.18b as a function of Viyqrec. Therefore, 40 mV
and 460 mV must be valid low and high input levels of the divider by two block.

The frequency tuning range is depicted in Fig. 6.19a, where it is seen that, by
setting Vigrae = from 0 V to 0.7 V, the oscillation frequency is tuned from 4.8 GHz
to 5 GHz. Also, it is seen that frequency is linearly dependent of V,4qc within the
specified tuning range.

Figure 6.20 shows the simulation results of the phase noise of the VCO. The
phase noise at 1 MHz offset frequency is presented in Fig. 6.20b, showing that the
phase noise is below -90 dBc/Hz in the whole frequency range.

Montecarlo simulations of the VCO

Montecarlo simulations were run to account for process and mismatch variations
in all of the circuit components. The results are shown in Fig. 6.21 for Vygrqe =0V
to obtain an oscillation frequency of 4.8 GHz. For V¢ = 0.7 V to obtain an
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Figure 6.20: Simulation results of the phase noise of the VCO (a) over frequency, for several
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oscillation frequency of 5 GHz, the results are shown in Fig. 6.22. As expected from
the simulations in the typical corner, the performance enhances and the current
consumption increases at higher frequencies. However, the current consumption is
at most 382 A in the worst case within the 200 samples at 5 GHz. The amplitude
of the output voltage of the VCO is in most of the samples over 200 mV, according
to Figs. 6.21a and 6.22a. Therefore, 50 mV and 450 mV must be valid low and
high input levels of the divider by two block, respectively.

6.3.2 Comparison of the designed VCO to prior works

Table 6.3 summarizes the key parameters of the two lowest power VCOs in the
state of the art to operate at frequencies close to 4 to 5 GHz (to make a fair
comparison), these are [54] and [55].

In addition, Table 6.3 includes two low power quadrature VCOs, [56] and [57],
which provide phase and quadrature outputs as is the case of the VCO presented
herein cascaded with the divider by two block.

The lowest power consumption is that of the VCO presented herein, although
the results in [55] are very close. The high power consumption of [56] and [57] is
mainly due to the wide tuning range and low phase noise.

On the other hand, the phase noise is very high when compared to the state
of the art. Some remarks on how to lower the phase noise are discussed in Sec-
tion 6.3.3.

The figure of merit (FoM) included in Table 6.3 is defined as follows [51]

(Tuning Range)?
Power Dissipation x Phase Noise x (Offset Frequency)2’

FoM =

(6.5)
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Figure 6.21: Montecarlo simulation results of (a) the amplitude of the output voltage, (b) the
phase noise at 1 MHz offset, (c) the oscillation frequency and (d) the current consumption,

with Vygree = 0 V.

Table 6.3: State-of-the art of low-power LC VCOs

[54] [55] [56] [57] This work
Frequency (GHz) | 5.14-5.44 | 2.35-2.37 | 6.98-6.54 | 1.55-1.67 | 4.80-5.00
Supply (V) 0.39 0.41 0.35 0.6 0.25
Power (mW) 0.468 0.1 3.4 1.32 0.09
Phase noise
(dBc/Hz) -104.41 | -107.2 | -108.1 | -118.6 -90.2
at 1 MHz offset
FoM (dB) 187 173 186 189 177
Process (nm) 130 130 130 40 28
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Figure 6.22: Montecarlo simulation results of (a) the amplitude of the output voltage, (b) the
phase noise at 1 MHz offset, (c) the oscillation frequency and (d) the current consumption,
with Vigree = 0.7 V.

In spite of the poor phase noise, the FoM of the VCO presented here has a low yet
intermediate value, being higher than that of [55].

6.3.3 How to reduce phase noise

As it was seen in Table 6.3, the phase noise of the present work is higher than the
VCOs in the state of the art. If the application requires lower phase noise, the
circuit design may be modified to this aim in trade of current consumption.

By means of increasing the number of fingers in the nMOS transistors, the
phase noise reduces but also the current consumption increases. Moreover, the
MoM capacitor must be reduced in order to keep the same oscillation frequency.
It was verified through simulations that, to reduce the phase noise by 3 dB in all
the tuning range, the number of fingers of the nMOS should be 700 (instead of
500). In addition, to keep the tuning range, the MoM capacitor should have 4
devices in parallel (instead of 10). Figure 6.23 shows the simulation results of this
lower phase noise version of the VCO and the VCO considered in Section 6.3.1.
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Figure 6.23c shows that the output voltage amplitude increases, with respect
to the VCO presented in Section 6.3.1, which jeopardizes the compatibility with
the divider by two block, since the latter has a 0.5 V supply. The phase noise
reduction is verified according to Fig. 6.23d.

The tuning range is kept the same, as seen in Fig. 6.23a. As a result of adding
fingers to the nMOS transistors, the current consumption increases as seen in
Fig. 6.23b. The trend in the current consumption changes consistently with the
behaviour of the phase noise in Fig. 6.23d.

It was verified through simulations that further lowering the phase noise is not
possible by means of adding more fingers to the transistors. Also, the design space
is limited in the direction of adding fingers, since soon the parasitic capacitances
dominate and the tuning range starts narrowing.

On the other hand, increasing the supply voltage as a strategy to reduce the
phase noise is futile and prohibitively increases the power consumption, according
to the study on the minimum supply voltage in Section 6.2. This is the case
in [54], where the core circuit topology is the same as the one presented here, and
the phase noise obtained is -104.41 dBc/Hz at 1 MHz offset with over 5 times the
power consumption.

Therefore, to pursue a qualitatively lower phase noise result as well as a small
power budget, a different circuit topology should be used. The cross-coupled
topology with a tail current source is the usual choice to reduce phase noise, and
is the case of [45] and [55]. However, in the ultra low voltage context a current
mirror does not achieve the performance required, since the transistors in the
current mirror would not saturate. A tail inductor, connected between the source
of the transistors and ground, may be a possible solution.
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Chapter 7

Conclusion

An approach to ultra low voltage circuits based on the six transistor Schmitt trigger
topology is assessed.

The operation of the Schmitt trigger as an amplifier is studied and guidelines
for designing this block to be the amplifier of a crystal oscillator are provided.

It was thoroughly analyzed how the losses of the amplifier should be taken into
consideration when designing a Pierce crystal oscillator. The equations to account
for these losses, as well as the hypotheses required, are provided.

The design, simulation and measurement results for two crystal oscillators,
using a 130 nm bulk CMOS technology, are presented herein. The amplifiers A and
B were experimentally characterized, providing a gain of 2.48 V/V with a 60 mV
power supply. The oscillators operate with the lowest reported supply voltage
of only 60 mV while providing temperature and long-term stability competitive
with respect to state-of-the-art ultra low voltage crystal oscillators. Oscillator
A exhibits a power consumption in line with the best state-of-the-art oscillators
previously reported.

Both oscillators are suitable for operating by means of the ultra low voltage
energy harvesting sources described in Chapter 1.

When it comes to operating with less than 100 mV, the Schmitt trigger proves
to be very effective and suitable for implementing crystal oscillators. The high
gain of the Schmitt trigger, that enables CMOS electronics at such low voltages,
entails high current consumption. Thus, the hysteresis voltage must be designed
for the particular supply voltage of use in order to be as power efficient as possible.

If higher voltages are available, the CMOS inverter is likely to be a better
choice in terms of power efficiency but depends on the application.

A high frequency dynamic model of the Schmitt trigger circuit in WI region is
developed. The capacitive coefficients and the main parameters, that describe the
operation of the Schmitt trigger with hysteresis, are modeled and verified through
simulations. The dynamic model provides insight on the behavior of the circuit
with and without hysteresis, as well as the equations to carefully size the transistors
according to the specifications required by the targeted application.

The basic, long channel, bulk transistor model applied to design the Schmitt
trigger circuits in a 130 nm technology, is also applied to designing an RF oscillator
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in a 28 nm FD-SOI technology. Moreover, the parameters of the transistors are
extracted using the same procedure and building LUTs in the same way. When
applied to 28 nm FD-SOI, the model proved to be a very accurate way of describing
the g, /Ip curve in the MI and WI regions. This was achieved even for minimum
length transistors. This approach coupled with an LUT approach for the output
conductance provides the main small signal model for design.

In an RF application using the 28 nm FD-SOI technology, as in the case of
the Schmitt trigger, this model with LUTs approach proved to be advantageous to
understand the trade-offs and the relationships between the variables involved, as
well as finding optimums. The theoretical limit for the minimum supply voltage
that enables oscillation is studied in the case of a cross-coupled nMOS LC oscillator
for 2.4 GHz, by means of the aforementioned model and LUTs approach, with the
aid of simulations. Furthermore, it is verified through simulations that the power
consumption is effectively lowered by means of using the lowest supply voltage
possible, and that the phase noise of the oscillator is not degraded in this scenario.

Finally, a voltage controlled oscillator (VCO) is designed, with the same archi-
tecture (cross-coupled nMOS LC), tuneable from 4.8 GHz to 5 GHz and followed
by a divider by 2, to obtain a VCO in the 2.4 GHz to 2.5 GHz band. The perfor-
mance of the VCO is obtained through simulations.

The ultra low voltage approach is the best choice when the available sources
to harvest energy are as small as 100 mV. It is important to bear in mind that
this approach does not aim for the most power saving solutions but feasible and
functional electronics in such a hostile context. If there are higher voltage sources
available, such as 0.25 V, power can be saved by means of lowering the voltage
supply but to an intermediate extent. This is the case of the VCO presented in
Chapter 6.

7.1 Future work

A more compact version of the crystal oscillator could be obtained by means of
integrating the feedback resistor and the load capacitances along with the amplifier.
The design of the feedback resistor raises a challenging design aspect, since the
resistor needs to have a very high yet not precise value. Moreover, it has not been
addressed yet, to the best of our knowledge, whether the resistor being as high as
possible is in fact convenient. Thus, an interesting future work would be to identify
the trade-offs involved in the design of the resistor. As for the integration of the
load capacitances, the main challenges are the correct estimation of the parasitic
capacitances of the packaging and the adequate design of the PCB to have an
overall load capacitance as precise as possible. The load capacitance being precise,
has a direct impact on the resulting frequency of the oscillator, because without
any off-chip capacitances the tunability is lost.

A small harvester could be built to test the crystal oscillators as a building
block of a system. The energy harvesting source could be chosen among the
options discussed in Chapter 1. The interface between the harvesting source and
the oscillator should be designed to guarantee the operation of the oscillator. In
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order to make a practical ultra low power solution, the amplifying stage proceeding
the oscillator should be carefully designed.

Regarding the use of the long channel bulk transistor model applied to the 28
nm FD-SOI technology, the intrinsic capacitances remain to be properly modeled.
The difference in the geometry of the bulk transistor and the SOI transistor deserve
studying whether the model is still useful if the equations of the capacitances are
modified to adequate to the physics of the SOI transistor. Bear in mind that there
are models specifically for the SOI transistor, so the suggested approach would be
to adapt the bulk transistor model without losing the charge based essence that
provides, among other things, the fine matching with simulation results in the case
of the g,,,/Ip curve. If the model requires too many modifications, it would be
better to use LUTSs for estimating the capacitances for design purposes.

Finally, the voltage controlled oscillator could be built and experimentally
tested. To this aim, the interface of the oscillator with the rest of the receiver
must be thoroughly simulated. This process might require modifying the design
of the oscillator.
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Appendix A

Displacement of the locus of the
impedance Z due to losses in the
amplifier

The effect of G, is accounted for as a displacement in Zy, AZs. Thus,

Ty + AZy = 50+]w102 (A1)
which can be approximated to
Zy+AZy =75 (1+ ja), (A.2)
with o
o= w(,SQ < 1. (A.3)
Zc in (4.18) can be rewritten as
o = 23 [1 21+ Zs+ ZZ;(l + Gle)} ' (#4)

The displacement in Zs translates to a displacement in Zz, which can be
expressed through (A.4) and (A.2) as

Z3
Zo+ AZc =23 |1— , . A5
© © 3[ Zl+Zg+Z2(1+]a)(1+GmZ1)] (A.5)
Thus,
1 1
AZq =72 - ;
¢ 3 |:Zl—|-Zg+Z2(1+Gle) Z1+Z3—|-Z2(1 —i—ja)(l—i—Gle)}
(A.6)
simplifying to
Z27:(1 + G Z1)j
Az = — 23250+ GnZi)ja (A7)

[Zl =+ Zg(l + GmZI) + Zg]z'



Appendix A. Displacement of the locus of the impedance Z- due to losses in
the amplifier

Replacing « from (A.3), it follows

Z275(1 + G Z1)jGo JwCs
AZqo =23 L 2 . A8
C T2+ Zo(1 + G Z1) + Z3)2 (A.8)

From(A.8), the displacement AZ¢x in the locus of Z¢ can be obtained for
Gy, = 0, resulting in a purely horizontal shift of the circle in Fig. 4.5.

Substituting in (A.8) the impedances Z1, Zs and Z3 for their values as functions
of C1, Cy and (3, respectively, the horizontal shift AR¢ is given by

Go

ARc = NZg|, _,= ,
Cm=0 w? (024-03-1-057?3)2

(A.9)

yielding the result in Equation 4.44 in [3].

The approximation of the shift in Zo by its value at G, = 0 is fulfilled as
long as the shift of the circle is small with respect to its radius, this is, AR,, <
|Rn0’max-
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Appendix B

Schmitt trigger circuit layout

The layouts of the two Schmitt trigger circuits are included in this appendix for
reference. Both layouts are built with the same criteria. All the nMOS transistors
involved in each Schmitt trigger are built out of parallel arrangements of the same
unitary transistor, as required by the design presented in Section 4.4. The unitary
transistors are placed such that the currents flow in the same direction. Dummy
devices are added in the edges. The pMOS transistors are also built out of parallel
arrangements of unitary transistors, and placed in the same manner.

Figures B.1 and B.2 show the circuit layout of Schmitt trigger circuits A and
B, respectively.

44.86 um

74.15 um

Figure B.1: Layout of circuit A.
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82.95 um

82

77.90 um >

Figure B.2: Layout of circuit B.
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