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Abstract

Analog filters are extremely important blocks in several electronic systems such as
RF transceivers or sigma delta modulators. They allow selecting between signals with
different frequency and eliminating unwanted signals.

In modern deep-submicron CMOS technologies the intrinsic gain of the transistors is
low and has a large variability, making the design of moderate and high gain amplifiers
extremely difficult.

The objective of this thesis is to study switched-capacitor (SC) circuits based on the
low-pass and band-pass Sallen-Key topologies, since they do not require high gain am-
plifiers. The strategy used to achieve this objective is to replace the operational amplifier
(opamp) with a voltage buffer. Doing this simplifies the design of the amplifier although
it also eliminates the virtual ground node from the circuit. Without this node parasitic
insensitive SC networks cannot be used. Due to modern parasitic extraction software
that can reliably predict the values of parasitic capacitances, the historical disadvantage
of parasitic sensitive SC networks (parallel SC) is no longer critical, allowing its influence
to be compensated during the design process.

Different types of switches were simulated to determine the one with the least non-
linear effects. Two techniques (common mode voltage adjustment and source degenera-
tion) were used to reduce the distortion introduced by the buffers.

Low-pass (second and sixth order) and band-pass (second and fourth order) SC fil-
ters were simulated in differential configuration in standard 130 nm CMOS technology,
having obtained for the low-pass filter a distortion of -62 dB for the biquad section and
-54 dB for the sixth-order filter, for a cutoff frequency of IMHz and when operating at
100 MHz of clock frequency. The total power consumption was 986 uW and 5.838 mW,
respectively.

Keywords: Fully-differential voltage combiner, Parasitic capacitances compensation,

Sallen-Key topologies, Source follower with gz compensation, Switched-capacitor cir-
cuits.
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Resumo

O objetivo desta tese é estudar filtros com condensadores-comutados baseados nas to-
pologias passa-baixo e passa-banda Sallen-Key, visto ndo necessitarem de amplificadores
com ganho elevado. Este objetivo é atingido substituindo o amplificador por um segui-
dor de tensdo, simplificando o projeto do amplificador, embora o né de massa virtual do
circuito seja eliminado. Sem este n6, ndo podem ser utilizados ramos de condensadores-
comutados insensiveis a parasitas. Devido a softwares de extracdo de parasitas moder-
nos, a desvantagem histérica dos ramos de condensadores-comutados sensiveis a para-
sitas deixa de ser critica, permitindo a compensagdo da sua influéncia durante o projeto.

Diferentes interruptores foram simulados para determinar qual é menos influenciado
por efeitos ndo lineares. Relativamente aos seguidores, duas técnicas (ajustamento da
tensdo de modo comum e degeneragao da source) foram utilizadas de forma a melhorar
a distor¢do que introduzem.

Filtros passa-baixo (de segunda e sexta ordem) e passa-banda (de segunda e quarta
ordem) foram simulados em configuragdo diferencial em tecnologia CMOS de 130 nm,
tendo sido obtido para o filtro passa-baixo uma distor¢ao de -62 dB para a secgdo biqua-
dratica e -54 dB para o filtro de sexta ordem, para uma frequéncia de corte de 1 MHz
e uma frequéncia de relégio de 100 MHz. O consumo total foi de 986 uW e 5.838 mW,

respetivamente.
Palavras-chave: Circuitos de condensadores comutados, Compensagao de capacidades

parasitas, Fully-differential voltage combiner, Source follower com compensacdo de g s,

Topologias Sallen-Key.
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Introduction

1.1 Background and Motivation

Interest in switched-capacitor networks started in the late 70s due to the possibility
of implementing analog filters using monolithic integrated circuit (IC) technology and
because it is possible to obtain a good accuracy in the ratio between two capacitor values.
Since typically high value resistors are needed in the implementation of analog filters,
they can be generated using small on-chip capacitors, which makes it an attractive option
for monolithic fabrication, since it occupies a small substrate area.

SC circuits operate as discrete-time circuits without the use of converters (A/D or
D/A). When used as filters, these circuits have an accurate frequency response, good
linearity, and good dynamic range. The accuracy of these circuits comes from the time
constants being determined by capacitor ratios, which in real applications can have an
accuracy of nearly 0.1% while in integrated RC circuits the time constant error can range
from 20% to 50%. Another advantage is the incorporation of a certain degree of frequency
tuning by varying the clock frequency [CJM12].

Although there are several advantages in using this type of technology, there are also
several non-ideal properties that need to be considered, like clock feedthrough, offset
error, noise, and parasitic capacitances [CRCR77]. Usually SC filters need an antialiasing
filter at the input and a smoothing filter at the output [GT86].

The scaling-down of transistors in advanced deep-submicron CMOS technologies
results in the reduction of the intrinsic gain (g,,/gqs), making the design of high gain
opamps increasingly difficult. This limitation has large impact on the performance of
filter circuits.

The objective of this thesis is to study the low-pass and band-pass Sallen-Key topolo-
gies since they do not require high gain amplifiers. The strategy used is to replace the

opamp with a voltage buffer. Doing this simplifies the design of the amplifier although

1



1. INTRODUCTION 1.2. Thesis Organization

it also eliminates the virtual ground node from the circuit. Without this node, parasitic
insensitive SC networks cannot be used. Due to modern parasitic extraction software
that can reliably predict the values of parasitic capacitances, the historical disadvantage
of parasitic sensitive SC networks (parallel SC) is no longer critical, allowing its influence
to be compensated during the design process.

Since the first SC circuits used parallel SC networks, the filter topologies studied in
this thesis will be converted to SC circuits using this type of network, and the topologies

adapted, if need be, to work in modern nm CMOS technologies.

1.2 Thesis Organization

Besides this introductory chapter, this thesis is organized in six more chapters.

In Chapter 2, an overview of SC filters and their main building blocks is presented,
including advantages and non-ideal properties that need to be considered in this type of
circuits. SC resistor emulation networks are also presented and an integrator is described
using two different networks in order to show the advantage of using certain SC net-
works to neglect non-ideal properties when an amplifier is used. The transfer functions
of the low-pass and band-pass Sallen-Key topologies are also presented in this chapter.

In Chapter 3, the low-pass near-unity gain Sallen-Key topology is presented along
with the design equations and transfer function. Using this topology and adapting it,
a SC single-ended version is obtained. The design equations and transfer function are
also presented, and the topology is simulated using ideal components. The differential
configuration of the low-pass SC filter is presented. A sixth-order filter is also obtained
by cascading biquadratic sections and simulated using ideal components.

Chapter 4 has the same structure as the previous chapter, but a band-pass filter is con-
sidered and a fourth-order filter is obtained from cascading biquadratic sections (instead
of a sixth-order filter).

In Chapter 5, the non-ideal effects that result from using real components are de-
scribed. The non-linear effects due to real switches is studied using different types of
switches in a first-order SC filter and varying the switches size. Two clock boost cir-
cuits that can be used to reduce the non-linear effects of switches are presented, and the
switches conductance with and without the use of these circuits is compared. One of
these circuits is capable of operating at lower voltages. Two different buffers are also pre-
sented, in normal and in complementary configurations, along with low frequency gain,
high frequency gain and noise equations.

In Chapter 6, the filter circuits are simulated using real components. The results of
the simulations are presented when all components are ideal, when the switches are real
and the remaining components ideal, when the buffers/amplifiers are real and the re-
maining components ideal, and when all components are real in order to determine the
influence of each real component in the overall performance of the filter. The circuits

include second-order low-pass filters, two operating at 1.2 V using the buffers presented

2
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in the previous chapter, one operating at 0.9 V, and a sixth-order filter obtained from cas-
cading three biquadratic sections operating at 1.2 V. The band-pass filter circuit was also
simulated for a second-order filter, and a fourth-order filter obtained from cascading two
biquadratic sections, all operating at 1.2 V.

In the seventh and last chapter, the results obtained are discussed and the conclusions
of these work are presented. Using these conclusions further possible research sugges-
tions are advised.

1.3 Contributions

The main contribution of this thesis is the implementation of SC filters based on the
Sallen-Key topology (low-pass and band-pass) using near-unity gain amplifiers. This re-
quired the compensation of parasitic capacitances due to the filters sensitivity to these
non-linear effects when the virtual ground of an amplifier is not present. To minimize
these non-linear effects, different switch configurations (NMOS switch, clock boosted
NMOS switch, and transmission gate switch) were studied to determine the switch with
best performance, and in which conditions (switches width) in order to facilitate the com-
pensation of these effects. To reduce the filters harmonic distortion, different techniques
(common mode voltage adjustment and source degeneration) were successfully used. A
low voltage version of a low-pass filter was also implemented.

Different parts of the work developed in this thesis are being used to submit papers to
the IEEE International Symposium on Circuits and Systems (ISCAS) and Doctoral Con-
ference on Computing, Electrical and Industrial Systems (DoCEIS).
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Switched-Capacitor Circuits

2.1 Switched-Capacitor Filters Building Blocks

SC filters can be implemented using switches, capacitors, opamps, and non-overlapping
clock generators.

2.1.1 Operational Amplifiers

Opamps in SC circuits provide a virtual ground node. Parasitic capacitances con-
nected to this node do not influence the performance of the circuit, since they will be
connected to ground during one clock phase and to the virtual ground during the other.
Opamps also have non-ideal effects that affect the performance of SC circuits like DC
gain, unity gain frequency and phase margin, slew-rate, and common mode voltage.

2.1.2 Switches

SC circuits require switches with high off resistance in order to minimize the charge
leakage when the switches are open, and low on resistance so that the circuit can settle
in less than half a clock period. MOSFET transistors satisfy both these requirements,
since they have very high off resistance and low on resistance (Gf2 and k2, respectively),
depending on the transistors size. Increasing the width of the transistor will decrease the
value of both of these resistances.

Switches can be implemented using NMOS transistors, PMOS transistors, or both in
parallel (transmission gate). Using both in parallel will decrease not only the resistance
value of the switch but also improve its linearity (Fig. 2.1). While NMOS transistors are
better at conducting lower voltages (logic value "0’) since they stop conducting when the
input voltage is close to Vpp — Vi, PMOS transistors are better at conducting higher

voltages (logic value "1’) since they do not conduct until the voltage is higher than V;,,.

5



2. SWITCHED-CAPACITOR CIRCUITS 2.1. Switched-Capacitor Filters Building Blocks

Transmission gates are good at transmitting '0’s and "1’s since lower voltages will travel
via the NMOS transistor and higher voltages will travel via the PMOS transistor.

Switch Resistance
150.0

125.04

Rdspmos Rdsnmos
100.0

75.0

50.0 Transmission Gate
(Parallel)
—_— ]

Resistance (mOhm)

1_7/_:_/— — =1
470 565 660 755 850
|Vtp| Vin (m) VDD-Vth

Figure 2.1: Example of the ry4, resistance of MOS transistors as function of the V;, (V%)
voltage.

Depending on the SC circuit, it may be necessary to consider the switch model in-
cluding parasitics (Fig. 2.2), since they may influence the transfer function of the SC
filter. Examples of SC networks that are sensitive and insensitive to these parasitic capac-
itances are given in section 2.2. While the resistance of a switch will decrease with the
increase in size of the switch, the parasitic capacitances increases. It is important to note
that the parasitic capacitances of a MOS transistor are non-linear, i.e., their value varies
with the applied voltage value.

¢
1
Vin Vs I I Vd Vout

%ps :%pd

Figure 2.2: NMOS switch model considering source and drain parasitic capacitances.

2.1.3 Capacitors

Capacitors are another element for which, depending on the SC network used, it may
be necessary to consider the parasitic capacitances. The bottom plate parasitic capaci-
tance can be as high as 20% of the capacitance value, while the top plate parasitic capaci-
tance can be as high as 5% [CJM12].
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2.1.4 Non-Overlapping Clock Phases

The switches present in SC circuits require at least a pair of non-overlapping clock
phases to preform the charge transfer. It is required that the phases do not to overlap,
so that no charge is accidently lost by having two switches closed at the same time. An

example of a two-phase clock generator is shown in Fig. 2.3.

Delay Block

hS

Clko

o

Delay Block

Figure 2.3: Two-phase clock generator.

2.2 Switched-Capacitor Resistor Emulation Networks

SC circuits emulate resistors using a combination of switches and capacitors. In order
to obtain the equivalent resistance it is necessary to first calculate the average current
value that flows from the input into the circuit. Considering the parallel network (Table
2.1), in which the input current only flows into the circuit during half a period (0 < ¢ <
T/2),

1 T/2
.rms = ) 2.1
i 7 /0 ic(t)dt (2.1)

Since the relation between charge and current is i(t) = dq(t)/d¢,

. LT Qc(T/2) — Qc(0)
Irms = T/o dgc(t) = T (2.2)

Considering the phase scheme shown in Fig. 2.4, and that at ¢ = 0 the capacitor main-
tains the voltage from the last phase, then at t = 0 = T" phase 2 is active and at ¢ = 7'/2

phase 1 is active.

d1 b2 d1 $2

0 % % % H
o T/2 T 3T/2 2T

Figure 2.4: Non-overlapping clock phase scheme.
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Using the charge values presented in Table 2.1 for the parallel network,

i’r‘ms = W (23)

Considering that the average current that flows through the resistance,

. n out
= Vin = Vou 2.4

By equating both equations (Eq. 2.3 and Eq. 2.4) the equivalent resistance for the

parallel network is obtained.

Req = (25)

For the networks where the current flows into the network in both phases (series-
parallel and bilinear), the average current calculation must contemplate both phases. For

the series-parallel network (Table 2.1),

T/2 T _ _
w:%( | daeuto + T/qucl(t)> = Q@D =00 | QoM Qo@D

Replacing that charge variables with the corresponding values that are shown in Table
21,

, (Vin = Vour)C2 | (Vin — Vour)C1 — 0
= 27
Lrms T + T (27)

And by equating Eq. 2.7 and Eq. 2.4 the equivalent resistance for the series-parallel

network is obtained.

T
C1+ Oy

Req = (28)

Table 2.1 shows a few examples of circuits that can emulate resistors, their equivalent

resistance, and the charge in the capacitor(s) in each phase.
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2. SWITCHED-CAPACITOR CIRCUITS 2.2. Switched-Capacitor Resistor Emulation Networks

Table 2.1: SC resistor emulation circuits [AHO02].

Circuit Schematic Req Q(¢1) Q(¢2)
Vino—d}Td}Z—oVOUt T
Parallel — VinC VourC
C
£
¢1 ¢2
Vin —oVou
Series ' g 0 (Vin — Vour)C
C
A d1 P2
Vln —oVout T 0 (V;n . Vout)cl
ies- C
Series-Parallel 1 i1 G,
:Ez ‘/i’nCQ VoutCQ
d1 $2
Bil T W —Vou)C | (Vowr — Vin)C
1l1near Vin Vout 40 in out out m
$2 C d1

2.2.1 Parasitic-Sensitive Integrator

The SC parasitic-sensitive integrator (Fig. 2.5) was suggested in [HBG77] by replacing
the resistor in a Miller integrator with a parallel switch network.

L
Cp3

[1C1
1]

¢2 ~
gRl £>—° Vout

1=
;Epz

Figure 2.5: Switched-capacitor parasitic-sensitive integrator.

Vin

als

Cp1

Analyzing the charge across the capacitors in each phase, and considering that the
output of the circuit will be sampled at the end of phase ¢, Table 2.2 is obtained. Capac-
itance C),; represents the top plate parasitic capacitance of C'r; and the parasitic capaci-
tances of both switches; capacitance C)2 represents the bottom plate parasitic capacitance
of Cry; capacitance Cp3 represents the top plate parasitic capacitance of C, the input
capacitance of the opamp, and the parasitic capacitance of switch ¢,; capacitance Cp4

represents the bottom plate parasitic capacitance of C and the input capacitance of the
following stage.
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Table 2.2: Charge in the capacitors in each phase.

(n-1)T (n-0.5)T nT
Qcpy | Vinlln — 1)T] Cry 0 Vin[nT] Cr1
QCl - out[(n - I)T] Cl _‘/out[(n - 05)T] C(1 —Vout [TLT] Cl
Qcp | Vinl(n = 1)T] Cpy 0 Vin[nT] Cp
Qc,, 0 0 0
Qcys 0 0 0
Qcys | Voutl (1 = T] Cpt | Voutl(n — 05)T] Cpa | Vout[WT] Cipi

Considering the transition (n-1)T — (n-0.5)T (¢1 — ¢2) and the transition (n-0.5)T —
()T (p2 — ¢1), Eq. 2.9 is obtained from adding all the capacitors that are connected to

the virtual ground at the end of that transition (¢7 in the first case and ¢; in the second).

[(n— 1)T] = [(n — 0.5)T] : Vin[(n — D)T)(Cry + Cp1) — Vour[(n — 1)T] C1 = —Vipue[(n — 0.5)T] Cy

[(n—0.5)T) = [nT] : =Voue[(n — 0.5)T] C; = =Vt [nT] Cy
(2.9)

Combining both equation in Eq. 2.9 and using the Z-Transform, the transfer function
in Eq. 2.10 is obtained.

Vou Cr1+ Cp 21
H(z) = wt__< o )(1_2_1) (2.10)

Taking into the account the parasitic capacitance it can be seen that the gain coefficient

of this circuit is dependent on C},;. From the calculations it can also be concluded that
the parasitic capacitance Cj,3 does not influence the performance of the circuit due to the

virtual ground node in the negative node of the opamp.

2.2.2 Parasitic-Insensitive Integrator

To overcome the nonlinear effect of the parasitic capacitance Cp; new parasitic-insensitive
structures were developed [Mar80]. Fig. 2.6 shows one of these structures.

I
Chps

e
Cp2 ¢2

>—°Vout
o [

Figure 2.6: Switched-capacitor parasitic-insensitive integrator.
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Analyzing the charge across the capacitors in each phase, and considering that the
output of the circuit will again be sampled at the end of phase ¢;, Table 2.3 is obtained.
Capacitance C); represents the bottom plate parasitic capacitance of Cr; and the para-
sitic capacitances of the switches connected to the bottom plate of Cry; capacitance Cpo
represents the top plate parasitic capacitance of Cr; and the parasitic capacitances of the
switches connected to the top plate of C'r;; capacitance C)3 represents the top plate para-
sitic capacitance of (', the input capacitance of the opamp, and the parasitic capacitance
of switch connected to the top plate of C'y; capacitance C)4 represents the bottom plate

parasitic capacitance of C; and the input capacitance of the following stage.

Table 2.3: Charge in the capacitors in each phase.

(n-1)T (n-0.5)T nT
QCRl _‘/zn[(n - 1)T] Cr1 0 —Vin [nT] Cr1
Qo | —Voul(n = DT C1 | —Vout[(n —05)T] Cr | —Vw [nT] C
Qi Vinl(n — 1)T] Cp1 0 Vin[nT] Cp1
Qc,, 0 0 0
Qs 0 0 0
QCp4 ‘/out[(n — 1>T] C'p4 ‘/out[(n — 05)T] C’p4 ‘/out[nT] Cp4

Considering the transition (n-1)T — (n-0.5)T (¢1 — ¢2) and the transition (n-0.5)T —
(n)T (p2 — ¢1), Eq. 2.11 is obtained from adding all the capacitors that are connected to

the virtual ground at the end of that transition (¢3 in the first case and ¢; in the second).

[(n—1)T] = [(n—05)T]: —Viu[(n — 1)T) Cr1 — Voue[(n — 1)T) C1 = —Voue[(n — 0.5)T C4
[(n—0.5)T] = [nT] : =Voue[(n — 0.5)T] C1 = =V [nT] Cy
@.11)

Combining both equation in Eq. 2.11 and using the Z-Transform, the transfer function

in Eq. 2.12 is obtained.
Vout Cr1 z71
H(z) = = 2.12
(=) Vi <01 )(1—21 @12)

From the calculations it can be concluded that with the addition of these two new

switches the parasitic capacitances in this circuit do not influence its performance, im-
proving the linearity of the circuit and the accuracy of the transfer function. The parasitic
capacitances have little effect on the circuit since they are connected to the virtual ground
(Cp2 and Cj3) or the physical ground (Cj2). Cpa also has little effect since it is driven by
the circuits output. Although C),; is charged by the input voltage during clock phase ¢1,
it does not affect the charge in capacitor Cr; since the time constant RC is long enough

to charge the capacitors in less than half the clocks period, and during clock phase ¢, it

11
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is discharged to ground via the ¢ switch, not influencing the charge that is being trans-
ferred to C'1. Although the parasitic capacitances do not influence the circuits transfer
function, they do increase the time constant RC making the settling time slower.

2.2.3 Signal Flow Graph Analysis

Using the superposition principle it is possible to determine the charge transfer func-
tions of large circuits by analyzing the circuits graphically. Fig. 2.7 shows an example of
a circuit with several inputs [CJM12].

Vi(z) [

V2(z) o—d}lj—i C ® |
d2 $1

Vs(z) .,_d}l I IC3 $1 >_° Vout(z)
¢ b2 .

||}—‘

Figure 2.7: Four-input switched-capacitor summing/integrator stage.

This circuit can be analyzed using the same process as in the previous two examples.

Table 2.4 shows the charge across the capacitors.

Table 2.4: Charge in the capacitors in each phase.

(n-1)T (n-0.5)T nT
Qc; | —Voul(n = DT]Cf | —Voutl(n — 05)T] Cf | —ViaInT] Cf
QCl —Vl[(n — I)T] Cl —Vl[(n — 0.5)T] Cl —V1 [nT] Cl
Q02 —VQ[(H - 1)T] CQ 0 —VQ[TLT] CQ
QCg —Vg[(n - 1)T] Cg 0 —‘@,[HT] Cg
Qc, | Valln—1)T] Cy 0 Va[nT] Cy

Analyzing the charge values in Table 2.4 individually, it is possible to obtain the
charge transfer function of each subcircuit individually. These results will make it easier
to analyze large circuits once the subcircuits are identified. The results of each subcircuit

in Fig. 2.7 are shown in Fig. 2.8.

12
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-Ci(1-z7)

Vi(z)

Va(z)

_ —’Vout(Z)

Vi(z)

Vi(z)

Figure 2.8: Equivalent signal flow graph of Fig.2.7 circuit.

The signal flow graph (SFG) can be analyzed and the circuits transfer function is ob-

tained.

(s 21 Cs 1 Cy 271

Voul2) = =g ile) + oy mVe) — 5 i =B - g

T Vi(z) (213)

2.3 Sallen-Key Topology

The SC low-pass and band-pass filters implemented in this thesis are based on the
continuous time Sallen-Key second-order filters. In this section these topologies are pre-
sented and discussed.

2.3.1 Low-pass Sallen-Key Topology

The basis for the SC low-pass filter is the Sallen-Key low-pass filter. This filter is
shown in Fig. 2.9. One of the characteristics of this type of filter is the opamp being
configured as an amplifier instead of an integrator, reducing the gain-bandwidth re-
quirements for the opamp. This means that when using this topology it is possible to
implement higher frequency filters with lower gain when compared to other topologies.
Another advantage of this filter is the low ratio between largest and lowest resistor/ca-

pacitor, which is an important for manufacturability.

[
1C1

R1 R2
Vin—AAA, o AN G — Vout

C

Figure 2.9: Continuous-time Sallen-Key low-pass filter using an amplifier with gain G
[SK55].
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At low frequencies the capacitors can be seen as open circuits and the signal is trans-
ferred from the input to the output. At high frequency the capacitors can be seen short
circuits and the signal is discharged to ground. The transfer function of this second-order

filter is shown in Eq. 2.14.

‘/out G
H(s) = = 2.14
(S) Vi 1+ (ClRl =+ CQRl _—e ClRl + CQRQ)S + (0102R1R2)52 ( )

Knowing that the transfer function of second order systems is

w2
H(s)=G——F>—— (2.15)
52+ s+ w?
P
Using equations 2.14 and 2.15, the pole frequency wy, is
1
(2.16)

“r = O LRk,

the inverse of the quality factor

1 C1R: \/0231 \/CQRQ
(1= 4 44 == 217
Qp ( )\/C2R2 Ci1Rs Ci1R; @17)

and the low frequency gain

H(0) =G (2.18)

Using these equation and selecting two of the five unknown variables it is possible to
size the values of the components of the filter circuit.

2.3.2 Band-pass Sallen-Key Topology

The basis for the SC band-pass filter is the Sallen-Key band-pass filter implemented
with a voltage controlled voltage source (VCVS). The limitation of this topology is that
the quality factor of the filter will determine the gain required for the amplifier. This filter
is shown in Fig. 2.10.

Rt
NN

R1
Vine AN | ICZ %—o Vout
%Rz

Ci

Figure 2.10: Continuous-time Sallen-Key band-pass filter.
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The transfer function of this second-order filter is shown in Eq. 2.19.

- GCQRQRf S
a R+ Ry + (C1R1Rf + C2Rf(R1 + Ry) — CoR1Re (G —1))s + ClC2R1R2Rf82

Ry + Rf
_ 2.20
“» =\ C1CoR Ry Ry (2.20)

and the inverse of the quality factor

(2.19)

H(s)

Where the pole frequency is

1 GiRiRy+ CoRy(Ry + R2) — CoR Ry (G — 1) 2.21)

Qp V/(R1 + Rf)C1CoR1 Ry Ry
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Low Pass Filter Topologies

3.1 Introduction

Low-pass filters are systems that allow the passing without attenuation of signals
with frequency below the cutoff frequency, while attenuating those with frequency above
it. The amount of attenuation the signals with higher frequency suffer is dependent on
their frequency and the order of the filter.

In this chapter low-pass SC filters based on the continuous-time version of the Sallen-
Key low-pass filter [SK55] will be presented and discussed when using ideal components.
Higher order low-pass SC filters using cascaded sections will also be discussed in this
chapter.

3.2 Continuous-time Sallen-Key Low-Pass Filter

The continuous-time Sallen-Key low-pass filter is shown in Fig. 3.1.

||
HC1

Ri1 R2
Vin°—/\/\/\, Va /\/\/\, G — Vout

C

Figure 3.1: Continuous-time Sallen-Key low-pass filter.

Applying Kirchhoff’s current law (KCL), which states that the algebraic sum of cur-
rents in a network of conductors meeting at a point is zero, the equations in Eq. 3.1 are
obtained.
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Vx - ‘/zn + (1/G) out
R1 RQ
(1/ G) out — Vo
Ry
Combining both equations (Eq. 3.1) the filters transfer function is obtained. This

(Vac - ‘/out) SCI =0
(3.1)
(1/G) out SCQ =0

transfer function (Eq. 3.2) shows that the Sallen-Key topology under consideration here

is a second-order low-pass filter.

V;)ut o G
Vin 14 (CiRy + CoR; — G C1R1 + C3R9)s + (0102R1R2)52

H(s) = (3.2)

Several approximations can be used when designing filters. In this case the filter
will be designed using the Butterworth prototype transfer function which is described in
Appendix A.1.

3.3 Switched-Capacitor Low-Pass Filter

3.3.1 Single-Ended Switched-Capacitor Low-Pass Filter

The single-ended version of the SC low-pass filter is shown in Fig. 3.2. This circuit is
based on the Sallen-Key low-pass filter (Fig. 3.1) replacing the resistors with parallel SC
networks and adding a capacitor C,; connected to ground in node V.. This capacitor was
added since there is a small parasitic capacitance in node V,, that causes large variations
in the voltage of the node, preventing the circuit from working properly. By adding C,
with significant capacitance (~ 500 fF), the voltage in the node will be well defined.

11IC1
b1 $2 b1 b2 {>L
Vine—"— ' ' G Vou
1 1 L |

ICRl :Eg ICRz Ez

Figure 3.2: Single-ended low-pass SC filter.

Unlike analog filters, which are analyzed using Kirchhoff’s voltage law (KVL) and
KCL, SC circuits are analyzed from a charge conservation perspective. Fig. 3.3(a) and
3.3(b) show the equivalent circuit during clock phase ¢; and clock phase ¢», respectively.

_________

Vo M <l T il e

(a) (b)

Figure 3.3: Low-pass SC filter during: (a) Clock phase 1 (b) Clock phase 2.
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Assuming charge conservation between phases and considering that the signal is

sampled at the end of phase 1, the charge equations are obtained.

(A — Vin[n = 1]CR1 + Var[n — 1)(C1 + Cy) — G Via[n — 1]Cy =
= Va[n —0.5](Cr1 + C1 + Cy) — G Vea[n — 0.5]C4
B — Vei[n — 1]Cpra + Vea[n — 1]Co = Vea[n — 0.5](Cy + Cra)
C — Vea[n — 0.5)(Cra — G C1) + Vea[n — 0.5)(Cy + C1) =
=Va[n](Crz + C1 + Cy) — G Vo n]Cy
D — Vig[n — 0.5]Cy = Vig[n]Cy

From the equations in 3.3 and knowing that V.o = V,,+/G, the filters transfer function
is obtained. This transfer function (Eq. 3.4) shows that the obtained SC filter is also a
second-order low-pass filter.

_Vvout_ d
H(z) = v _Ga—bz—i—cz2 (3.4)

where the coefficients q, b, ¢, and d are given by:

a=CiCy+2C1C5Cy + CoCf + G CiCra + G C1C4Chra

b=2C7Cy +4C1CrCy + 2 CoC; + C1C2CR1 + CoCyCri + CFCra+
+ C1C2CRro + 2 C1CyCro + C2CyCra + CSCR2 + C2CR1CR2+
+ C10%y + CyC%y + Cr1Cho + G CiCro + G C1CyChro

¢ =CiCy + 2 C1C2Cy + CoCh 4 C1C2CR1 + CoCyChri + CiCra+
+ C1CoCRa + 2 C1CyCho + CoCyCra + C;Cr2 + C1CRr1Cra+t
+ C2C0R1CRa + CyCr1CRa + C1Chy + CyChy + Cr1Chy

| d=(C1 + Cy)CriCre

As for analog filters, the coefficients of the discrete-time transfer function can be ob-
tained using different methods. These methods are described in Appendix A.2. Specify-
ing a cutoff frequency of 1 MHz, a quality factor @, of 1/+/2, and a clock frequency of
100 MHz, the coefficients of the transfer function are obtained. Considering that the filter
is implemented using a buffer with a gain of 0.98 and C; = 4 pF, Crs = 140 fF, and C, =
400 fF, the values obtained are C'r; ~ 218.7 fF and C ~ 1.56 pF.

The single-ended version of the SC filter (Fig. 3.2) was simulated in Cadence using
ideal components (switches, buffer, and capacitors) using capacitors with the previously
mentioned values. To determine if the circuit is working correctly, the impulse response
of the filter was simulated, and used, to plot the filters Bode diagram. The process to

obtain the impulse response and the Bode diagram is described in Appendix B.
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3. Low PASS FILTER TOPOLOGIES 3.3. Switched-Capacitor Low-Pass Filter

Fig. 3.4 shows the frequency response of prototype transfer function and the response
from simulating the filter with ideal components in single-ended configuration. Since no
solution was found for the capacitors of this filter, when using the numerator and denom-
inator of the prototype transfer function, the filter was sized using only the denominator
of the transfer function.

Using only the denominator will determine the DC gain of the filter as the gain of
the buffer used in the filter and thus why the ideal response of the filter is slightly shifted
down 0.18 dB from the prototype response. The attenuations at the cutoff frequency were
3 dB for the prototype transfer function and 3.18 dB for the filter using ideal components.

Frequency Response

.............

Magnitude (dB)

| — Prototype Transfer Function
60| —— Cadence Ideal Circuit

10° 10° 10 10
Frequency (Hz)

Figure 3.4: Discrete-time frequency responses.

3.3.2 Differential Switched-Capacitor Low-Pass Filter

In order to transform the filter from the single-ended to the differential configuration,
the relation between the capacitors in these two configurations must be calculated. Fig.

3.5 shows the difference between the two.

ell
0

(a) (b)

Figure 3.5: Capacitor in single-ended (a) and differential configuration (b).
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3. Low PAss FILTER TOPOLOGIES 3.3. Switched-Capacitor Low-Pass Filter

Since the charge across the capacitor C'is equal to C(V — 0) and the charge across C,
is equal to C(V — (—V)), this means that the capacitor C; must have half the capacitance
of C' in order to store the same charge as capacitor C, assuming that V' has the same value
in both cases. The differential configuration is shown in Fig. 3.6.

C: I
1C1
Vi ¢1 ¢2 $1 ¢2
_|Cr1/2 Cr2/2 |C2/2
Vi d1 T d2 b1 b2

T

Figure 3.6: Differential low-pass SC filter.

The differential configuration of the SC filter was simulated and the frequency re-
sponse was compared with the single-ended configuration (Fig. 3.7). This simulation
shows that the relation between capacitance values in single-ended and differential con-
figuration is correct.

Frequency Response

Magnitude (dB)

[ - Cadence Ideal Circuit (Single-Ended Configuration) |
— -~ Cadence Ideal Circuit (Differential Conf

iguration)
—

10’ 10° 10 10°
Frequency (Hz)

Figure 3.7: Comparison between the frequency responses of the single-ended and differ-
ential configurations.
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3. Low PASS FILTER TOPOLOGIES 3.4. Switched-Capacitor Filters Using Cascaded Sections

3.4 Switched-Capacitor Filters Using Cascaded Sections

Higher order SC filters can be obtained by cascading lower order filters. In this sec-
tion a sixth-order low-pass filter will be built using three cascaded second-order sections,
maintaining a 3 dB attenuation at the cutoff frequency.

In order to obtain this attenuation at the cutoff frequency, each of the second-order
sections must have a specific quality factor. Using Eq. A.2 with n = 6, the denominators
for the three second-order sections (Eq. 3.6) can be obtained.

1 1 1
82 4 0.5176S +1 .52 +1.41428 +1 52 +1.93195 + 1

T(S) = (3.6)

Using these coefficients the quality factors necessary for each section can be obtained
in order to have the desired 3 dB attenuation and with Eq. A.9 the coefficients for each
section can be obtained. Alternatively Matlab can be used for higher order filters (Ap-
pendix A.2). Using this approach the coefficients in Table 3.1 are obtained.

Table 3.1: Transfer function coefficients obtained from Matlab.

Poles Numerator Denominator
@p A +5B 20 22 2! 20
1.93185 | 0.98207 | 0.05968 3.8e-03 1 | -1.9641 | 0.96802
0.70711 | 0.95560 | 0.04251 3.8e-03 1 | -1.9112 | 0.91498
0.51764 | 0.94096 | 0.01532 3.8e-03 1 | -1.8819 | 0.88563

Using the denominator coefficients shown in Table 3.1, the capacitance values were
calculated for each section. The values obtained for the capacitors are shown in Table 3.2.

Table 3.2: Capacitance values for each section.

Qp Gain 01 CQ CRl CRQ Cg
1.93185 | 0.98 | 16 pF | 444.658 fF | 350.104 fF | 100 fF | 100 fF
0.70711 | 0.98 | 4pF | 1.56034 pF | 218.717 {fF | 140 {F | 400 {F
0.51764 | 098 | 4pF | 2.83061 pF | 390.231 {fF | 140 fF | 400 {fF

The frequency response obtained for each of the sections is shown in Fig. 3.8. The
gain at the cutoff frequency for @), equal to 0.5176 was -5.71 dB for the prototype transfer
function and -5.89 dB for the filter using ideal components. For @, equal to 0.7071 was
-3.00 and -3.18 dB, respectively. For @, equal to 1.9319 was 5.73 and 5.55 dB, respectively.
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Figure 3.8: Frequency response of each second-order section

To cascade the second-order filters into a sixth-order filter the output of the filters are
connected to the input of the following section. The obtained filter response is indepen-
dent of the order in which the sections are connected. The obtained frequency response
for the sixth-order filter is shown in Fig. 3.9. At the cutoff frequency the prototype trans-
fer function has an attenuation of 2.99 dB and the filter using ideal components has an
attenuation of 3.51 dB. The difference in attenuations is due to the gain of the buffers,
since each section looses approximately 0.18 dB due to the buffer, shifting down a total
of 0.53 dB from the prototype transfer function.

Frequency Response

T

Magnitude (dB)

Prototype Transfer Function |---

—— Cadence Ideal Circuit
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10° 10° 10
Frequency (Hz)

Figure 3.9: Frequency Response of the sixth-order filter
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3.5 Conclusions

This chapter presented from an ideal point of view that it is possible to implement
low-pass SC filters based on the Sallen-Key low-pass filter using near unity-gain buffers.
It was also described how to obtain higher order filters based on second-order sections
while maintaining an attenuation of approximately -3 dB at the cutoff frequency. The
differences between the prototype transfer function frequency response and the ideal
circuits response was due to the buffers gain. Since the filter was designed considering
only the denominator of the prototype transfer function, the DC gain of the filter is equal
to the buffers gain.
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Band Pass Filter Topologies

4.1 Introduction

Band-pass filters are systems that allow the passing of signals within a band of fre-
quencies, while attenuating the frequencies outside the defined ranged. The amount of
attenuation the signals suffers outside the frequency range is dependent on the signals
frequency and the order of the filter.

In this chapter band-pass SC filters based on the continuous-time version of the Sallen-
Key band-pass filter implemented with a VCVS will be presented and discussed when
using ideal components. Higher order band-pass SC filters using cascaded sections will
also be discussed in this chapter.

4.2 Continuous-time Sallen-Key Band-Pass Filter

The continuous-time Sallen-Key band-pass filter is shown in Fig. 4.1.

Rs
NN
R1
Vi AAA VX I ICZ %—o Vout
— R

Figure 4.1: Continuous-time Sallen-Key band-pass filter.
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4. BAND PASS FILTER TOPOLOGIES 4.3. Switched-Capacitor Band-Pass Filter

Applying KCL to node V,, the equations in Eq. 4.1 are obtained.

Vm_‘/in_i_vx_%ut
R Ry

+ (Vﬂf - (I/G)Vout) sCo+V,sC; =0

(1/G) Vo @)

((1/G)Vour — Vi) sCa + o

=0

Combining both equations (Eq. 4.1) the filters transfer function is obtained. This
transfer function (Eq. 4.2) shows that the Sallen-Key topology under consideration here

is a second-order band-pass filter (one zero and two poles).

- GCQRQRfS
- Rf + CQRQRf S+ Rl(l + ClRf s+ Cy S(RQ — G Ry + Rf + CleRf 8))

H(s) (4.2)

Two methods to design a continuous-time band-pass filter using the Butterworth pro-
totype transfer function is described in Appendix A.3.

4.3 Switched-Capacitor Band-Pass Filter

4.3.1 Single-Ended Switched-Capacitor Band-Pass Filter

The single-ended version of the SC band-pass filter is shown in Fig. 4.5. This circuit
is obtained from the continuous-time version of the filter shown in the previous section
(Section 4.2), by replacing the resistors with parallel SC networks.

d2

d1
d)lid)z e dni(bz—“' \—|>J~Vout

ICRl ICa ICRz

Vin

Figure 4.2: Single-ended band-pass SC filter.

Fig. 4.3(a) and Fig. 4.3(b) show the equivalent circuit during clock phase ¢; and clock
phase ¢9, respectively.

Vi Va_ | @ Ve  Va @
I

(@) (b)

Figure 4.3: Band-pass SC filter during: (a) Clock phase 1 (b) Clock phase 2.
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4. BAND PASS FILTER TOPOLOGIES 4.3. Switched-Capacitor Band-Pass Filter

Assuming charge conservation between phases and considering that the signal is
sampled at the end of phase 1, the charge equations (Eq. 4.3) are obtained. During clock
phase 2 the capacitor C; is floating, meaning that there is no current flowing through it
and therefore this capacitor maintains the charge that was stored during phase 1. This
fact must be taken into account when extracting the charge conservation equations be-

tween phases.

A — Viu[n —1]Cr1 + Vea[n — 1]C1 + G Vea[n — 1]CRry =
= Vei[n — 0.5](Cr1 + C1 + Cry)

B — Vei[n —1]Cy + Vea[n — 0.5]C1 — Vea[n — 1]Co = 4.3)
= Va[n](C1 + C2) — Veo[n]Co

C — Vea[n — 1]C2 = Vaa[n — 1]C2 = Via[n](Cra + C2) — Ve [n]Co

From the equations in 4.3 and knowing that V.o = V,,:/G, the filters transfer function
is obtained. This transfer function (Eq. 4.4) shows that the obtained SC filter is also a
second-order band-pass filter.

Vout . G d(Z — 1)

H(z) = = 4.4
(2) Vi a—bz+cz? (44
where the coefficients q, b, ¢, and d are given by:
(0 =C}Cy + G C1CoChRy
b=2C3Cs+ C1C2CR1 + C;CRa + C1C2CRs + CoCr1CRa + C1C2CRy+
+CQCRQCRf+G01C'QCRf 45)

¢ =Ci{Cy + C105CR1 + CiCpa + C1C2CRa + C1CR1Cpo + CoCR1Cra+
+ C102CRy + C1CRr2CRy + CoCRoCRy
d=C1C5CRry

Two methods to design a discrete-time band-pass filter using the Butterworth proto-
type transfer function are described in Appendix A.4. Specifying a central frequency of 1
MHz, a quality factor @, = 2 (pass band of 500 kHz), and a clock frequency of 100 MHz,
the lateral frequencies f7, and fg are equal to 780.8 kHz and 1280.7 kHz, respectively.
Considering that the filter is implemented using an amplifier with gain of 1.25 and ca-
pacitance C = 3 pF and C, = 4 pF, the values obtained are Cr; ~ 99.5 {fF, Crs ~ 80.7 {F,
and Cgy ~ 673.4 fF.

The single-ended version of the SC filter (Fig. 4.5) was implemented using ideal
components (switches, buffer, and capacitors) using capacitors with the previously men-
tioned values. The filters frequency responses are shown in Fig. 4.4. At the cutoff
frequencies the simulated filter circuit has an attenuation of [2.57, 2.27] dB and [2.15,
1.88] dB, and apart from a small gain difference (approximately 0.4 dB) the frequency
responses are identical.
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Figure 4.4: Discrete-time frequency responses.

4.3.2 Differential Switched-Capacitor Band-Pass Filter

The differential configuration is shown in Fig. 4.5 and was obtained using the same

method that was previously described in section 3.3.2.

b2
Ve P2 L el & ¢y 91 |
Cr1/21C1/2 _Cra/2 _ICre/2
v L@ Ly &L ® & |
¢2

Figure 4.5: Differential band-pass SC filter.

The differential configuration of the SC filter was simulated and the frequency re-
sponse was compared with that of the single-ended configuration (Fig. 4.6). This simula-

tion shows that the relation between capacitance values in single-ended and differential

configuration is correct.
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4.4. Switched-Capacitor Filters Using Cascaded Sections

Frequency Response
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-40
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Figure 4.6: Comparison between the frequency responses of the single-ended and differ-
ential configurations.

4.4 Switched-Capacitor Filters Using Cascaded Sections

Higher order SC filters can be obtained by cascading lower order filters. In this section

a fourth-order band-pass filter will be built using two cascaded second-order sections
with the same quality factor (Q, = 1.285).

The coefficients for the cascaded second-order sections can be obtained using Eq. A.15

with @, = 1.285. This quality factor will define a 1.5 dB attenuation at the cutoff frequen-

cies for each section and 3 dB for the cascaded section. Table 4.1 shows the poles location

and the transfer function coefficients.

Table 4.1: Transfer function coefficients obtained from the prototype method.

0 Poles Numerator Denominator
p A +/B 21 20 22 21 20
1.285 | 0.97555 | 0.05788 | 48.8964e-03 | -48.8964e-03 | 1 | -1.9511 | 0.95501

Using the denominator coefficients shown in Table 4.1, the capacitance values were

calculated for each section. The obtained values for the capacitors are shown in Table 4.2.

Table 4.2: Capacitance values for the cascaded sections.

Qp

Gain

Cy

Cy

Cri

Cr2

Cry

1.285

1.25

3pF

4 pF

154.535 fF

80.7119 fF

618.398 {F
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4. BAND PASS FILTER TOPOLOGIES 4.5. Conclusions

The frequency response obtained for this section is shown in Fig. 4.7.

Frequency Response
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Figure 4.7: Frequency response of the second-order section

Cascading the two second-order filters the frequency response obtained for the fourth-
order filter is shown in Fig. 4.8.

Frequency Response
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Figure 4.8: Frequency response of the fourth-order filter

4.5 Conclusions

This chapter presented from an ideal point of view that it is possible to implement
band-pass SC filters based on the Sallen-Key band-pass filter using low-gain amplifiers.
It was also described how to obtain higher order filters based on second-order sections.

Apart from a small gain difference the frequency responses of the prototype transfer func-
tion and of the ideal circuit are identical.
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Non-Ideal Effects

5.1 Introduction

In the previous two chapters the topologies of a low-pass and a band-pass filter have
been presented using ideal components. In this chapter the non-ideal effects from using

real components will be presented and discussed.

5.2 Non-linear effects due to real switches

Ideal switches have a very small constant resistance when they are closed, and a very
high constant resistance when they are open. Real switches (transistors), however, have
considerable resistance when they are closed and the value depends on the Vs voltage
of the transistor, introducing distortion in the signal. Another source of distortion is
the parasitic capacitances of the real switch since their value also changes with the four
node voltages. In addition to the variation with the voltage, both the resistance and the
parasitic capacitances change with the switches size. To determine the relation between
the non-linear effects of the switches and their sizes, a first-order low-pass SC filter will be
analyzed and simulated, since it’s a simple circuit with only two switches in single-ended

configuration.

5.2.1 Filter Analysis

Fig. 5.1 shows a passive first-order low-pass filter from which the SC version is de-

rived.
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Vin /\/\/\,R Vout

[ Al

Figure 5.1: Passive first-order low-pass filter.

The SC version of the filter, which is shown in Fig. 5.2, is obtained by replacing the
resistor R with a parallel SC network.

b b

Vin Vout

Figure 5.2: First-order low-pass SC filter.

Assuming charge conservation between phases and starting the charge analysis from
phase 1 to phase 2, the charge equations are obtained.

{ Vin[n — 1]CR 4 Vout[n — 1]C = Vyue[n — 0.5)(Cr + C) 51)

Vout[n — 05]0 = ‘/out[n]c

From these equations the first-order low-pass transfer function (Eq. 5.2) is obtained.

Lout CR
H(z) = = 2
(2) Vi (CR+C)z—-C (5-2)

The coefficients Cr and C' can be obtained using one of the methods described in

Appendix A.2 for a first-order filter.

5.2.2 Simulation Results

Specifying a cutoff frequency of 1 MHz, a clock frequency of 100 MHz, and the ca-
pacitor C' = 2.5 pF, the value obtained for Cr is approximately 162.2 fF. The frequency

response using these specifications is shown in Fig. 5.3.
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Figure 5.3: First-order filter frequency response.

To determine the influence of the non-linear effects of the resistance (1/g45) and the
parasitic capacitances of the switches, the distortion of the filter was simulated using
three versions of the SC filter (in differential configuration). In one version, the filter was
simulated using ideal switches. This simulation will give the best obtainable distortion
since it is not affected by the non-linear effects of switches and buffer. In the second ver-
sion, the filter was simulated using a real switch. The distortion obtained from this sim-
ulation is affected by the non-linear effects of both resistance and parasitic capacitances.
In the third version, the filter was simulated using a real switch in parallel with an ideal
switch. By doing this the non-linear effects due to the switches resistance are eliminated
since the equivalent resistance of the switch is determined by the 1 2 resistance of the
ideal switch. The distortion obtained from this simulation is then only affected by the
non-linear effects of the parasitic capacitances.

The simulation results are shown in Table 5.1 for three different switches, with a sinu-
soidal differential signal with 600 mV of amplitude. In the transmission gate switch, the
PMOS transistor is four times the size of the NMOS transistor to approximate the values
of their resistance. All switches were simulated using minimum length (L = 120 nm).

Table 5.1: First-order filter distortions: Version 1 - NMOS switch driven by a 1.2 V clock
signal, Version 2 - NMOS switch driven by a clock boosted signal, Version 3 - Transmis-
sion gate driven by 1.2 V clock signal.

THD (dB)
Version | Type of Switch | W=016um | W=1pum | W=3pum | W=7 pum | W=10 um

Ideal -105.02 -105.02 -102.90 -102.90 -103.01

1 Real -15.70 -14.12 -15.53 -17.51 -18.69
Parallel -100.72 -96.70 -88.58 -82.39 -78.60

Ideal -104.27 -104.27 -105.51 -105.51 -105.21

2 Real -82.31 -64.20 -55.19 -50.28 -48.76
Parallel -100.26 -100.46 -76.41 -69.59 -70.19

Ideal -103.13 -103.60 -103.54 -103.82 -103.43

3 Real -60.25 -71.13 -64.44 -61.97 -60.89
Parallel -99.87 -92.27 -83.16 -75.88 -73.28
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From Table 5.1 it can be concluded that when driven by a 1.2 V clock signal, the
NMOS switch has very high distortion. The source of this distortion is the switches re-
sistance that is very non-linear with the variation of the input voltage. In this case it
can be seen that the non-linear resistance dominates over the non-linear parasitic capac-
itances. When driven by a clock boosted signal, the distortion introduced by the NMOS
switch decreases considerably. This is due to the decrease in the non-linear variation of
the switches resistance with the input voltage, which will be seen later (Fig. 5.10). The
distortion introduced by a transmission gate driven by a 1.2 V clock signal also decreases,
but less than in the clock boosted NMOS switch.

Table 5.2 quantifies how much the non-linear effects of the MOS switches, i. e., the
non-linear resistance and the non-linear parasitic capacitances, increase the distortion of
the SC circuit. The objective of this table is to clarify which non-linear effect dominates
the overall distortion of the circuit when the width of the switches varies. The values
presented in the table are calculated based on the distortion values presented on Table
5.1 and represent the added distortion that each non-linear effect of the switch causes in
the circuit when compared to using ideal switches.

The added distortion of the parasitic capacitances is calculated subtracting the distor-
tion of the ideal circuit from the distortion of the circuit with ideal switches in parallel
with real switches. The added distortion of the real switches (including both non-linear
resistance and non-linear parasitic capacitances) is calculated subtracting the distortion
of the ideal circuit from the distortion of the real circuit. Finally in order to better under-
stand the dominant cause of distortion in the circuit, the difference between the distortion
of the real circuit and the distortion of the circuit with the ideal switches in parallel with
the real switches is also calculated.

Table 5.2: Influence of the resistance and parasitic capacitances in the overall distortion:
Version 1 - NMOS switch driven by a 1.2 V clock signal, Version 2 - NMOS switch driven
by a clock boosted signal, Version 3 - Transmission gate driven by 1.2 V clock signal.

Distortion (dB)
Influence due to Version | W=016pum | W=1pum | W=3pum | W=7pum | W=10 um
1 4.3086 8.3282 14.3186 20.5033 24.4119
Parasitic capacitances 2 4.0116 3.8129 29.0997 35.9156 35.0181
3 3.2598 11.3249 20.3846 27.9446 30.1463
Parasitic capacitances 1 89.3278 90.9076 87.3650 85.3835 84.3211
and 2 21.9645 40.0682 50.3245 55.2281 56.4415
resistance 3 42.8830 32.4657 39.0956 41.8570 42.5393
1 85.0192 82.5794 73.0464 64.8802 59.9092
Resistance 2 17.9529 36.2553 21.2247 19.3125 21.4235
3 39.6232 21.1408 18.7110 13.9124 12.3931

From Table 5.2 it can be seen that the distortion introduced by the parasitic capaci-
tances increases with the size of the switch, which means that the non-linearity of these
capacitances increases with the width of the transistor and will become harder to com-

pensate their effect in larger switches. As for the switches resistance, its non-linearity
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5. NON-IDEAL EFFECTS 5.3. Clock Boost Circuit

decreases with the switches width causing a decrease in the distortions value. When us-
ing a clock boosted signal the simulation results show that the resistance variation with
the switches width is no longer linear.

Comparing the results it can be concluded that using a clock boosted signal to drive
the NMOS switch provides lower distortion when compared with the other two versions
and the lowest width possible should be used while maintaining a time constant small
enough to charge the capacitors. The clock boost circuit used in these simulations will
be discussed in section 5.3, along with a more detailed analysis of what happens to the
switches resistance and parasitic capacitances when using a clock boosted signal to drive
the switches.

5.3 Clock Boost Circuit

In this section the clock boost circuit used in section 5.2 is analyzed and simulated.
This circuit is used to generate a voltage level higher than the chips supply voltage from
which it operates, and is then used to drive the NMOS switches in the SC filter.

5.3.1 Clock Boost Circuit Analysis

An ideal representation of a clock boost circuit (charge pump) is shown in Fig. 5.4.

T VDD

d)l Si S4 CbZ Vout
b2 I &1 [ 2
L5 G s, o L

Figure 5.4: Ideal charge pump representation.

During clock phase ¢, the capacitor C} is charged to the supply voltage Vpp. During
clock phase ¢ one of the capacitors plates assumes a potential of Vpp, while the capacitor
maintains the charge ) = Cj, x Vpp from the previous clock phase. This means, assuming
charge conservation between phases, that the charge equation is given by Eq. 5.3.

Q = Cy(Vour — Vpp) = Cy(Vpp — 0) (5.3)

Solving Eq. 5.3 in order of V,,;, the charge pump has an output voltage of 2 x Vpp.
The practical realization of the charge pump is shown in Fig. 5.5. This circuit, using clock
phases ¢ and ¢,,, generates a boosted phase ¢, that is a boosted version of clock phase
é.

The signal Vj,, shown in Fig. 5.5 can either be the voltage at the entrance of the switch
or the supply voltage (Vpp). In the first case, switch S; shown in Fig. 5.4 would be con-
nected to V;,, instead of Vpp and the output voltage would be given by Eq. 5.4. By using
this configuration the output voltage of the clock boost circuit will change depending on

35



5. NON-IDEAL EFFECTS 5.3. Clock Boost Circuit

VDD
Mps | Vpbp Gn
| Mpr2 ;\ _L
VoD I_Jr:\:/ Mnsa %‘__l:_
Mprs
—— OB
—-— ¢ -
Cb
¢In Mnes MNéJ ’—
I F 1 va
Mns3 Mn1

Figure 5.5: Clock boost circuit [DK99].

its input, meaning that ideally the V75 voltage will remain constant. Since the switches
resistance (1/g45) varies with Vg, in this case the distortion due to the non-linear resis-
tance of the switches can be greatly reduced. One of the problems with this approach is
that the filters transfer function would have to be recalculated, since the input capacitance
of each clock boost circuit will be connected at the entrance of each switch.

Q = Co(Vour — Vin) = Co(Vpp — 0) = Vour = Vpop + Vin (5.4)

An alternative method, although not has good as the previous one in terms of dis-
tortion, is to have a constant Vpp voltage at the input of the clock boost circuits and this
way the filters transfer function does not have to recalculated. Using this configuration
the output of the clock boost circuit will be ideally twice the supply voltage, increasing
the switches Vzg voltage. This increase will decrease the switches resistance and its vari-
ation. In order to obtain an approximate value for the output voltage of the clock boost
circuit, the charge equation of the circuit must be calculated considering all the parasitic

capacitances (Fig. 5.6).
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Figure 5.6: Clock boost circuit considering parasitic capacitances.
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Replacing the capacitors that are connected in parallel with an equivalent capacitor,

the circuit can be simplified into the one shown in Fig. 5.7, where:

Ceqi = Cpsa + Cps2
Ceq2 = Cy1 + Cnssa + Cndsa + Cnss + Cpga + Cpga + Cngs + Cngt
Ceq3 = Cndes + Cnas + Cpas + Cpg2

| Ceqs = Onaz + Cnses + Onse + Cnst

—_— VOLI

VbD o2 . t ,

L
Cras  |Ceqt Co Ceq2
b1 d2
¢2 $1
Vin
_é_ Cegs Cprs6

Ceq4 CnNad1 = =

Figure 5.7: Simplified clock boost circuit considering parasitic capacitances.

Fig. 5.8(a) and Fig. 5.8(b) show the equivalent circuit during clock phase ¢; and clock
phase ¢, respectively.

VoD —— VoD
VDD —— [-———-——MOBL—-———ﬁ. %
I I
p— :—EZ—————E—:—————T—_—{ J— p— — —
Cprd4 Ceql Chb Ceq ICPd4 Ceql Chp Ceqa ICPse

Vop —— Vin —_ Vin —

:%:Ps6 ::(jeq3 :%eq4 :%Ndl _Eeq4 :(:del :%qu

(a) (b)

Figure 5.8: Simplified clock boost circuit during: (a) Clock phase 1 (b) Clock phase 2.

Assuming charge conservation between phases, the output voltage considering par-

asitics (Eq. 5.6) is obtained.

Voo (Cp + Ceqr) + VinC

5.6
Cy+ Ceql + Cqu (5:6)

Vout =
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5.3.2 Simulation Results

The clock boost circuit was simulated using NMOS transistors with minimum width
and length (W = 160 nm and L = 120 nm) and PMOS transistors with four times the
NMOS width (W = 640 nm and L = 120 nm). The capacitor C;, was made using a PMOS
transistor (L = W = 4 um) in which the source, drain and bulk nodes are connected to-
gether. The equivalent capacitance value is approximately 145 fF and was chosen so that
it is considerably larger than the parasitic capacitances in order to minimize their influ-
ence. Alternatively a MIMCARP capacitor could have been used as the capacitor Cj, al-
though to achieve the same capacitance value the capacitor would have to be three times
the size of the PMOS transistor used.

Fig. 5.9 shows clock phase 1 and the boosted phase using the clock boost circuit.
The output voltage was boosted from 1.2 V to 2.216 V. Using Eq. 5.6 with the simulated
parasitic capacitance values (Table 5.3) the expected output voltage would be 2.274 V.

Transient Response

1] [

Phase 1 Boosted .

0(12.5ns, 2.216V)

1.8

Phase 1

Amplitude (V)
-
N

0.0
0 2.5 5.0 7.5 10.0 125 15.0
Time (ns)

Figure 5.9: Clock boosted phase 1.

Table 5.3: Simulated clock boost circuit parasitic capacitance values.

Parasitic Transistors

Capacitances | N1 P2 N3 P4 N5 | Nba | N6 | N6S P6
C, (aF) 660.8 | 3073.5 | 705.6 | 3237.6 | 705.6 | 656.7 | 660.8 | 705.7 | 5709.3
Cy (aF) 290.0 | 1240.0 | 290.0 | 1578.2 | 290.1 | 292.2 | 290.0 | 290.0 | 7173.9
C, (aF) 290.0 | 1240.4 | 290.1 | 1651.7 | 290.0 | 292.4 | 290.0 | 290.0 | 5221.5

Fig. 5.10 shows the conductance of a switch in function of the input voltage with and
without the use of a clock boost circuit. It can be concluded that when using the clock
boost circuit the conductance increases and its non-linearity decreases when compared to
not using a clock boost circuit. The decrease in non-linearity will substantially decrease
the distortion introduced by the switches, as it was seen in the previous section (Table
5.2).
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DC Response
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Figure 5.10: Effect of clock boosting on the switches conductance.

5.4 Low-Voltage Clock Boost Circuit

In this section an alternative clock boost circuit is analyzed and simulated. This circuit
is capable of generating a voltage level higher than the chips supply voltage and can
operate with supply voltages lower than 1.2 V.

5.4.1 Low-Voltage Clock Boost Circuit Analysis

The practical realization of the clock boost circuit is shown in Fig. 5.11. This circuit,
using clock phases ¢; and ¢2, generates boosted phases ¢1,, and ¢, that can be used to
drive NMOS switches, even at low-voltage.

VbD Vbbb

Mai Ma2

Co Cb

o1 b2

Figure 5.11: Clock boost circuit [MS12].
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As it was described in section 5.3.1 the output voltage of the clock boost circuit is
dependent on the circuits parasitic capacitances. In order to reduce the influence of these
capacitances on the circuits output voltage, capacitor C, has to be considerably larger
than the parasitic capacitances.

5.4.2 Simulation Results

The clock boost circuit was simulated using NMOS transistors with minimum width
and length (W = 160 nm and L = 120 nm) and PMOS transistors with three times the
NMOS width (W = 480 nm and L = 120 nm). The capacitor Cj was implemented with a
MIMCAP capacitor (L = 34.38 ym and W = 20 m) with an equivalent capacitance value
of 700 fF in order to minimize the influence of the parasitic capacitances.

In [MS12] the clock boost circuit was implemented with a supply voltage of 250 mV
and was able to operate up to a clock speed of 1.4 MHz. It was also concluded in this
paper that increasing the supply voltage to 300 mV would allow the clock speed to be
increased to 2.8 MHz. Fig. 5.12 shows one of the problems of increasing the clock speed
without increasing the supply voltage. With the increase in clock speed the deformation
in the falling edge of the clock signal increases making the clock signal take longer to
return to the "low’ value and starting to overlap.

Transient Response

250 Phase 1 Phase 2 w

-
o
S

|
|
\
|
|

Boosted Clock Phases

Phase Overlan || | |
- ( \ ‘ rnasc ouvceriap \ J )
) N N L

bl el B
JIRN I JEN IR

300 350 400 450 S00
Time (ns)

WMy

Figure 5.12: Phase overlap due to clock speed increase beyond the circuit bandwidth.

The clock boost circuit was simulated for different supply voltages, between 1.2 V
and 0.5V, for a clock speed of 10 MHz in order to determine the voltage at which this
circuit offers the best performance (Fig. 5.13). In this case, lowering the supply voltage

increases the voltage boosting factor of the circuit.
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2,00

1,70 \
1,60 \

~N

Voltage Boost

0,00 0,20 0,40 0,60 0,80 1,00 1,20
Supply Voltage (V)

Figure 5.13: Voltage boosting at 10 MHz.

Fig. 5.14 shows clock phase 1 and the boosted phase using the clock boost circuit for
three different supply voltages raging from 1.2 V to 0.5 V. With the decrease in supply
voltage, the voltage boost increases and the clock signal becomes closer to an ideal clock

signal.
Transient Response @ 1.2V Transient Response @ 0.9V Transient Response @ 0.5V
2.4 1.5 T 1.0
PHase 1 Boostad MO(125ns, 1.577V), Phase 1 Boosted <]
ase ooste . i
\___Phase 1 Boosted x MD(125ns, $94.7mV)
/MO 125ns, 1.877V) | R —
2.0 1.5
T
) 75
1.6 1.2
Phase 1 Phase 1 Phase 1
S 7 S P S 7
@ @ @
EFF: -~ £ -~ ERC -~
a a =3
£ £ £
<T <T <t
.8 &
25
4
0.0 0.0 0.0
0 30,0 60.0  90.0 120 150 0 30,0 80.0 S90.0 120 150 0 30,0 60.0  90.0 120 150
Time (ns) Time (hs) Time (ns)

Figure 5.14: Clock boosted phase 1 for three different supply voltages.

Fig. 5.15 shows the conductance of a switch in function of the input voltage with
and without the use of a clock boost circuit for three different supply voltages. It can
be concluded that with the decrease in supply voltage the conductance also decreases,

which means that the switches resistance increases and it is expected that the distortion

introduced by the switches increase.
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Figure 5.15: Effect of clock boosting on the switches conductance for three different sup-
ply voltages.

The distortion results are shown in Fig. 5.16 and were obtained from simulating the
clock boost circuit in the second-order low-pass SC filter (Fig. 3.6) with ideal components
except for the switches. All switches were simulated using minimum length (L = 120
nm).

-55 //? —

--Clock Boost@ VDD =0.7 V
Clock Boost @ VDD =0.5V

)
e
‘D’ -65 . —-Clock Boost@ VDD =12V

0 2 4 6 8 10
Switch Width (um)

Figure 5.16: Distortion with and without clock boosting in function of the switches width.

Besides the conclusions that were obtained in section 5.3.2 concerning the distortion,
it can also be concluded with the simulation results obtained here that, although the
switches resistance increases with the decrease in supply voltage, the distortion in the
filter decreases. This decrease in distortion is due to the non-linear effects of the parasitic
capacitances, which decrease with the supply voltage, while the non-linear effects of the

switches resistance remains relatively constant.
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5.5 Source Follower with g;; Compensation

The source follower with g4s compensation, which has the basic topology shown in
Fig. 5.17, will be used in the implementation of the low pass filters. In this section three
versions of this buffer will be analyzed in order to determine which one offers the best
performance: with body effect only in transistor M2 (henceforth called source follower
with gg4s compensation), with body effect only in transistor M1 (complementary source
follower with g4s compensation), and with both transistors M1 and M2 without body
effect (source follower with g4, and body effect compensation).

VbD
19113 /10
pr—| Ms
Vout VDD
|18/10
M1 }% M2

|Is

Vbn —| Ma

Figure 5.17: Basic buffer topology.

Considering a follower circuit formed only by transistors M1 and M3, and that M3 is
an ideal current source with infinite impedance, the gain of the circuitis G = gy, /(gm, +
gds, )- Since in modern nanometer technologies the ratio g,,/gq4s is below 10, the gain of
the follower is below 0.91. In order to improve the gain of the buffer, a second follower is
used (transistor M2 and M4) to compensate the effect of g45,. This follower will make it
so that the voltage in the drain of transistor M1 will vary depending on the input voltage
Vin. Since the voltage in the source of transistor M1 also varies depending on the input

voltage Vi, less current will flow throw r4s, and the gain of the circuit will increase.

5.5.1 Source Follower with g,, Compensation

This version of the source follower with gz compensation has body effect only in

transistor M2. The representation of this circuit is shown in Fig. 5.18.
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VoD
19IB /10
pr—{ M3
Vout Vop
lIB /10
M1 }L{ M2
|18

Vbn*—{ M

Figure 5.18: Source follower with g4, compensation.

5.5.1.1 Low frequency small signal model

The low frequency small signal model of this buffer is shown in Fig. 5.19. Since this
buffer will be implemented using N(P)_12_HSL130E transistor models, this means that
transistor M2 will have body effect since in standard CMOS technology the bulk node of
NMOS transistors cannot be accessed.

Vin

Vin

Figure 5.19: Source follower with g4, compensation low frequency small signal model.

Knowing that Vs, = Vin — Vour, Vs, = Vin — Vi, and Vg, = V,, and applying KCL in
node V,,;+ and node V,, the equations in Eq. 5.7 are obtained.

{ V:)ut(gml + 9ds, + gd53) = V:m 9mq + V:E 9ds, (5 7)
Vx(gmz + Gmby + 9ds; + Gdsy + gd54) = ‘/in(_gnn + gmg) + Vout (gml + gdsl)
Combining both equations (Eq. 5.7) the gain equation is obtained (Eq. 5.8).
a— Gmy 9ds; + Gm,y (gmz + Gmb, + Jds, + 9d34) (5.8)

(gm1 + gdsg)(gmz + Gmbo + 9dso + gd54) + 9ds; (gmg + Gmbo + 9dso + 9ds3 + gd54)

44



5. NON-IDEAL EFFECTS 5.5. Source Follower with g4 Compensation

5.5.1.2 Transistor thermal noise referred to the input

The thermal noise in transistors can be represented by a current source between the

drain and the source. The noise referred to the input can be represented by Eq. 5.9,

5
where for the buffer in question,
Vin? = (KlIn1)2 + (K2In2)2 + (K3ITL3)2 + (K4In4)2 (5.10)

The coefficients K, K2, K3, and K, are equations in term of g,, and g¢4s, and I,,, =
4yvKTgp,. In order to obtain these coefficients the gain equation must be recalculated

from the small signal model considering the thermal noise sources (Fig. 5.20).

Vix

+ -0 e e - = -0 -
1 1
Vest gdsl It In2 gds2 Ves2
V t_ gm1Vgsl N gmb2Vsb2 gm2Vgs2 + V
ou — mn

Vin

gd53 In3

Figure 5.20: Source follower with g4s compensation low frequency small signal model
considering thermal noise.

The equations in Eq. 5.11 are obtained from the small signal model shown in Fig.
5.20. In order to obtain the V;, equation, the equations must be combined and V;,, should
be equal to 0.

Vout(gml + gds; + gd33) = Vin Gm, + Ve 9ds; + In1 + Ing
Vx(gmg + Imby + 9dsq + 9dso + gd34) = (511)
= V;n(_g’nu + gmg) + ‘/out(gml + gdsl) + Inl + Ing + In4

5.5.1.3 Medium frequency small signal model

The medium frequency small signal model of this buffer is shown in Fig. 5.21.
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1
gdsd s
Vi N Cgds  |Cdba & v C b2, !
________1__ gEngs?l |
Vout s1 gmb2Vsh? §ds2 [ —IEgSZ Vin
T 1 1 T e

Figure 5.21: Source follower with g4, compensation medium frequency small signal
model.

Applying KCL in node V,,; and node V;, the equations in Eq. 5.12 are obtained.

Vout(gmy + gds1 + gass + 8(Cr + Capy, + Cysy + Capy + Cyay)) =

= Vin(gm, + 5Cgs,) + Va(gas, + sCap,)

Vi(gmy + Gmby + 9dsy + Gdsy + 9dsy + 5(Capy + Cyay + Cysy + Capy + Cap,
+ ng4)) = Vin(=9my + Gms + S(ng1 + 0952)) + Vout(gm, + 9as, + SCap,)

(5.12)

Combining the equations in Eq. 5.12 a transfer function with two poles and two zeros
is obtained. Due to its size the transfer function is not presented here.

5.5.2 Complementary Source Follower with g, Compensation

This version of the complementary source follower with g;s compensation has body
effect only in transistor M1. The representation of this circuit is shown in Fig. 5.22.

VoD
|18
pr'—( M
9IB/101 lIB/lO
M1 }L( M2

Vout

Vbn -—( M3

Figure 5.22: Complementary source follower with g4s compensation.
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5.5.2.1 Low frequency small signal model

The low frequency small signal model of this buffer is shown in Fig. 5.23.

Vine — -  (Femmmee—e o = Vx

T ‘i L, i ———————— = i :
1 1 <1
V851 [gm1Vgsl %gds‘l gmbl\/sbégdS4 %g ngVgSZ\/gS2
Vout e S EEEES L t Vin
1

1
ds2
.-

gds3

Figure 5.23: Complementary source follower with g4, compensation low frequency small
signal model.

Knowing that Vs, = Vi — Vout, Vyso = Vin — Vi, and Vi, = Vout, and applying KCL
in node V,,; and node V,, the equations in Eq. 5.13 are obtained.

Vout (.gm1 + Gmb; + Gds, + gd53) =Vin Gm, + Ve 9ds,
Vx(gmz + 9ds, + 9dso + gd34) = ‘/in(_gml + gmg) + ‘/;)ut(gm1+ (513)
+ Imby + gds1)

Combining both equations (Eq. 5.13) the gain equation is obtained (Eq. 5.14).

_ Yms Gdsy T Gy (Gms + Gdss + Gds,)
G = (5.14)
9ds, (gmz + 9dss + 9dss + gd54) + (gmz + 9dso + gd84)(gm1 + 9mb, + gd53)

5.5.2.2 Transistor thermal noise referred to the input

The thermal noise referred to the input can be calculated using the process described
in section 5.5.1.2. The small signal model considering the thermal noise sources is shown
in Fig. 5.24.

Vin

— - Vin

Figure 5.24: Complementary source follower with g4, compensation low frequency small
signal model considering thermal noise.
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The equations in Eq. 5.15 are obtained from the small signal model shown in Fig.
5.24. In order to obtain the V;, equation, the equations must be combined and V;,, should
be considered equal to 0.

Vout(gm1 + 9mb, + 9ds, + gdsg) = V;n 9mq + V:c 9ds, + Inl + Ing
Vi(9mo + Gdsy + 9asy + Gdsa) = Vin(=gmi + gms) + Vour (gm, + (5.15)
+ 9Imby + gdsl) + Inl + Inz + In4

5.5.2.3 Medium frequency small signal model

The medium frequency small signal model of this buffer is shown in Fig. 5.25.

L 11
”ng_l_ jﬁdbl Cgds  |Cdba gds4

Vin AL I _:__g_;_:__:::j:::: :1_____‘%_;2_%—5]1 Vx
Vout _—Jﬁ_gil_ é&@gﬁ 185 _T Grbrvabt Canz 8% ¢ I —IEg52 Vi
T L1t L T

CL ICsbl Cgas  |Cabz < 8ds3

Figure 5.25: Complementary source follower with g4 compensation medium frequency
small signal model.

Applying KCL in node V,,; and node V;, the equations in Eq. 5.16 are obtained.

Vout (gmy + Gmbr + 9ds, + gdass + 5(Cr + Cysy, + Cspy + Capy + Cyas)) =

= V;n(gml + 50931) + Vi 9ds, (516)
Vi(Gms + 9dsy + 9dso + 9dsy + 5(Cap, + Cgay + Capy, + Cyso + Cap,

+ ng4)) = V;n(_grm + Gm, + S(ngl + CgSQ)) + ‘/out(gml + Gmb, + gdsl)

Combining the equations in Eq. 5.16 a transfer function with two poles and two zeros
is obtained. Due to its size the transfer function is not presented here.

5.5.3 Source Follower with g,;; and Body Effect Compensation

The source follower with g45 and body effect compensation has the bulks of transis-
tor M1 and M2 connected to their respective sources, eliminating the body effect. Both
representations of this circuit are shown in Fig. 5.26. To eliminate the body effect in
both transistors, the buffer was implemented using N(P)_12_RF transistor models. The

equations presented in this section are valid for both versions of the buffer.
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Vbbp
918/10

Mi

Figure 5.26: Source follower with g4s and body effect compensation: (a) Normal version
(b) Complementary version.

5.5.3.1 Low frequency small signal model

The low frequency small signal model of this buffer is shown in Fig. 5.27.

Vin

Vin

Figure 5.27: Source follower with g4 and body effect compensation low frequency small
signal model.

Knowing that Vs, = Vi, — Vou, and Vs, = V;,, — V,, and applying KCL in node V¢

and node V;, the equations in Eq. 5.17 are obtained.

{ V;Jut(gml + 9ds, + gdsg) = V;n 9mq + Vx 9ds, (5 17)
V:):(gmz + 9ds; + Gds, T+ gd34) = ‘/in(fgml + gmg) + Vout(gm1 + gdsl)
Combining both equations (Eq. 5.17) the gain equation is obtained (Eq. 5.18).

G- gy dsi + Gmy (9my + Gdsy + Ydsa) (5.18)

(Gmy + Gdss ) (Gmo + Gdsy + Gdss) + Gds, (ma + Gdss + Gdss + Jdss)

5.5.3.2 Transistor thermal noise referred to the input

The thermal noise referred to the input can be calculated using the process described
in section 5.5.1.2. The small signal model considering the thermal noise sources is shown
in Fig. 5.28.
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Vin

Vin

Figure 5.28: Source follower with g4s and body effect compensation low frequency small
signal model considering thermal noise.

The equations in Eq. 5.19 are obtained from the small signal model shown in Fig.
5.28. In order to obtain the V;, equation, the equations must be combined and V;,, should

be considered equal to 0.

‘/out(gm1 + 9ds, + gd53) = V;n 9mq + Vz 9ds, + Inl + Ing
Vx(gmg + 9ds, + 9dso + gd54) = V:L'n(_gn’u + gmg) + V;mt(gm1 + gdsl)"' (519)
+ Ly + Iny + Iny

5.5.3.3 Medium frequency small signal model

The medium frequency small signal model of this buffer is shown in Fig. 5.29.

ng4 Cdb4

X

“‘ﬁ“‘l“l“‘ gmzvé,sz
Vout —|§g_51_ Yemves S gdsl Cdbl —IEde %gdsz I I —IEgSZ

i

in

Figure 5.29: Source follower with g4, and body effect compensation medium frequency
small signal model.
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Applying KCL in node V;,,; and node V, the equations in Eq. 5.20 are obtained.

Vout (gm1 + 9dsq + 9dss + S(CL + Cgsl + Cdb1 + Cdbg + ngg)) -
= Vin(9my + 5Cys;) + Va(gas, + sCap, )

Vi (9ms + 9ds, + Gdss + gass + 5(Capy + Cga, + Cap, + Cysy + Capy + Cyay)) =

= Wn(_gm1 + Gmy + S(ngl + CgSz)) + Vout(9m1 + gdsl) + sClap,

(5.20)

Combining the equations in Eq. 5.20 a transfer function with two poles and two zeros

is obtained. Due to its size the transfer function is not presented here.

5.5.4 Simulation Results

The three buffers presented in the previous sections were simulated in order to deter-

mine which one has the highest gain, since there is an inverse relationship between the

gain of the buffer and the size of the capacitors in the SC filter. The biasing voltages of the

buffers were generated using an ideal current source connected to a transistor in diode

configuration. Fig. 5.30 shows the gain of the buffers as a function of the DC voltage. To

obtain this relation a DC simulation was done sweeping the DC value of an ideal voltage

source between 0 and 1.2 V (Vss and Vpp). From the figure it can be concluded that the

buffers have better linearity at half the supply voltage (0.6 V).

1.0

w

ca
w«

w

o
o

Figure 5.30: Relationship between the gain of the circuits and the DC voltage.
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The current of the buffers was chosen in order to achieve a certain GBW. The value

for the GBW was obtained from the equation in Eq. 5.21 using the filters clock frequency

[Raz01].

1n(0.1%) F,

e~ CBWIrad/s|Ts/2 0 1% < GBW|[Hz] > — -

51
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Assuming that the clock frequency of the filter is 100 MHz, this means that the current
should be chosen so that the GBW of the buffers is higher than 220 MHz. For the nor-
mal version the current used in the simulations was 550 1A and for the complementary

version 400 pA. The transistor sizes used for the simulations in this section are shown in
Table 5.4 and 5.5.

Table 5.4: HSL130E transistor parameters: (a) Source follower (SF) with g45 compensation
with DC @ 0.6 V (b) Complementary source follower (CSF) with g5 compensation with
DC@0.6 V (c) SF with g45 compensation with DC @ 0.45 V (d) CSF with g5 compensation
with DC@0.75 V.

W(pm) | L(pm) | Ip(pA) | gm(mS) | gas(nS) | Vbosar(mV)
M1 499.20 0.24 -570.04 10.72 238.48 -86.56
M2 7.86 0.12 67.42 1.29 92.68 62.14
(@) M3 187.20 0.36 -570.04 6.44 132.33 -153.42
M3B 18.72 0.36 -58.50 0.66 9.48 -153.84
M4 374.40 0.36 637.46 14.02 289.33 67.70
M4B 37.44 0.36 65.00 143 27.54 67.70
M1 130.62 0.36 360.17 7.40 121.49 75.69
M2 28.80 0.36 -33.87 0.57 5.79 -99.64
) M3 23.00 0.36 360.17 3.97 149.24 148.54
M3B 2.30 0.36 36.00 0.40 10.18 146.47
M4 288.00 0.36 -394.04 6.12 89.56 -109.13
M4B 28.80 0.36 -40.00 0.62 7.45 -109.24
M1 499.20 0.24 -585.61 10.92 244.71 -87.71
M2 7.86 0.12 23.60 0.51 35.16 50.23
© M3 187.20 0.36 -585.61 6.62 94.36 -153.86
M3B 18.72 0.36 -58.50 0.66 9.48 -153.84
M4 374.40 0.36 609.20 13.39 402.80 67.70
M4B 37.44 0.36 65.00 143 27.54 67.70
M1 130.62 0.36 376.53 7.67 130.03 77.78
M2 28.80 0.36 -8.37 0.19 1.64 -62.49
d) M3 23.00 0.36 376.53 4.15 109.30 148.55
M3B 2.30 0.36 36.00 0.40 10.18 146.47
M4 288.00 0.36 -384.90 5.95 169.85 -108.93
M4B 28.80 0.36 -40.00 0.62 7.45 -109.24

The simulation results with a common mode voltage of 0.6 V, supply voltage of 1.2V,
single-ended input signal with an amplitude of 150 mV, and a load capacitance of 4 pF
are shown in Table 5.6. The figure of merit (FOM) values shown in Table 5.6 and 5.7 were
calculated using Eq. 5.22 [GPP06].

MHz pF
mW

_ GBW Cp, (5.22)

FOM
Power

The results show that the THD of the buffers is relatively high (between -44 and -51
dB). One of the reasons of the high distortion is the fact that although the buffers input
signal is centered at half the supply voltage, the output of the buffer has a common mode
voltage value of VLQD — Vs, - Since in this case the buffers have a Vg, of around F300mV
and, on top of that, the input signal is sinusoidal, the signals maximum/minimum volt-

age, depending on the version of the buffer, reaches close to Vpp/Vss degrading the
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5.5. Source Follower with gq; Compensation

Table 5.5: RF_12 transistor parameters: (a) Source follower with g4; compensation with
DC @ 0.6 V (b) Complementary source follower with g45s compensation with DC @ 0.6 V
(c) Source follower with gg45 compensation with DC @ 0.45 V (d) Complementary source
follower with g4 compensation with DC @ 0.75 V.

W(um) | L(pm) | Fingers | Multiplier | Ip(pA) | gm(mS) | gas(1S) | Vbosar(mV)
M1 7.80 0.24 32 2 -601.69 9.10 275.57 -86.38
M2 1.39 0.12 4 1 78.85 1.25 79.61 94.50
(@) M3 5.85 0.36 32 1 -601.69 6.68 92.12 -175.63
M3B 2.34 0.36 8 1 -58.50 0.65 6.61 -172.13
M4 5.85 0.36 16 4 680.54 14.62 325.23 75.32
M4B 4.68 0.36 8 1 65.00 1.42 2424 73.61
M1 5.76 0.36 16 1 384.09 7.08 78.80 94.15
M2 1.80 0.36 16 1 -30.55 0.46 6.98 -103.46
() M3 2.30 0.36 10 1 384.09 3.92 179.82 168.56
M3B 1.15 0.36 4 1 72.00 0.79 21.31 160.57
M4 9.00 0.36 32 1 -414.63 6.25 107.83 -123.36
M4B 1.80 0.36 16 1 40.00 0.59 8.79 -122.97
M1 7.80 0.24 32 2 -612.64 9.35 289.98 -88.30
M2 1.39 0.12 4 1 22.57 0.45 28.26 68.10
©) M3 5.85 0.36 32 1 -612.64 6.71 68.07 -175.64
M3B 2.34 0.36 8 1 -58.50 0.65 6.61 -172.13
M4 5.85 0.36 16 4 635.21 13.62 548.91 74.77
M4B 4.78 0.36 8 1 65.00 1.43 24.29 73.18
M1 5.76 0.36 16 1 405.68 7.32 96.86 96.67
M2 1.80 0.36 16 1 -4.73 0.09 2.03 -52.02
) M3 2.30 0.36 10 1 405.68 417 127.87 168.68
M3B 1.15 0.36 4 1 72.00 0.79 21.31 160.57
M4 9.00 0.36 32 1 -410.41 6.23 119.01 -123.36
M4B 1.80 0.36 16 1 40.00 0.59 8.79 -122.97

Table 5.6: Simulation results for the buffers with a common mode voltage of 0.6 V: (a)
Source follower (SF) with gqs compensation (b) Complementary source follower (CSF)
with g4s compensation (c) SF with g4, and body effect compensation (d) CSF with g4 and
body effect compensation.

Version | Power (uW) | Gain | GBW (MHz) | THD (dB) | Thermal Noise (V) | FOM
(a) 765 0.981 3034 -48.17 242 1587
(b) 473 0.881 259.4 -51.00 28.3 2194
() 817 0.982 259.4 -43.90 26.5 1271
(d) 498 0.970 234.9 -47.19 427 1888
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quality of the signal. In order to improve the distortion a new common mode voltage

value was calculated for the buffer according to the equation in Eq. 5.23.

_ Vop —Vgs,

Vem = 5.23
5 (5:23)

The results obtained from simulating the buffers with the new common mode voltage
are shown in Table 5.7. The results show that by adjusting the circuits common mode
voltage it is possible to improve the distortion values by over 10 dB.

Table 5.7: Simulated results for the buffers with a common mode voltage of 0.45/0.75 V:
(a) Source follower (SF) with g45 compensation (b) Complementary source follower (CSF)
with g4s compensation (c) SF with g45 and body effect compensation (d) CSF with g45 and
body effect compensation.

Version | Power (uW) | Gain | GBW (MHz) | THD (dB) | Thermal Noise (V) | FOM
(@) 731 0.979 289.0 -66.96 252 1581
(b) 462 0.886 255.1 -62.10 29.0 2209
(c) 762 0.974 254.3 -70.63 29.6 1334
(d) 493 0.968 2221 -60.45 42.7 1804

The results from Table 5.6 and 5.7 show that the buffers (version (d)), using the RF
transistor models, provide better results. For the source follower with g4, compensation
and the source follower with g5 and body effect compensation, the gain remains rela-
tively identical, and the GBW of the buffer sightly decreased. For the complementary
source follower with g4; compensation and complementary source follower with ggs and
body effect compensation, the GBW sightly decreases but the gain increases significantly

making it easier to obtain smaller capacitance values for the SC filter.

5.6 Low-Voltage Fully-Differential Voltage-Combiner

The fully-differential voltage-combiner amplifier, which has the basic single-ended
topology shown in Fig. 5.31, will be used in the implementation of the band-pass filters
and of the low-voltage low-pass filter. In this section two versions of this amplifier will
be analyzed: with body effect only in transistor M1 (henceforth called voltage-combiner),

and with body effect only in transistor M2 (complementary voltage-combiner).

In single-ended configuration this amplifier acts as a buffer and has a gain below
unity. Doubling the circuit and connecting the sources of transistors M1 (node Vy;¢), a

differential pair is formed and the circuit becomes a low gain amplifier.
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Vope—{| M3

Vit Vbp
|1s/2
Vipe—-I{| M1 M2 }— Vin

_I Vout

Vbn \—{ Ma

Figure 5.31: Basic single-ended topology.

5.6.1 Fully-Differential Voltage Combiner

This version of the fully-differential voltage-combiner amplifier has body effect only

in transistor M1. The single-ended representation of this circuit is shown in Fig. 5.32.

VbD
|18

pr'—( M4
Vout

lIB/Z Is/2

l
Vip _{ M M2 }— Vin
Vaif
Vbn -_{ M3

Figure 5.32: Single-ended configuration of the voltage-combiner amplifier.

5.6.1.1 Low frequency small signal model

The low frequency small signal model of this amplifier is shown in Fig. 5.33. Since this
amplifier will be implemented using N(P)_12_HSL130E transistor models, this means
that transistor M1 will have body effect.

Vip —_ e e e e S . Vout
1 1 < 1
Ves %gdsl ? %gdﬂ % gdsz¢ V2
V - gm_l‘ﬁ.’,sl_ - gmb‘lebl ngVgSZ + V
X — —) — _I_ mn
1 =
gds3

Figure 5.33: Voltage-combiner amplifier low frequency small signal model.
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Knowing that Vs, = Vi) — Vi, Vs, = Vi — Vour, and Vi, =V, and applying KCL in
node V,,; and node V, the equations in Eq. 5.24 are obtained.

{ Vout 9ds, = _Wp 9m, + Vm(gml + 9mpb, + 9ds; + gd53) (5 24)
Ve (gml + Gmb, T gds1) = V%p 9mi — Vin Gmsy T Vout (gmz + 9ds; + Gds, T+ 9d84)
Combining both equations (Eq. 5.24) the gain equation is obtained (Eq. 5.25).

G gmy Gdss + Gmy (Gmy + Gmby + Gds, + Ydss) (5.25)

 Gdsi (Gmo T Yds + Gdsy + Gdss) T (Gma + Gdss + Gdss) (Gmy + Gmb, + Gds,)

5.6.1.2 Transistor thermal noise referred to the input

The thermal noise referred to the input can be calculated using the process described
in section 5.5.1.2. The small signal model considering the thermal noise sources is shown
in Fig. 5.34.

Vin

Figure 5.34: Voltage-combiner amplifier low frequency small signal model considering
thermal noise.

The equations in Eq. 5.26 are obtained from the small signal model shown in Fig.
5.34. In order to obtain the V;, equation, the equations must be combined and V;,, should

be considered equal to 0.

Vout 9ds; = _V;p Imq t+ Vx(grm + Gmb, + 9ds; + gd53) - Inl - Ing
Vx(gml + 9mb, + gdsl) = —Vm 9mo + Vout(gmg + 9dsq + 9dso + gd54)+ (526)
- Im - Inz - IM

5.6.1.3 Medium frequency small signal model
The medium frequency small signal model of this amplifier is shown in Fig. 5.35.
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Vip ” — — Vout
é g
Ve S Yo T8 N [Ca2 7BV G
I N I 1 = | Ingz
“[Cebt [Cgas  [Cabs ?gdf’

Figure 5.35: Voltage-combiner amplifier medium frequency small signal model.

Applying KCL in node V,,; and node V,, the equations in Eq. 5.27 are obtained.

Vout 9as; = —Vip(gmy + 5Cysy) + Va(gmy + gmby + Gds, + sy +

+ 5(Cys; + Cspy + Capy + Cyay))

Ve (gmy + Gmby + gas,) = Vip(gmy — 5Cgay) = Vin(gim, + 5C4gs,)+ (5.27)
+ Vout (gma + 9dsy + 9dsy + dsy + $(Cany + Cyay + Capy + Cysy+

| + Cap, +Cya, +CL))

Combining the equations in Eq. 5.27 a transfer function with two poles and two zeros
is obtained. Due to its size the transfer function is not presented here.

5.6.2 Complementary Fully-Differential Voltage-Combiner

The complementary voltage-combiner amplifier has body effect only in transistor M2.
The single-ended representation of this circuit is shown in Fig. 5.36.

Vope——| M3

Vipe—— M M2 }— Vin

Figure 5.36: Single-ended configuration of the complementary voltage-combiner ampli-
fier.
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5.6.2.1 Low frequency small signal model

The low frequency small signal model of this amplifier is shown in Fig. 5.37.

Vout

1 1 1 v
gdsl =>gdsd gds2 gs2
_ Emb2Vsb2 [gm2Vgs2 V
X . — H mn

Figure 5.37: Complementary voltage-combiner amplifier low frequency small signal
model.

Knowing that Vs, = Vi — Vi, Vs, = Vip — Vour, and Vg, = Viut, and applying KCL
in node V,,; and node V,, the equations in Eq. 5.28 are obtained.

{ Vout 9ds; = _V%p Gmy + V$(gm1 + Gds, + gdSS) (5.28)

Vr(gml + gds1) = ‘/ip 9mqi — Vin Gmsy T ‘/out(gmz + 9mbs + Gds; T Gds, T 9d54)

Combining both equations (Eq. 5.28) the gain equation is obtained (Eq. 5.29).

o Gmy Gass + Gz (Gmy + s, + Gss) (5.29)

(Gm, + 9d83)(gmz + Gmby T Gdsy, T dss) + Gdsy (Gma + Gmby + 9ds, + Ydss + Gds,)

5.6.2.2 Transistor thermal noise referred to the input

The thermal noise referred to the input can be calculated using the process described
in section 5.5.1.2. The small signal model considering the thermal noise sources is shown
in Fig. 5.38.

Vin

Figure 5.38: Complementary voltage-combiner amplifier low frequency small signal
model considering thermal noise.
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The equations in Eq. 5.30 are obtained from the small signal model shown in Fig.
5.38. In order to obtain the V;, equation, the equations must be combined and V;,, should

be considered equal to 0.

Vout 9ds, = _Vz’p Gm, T Vr(gml + 9ds; + gd33) - Im - Ing
Vx(.gm1 + gdsl) = Vvip 9mqi — Vin Gmsy T V;)ut(gmg + 9mby + 9ds; T Gds, T gd54)+ (530)
— Inl — Ing — In4

5.6.2.3 Medium frequency small signal model

The medium frequency small signal model of this amplifier is shown in Fig. 5.39.

Cgds |[Cdbs < 8ds3

Figure 5.39: Complementary voltage-combiner amplifier medium frequency small signal
model.

Applying KCL in node V,,; and node V,, the equations in Eq. 5.31 are obtained.

Vout(9dsy + $Cav,) = —Vip(gmy + 5Cgs,) + Va(Gmy + gas, + gass+

+ 8(Cap, + Cysy + Capy + Cyay))

Va(gmy + gas; + 5Cab,) = Vip(gmy — 5Cgay) — Vin(gmy + 5Cys, )+ (5.31)
+ Vout(Gms + Gmbs + 9ds, + Gdsy + 9dsy + 8(Cap, + Cya, + Cysy+

+ Capy + Capy + Cya, + C1))

Combining the equations in Eq. 5.31 a transfer function with two poles and two zeros

is obtained. Due to its size the transfer function is not presented here.
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5.6.3 Simulation Results

The two amplifiers presented in the previous sections were simulated in order to de-
termine which one offers the best performance. Fig. 5.40 shows the gain of the amplifiers
in function of the DC voltage. From the figure it can be concluded that the amplifiers
(normal version and complementary version) have low linearity around half the supply
voltage (0.6 V) although when the supply voltage is decreased to 0.9 V, the linearity is
improved at half the supply voltage (0.45 V), fact that can be verified by the distortion
values obtained from simulation (Fig. 5.40). The linearity is improved, at the cost of

losing gain, using source degeneration, which will be discussed ahead.

DC Response @ 1.2V DC Response @ 0.9V

[\ /TN
1_ R 1, SR
[\ [
/NN R
N SRS RN :
jEe N\ Lo/ \
/ N\

Gain
5
/

7 7

.5 T T .6 T T

0.0 .2 4 .6 .8 1.0 1.2 0 150 300 450 600 750 900
Yde () Vde (my)

Ditferential Folded Amplifier
—— Complementary Differential Folded Amplifier
—— Complementary Differential Felded Amplifier with Source Degeneration

Figure 5.40: Relation between the gain of the circuits and the DC voltage.

Assuming that the clock frequency of the filter is 10 MHz, this means that the current
used in the amplifier (single-ended) should be chosen so that the GBW (Eq. 5.21) is higher
than 22 MHz. For both versions the current used in the simulations was 100 pA.

The results obtained from simulating the amplifiers with a common mode voltage of
0.6 V, input signal with an amplitude of Supply/24, and a load capacitance of 4.25 pF are
shown in Table 5.8. The results show that the THD of the amplifiers is relatively high
(between -40 and -46 dB).

One of the reasons that contributes to the high distortion is the circuits common mode
voltage value, which was already described for sections 5.5.4 buffer. Another reason that
increases this amplifiers distortion is the fact that, in differential configuration, transistors
M1 have their sources connected between each other, forming a differential pair. The
problem with the linearity of the differential pair comes from not having a Vg large

enough since the linear input range is small, which degrades the amplifiers linearity.
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Table 5.8: Simulated results for the amplifiers with a common mode voltage of 0.6 V: (a)
Differential folded amplifier (b) Complementary differential folded amplifier.

Version | Supply (V) | Power (uW) | Gain | GBW (MHz) | THD (dB) | Noise (V) | FOM
1.2 239 1.186 62.3 -40.01 34.6 1106

@) 0.9 171 1.103 63.5 -43.84 322 1575
(b) 1.2 259 1.481 57.7 -39.53 39.8 947
0.9 183 1.470 549 -45.89 40.3 1275

A possible way to improve the amplifiers distortion, besides adjusting the common
mode voltage, is to use a linearization technique. A possible technique ([ACJ*06], [K]88],
and [KLO01]) involves using source degeneration in the differential pair, using two MOS
transistors operating in the triode region (M5 and M6). The complementary differential
folded amplifier using source degeneration is shown in Fig. 5.41. Using this technique
it is possible to enhance the amplifiers linearity since transistors operating in the triode

region exhibit higher linearity than transistors operating in the saturation region [KJ88].

VbD
Is/2]

Vip '—{ M2

Vout+

Is|

Ma }_ Vbn Vbn _{ Ma

Figure 5.41: Complementary differential folded amplifier with source degeneration using
MOS transistors.

The results obtained from simulating the complementary differential folded amplifier
with source degeneration are shown in Table 5.9. The results show that by using source
degeneration in the differential pair it is possible to improve the distortion values in over
10 dB. The distortion value could be improved further if the width of transistors M5
and M6 were to be decreased further, which would increase these transistors resistance
and their linearity. The downside of doing this would be that the gain would decrease,

making it more difficult to find a viable solution for the capacitors in the SC filters.
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Table 5.9: Simulated results for the
source degeneration.

complementary differential folded amplifier with

Supply (V) | Power (uW) | Gain | GBW (MHz) | THD (dB) | Noise (V) | FOM
1.2 259 0.879 58.2 -63.37 40.0 955
0.9 183 0.876 55.3 -61.87 404 1285

The transistor sizes used for the simulations in this section are shown in Table 5.10.
The sizes used in the complementary differential folded amplifier with source degenera-

tion are identical to the ones used in the complementary differential folded amplifier.

Table 5.10: Transistor parameters: (a) Differential folded amplifier (DFA) with supply
@ 1.2 V (b) DFA with supply @ 0.9 V (c) Complementary differential folded amplifier
(CDFA) with supply @ 1.2 V (d) CDFA with supply @ 0.9 V.

Wpm) | L(pm) | Ip(pA) | gm(mS) | gas(pS) | Vbsar(mV)

M1 6.00 0.12 23.97 0.51 38.22 54.89

M2 41.32 0.12 -75.76 1.53 130.78 -76.30

() M3 2.40 0.12 23.97 0.43 37.84 71.71
M3B 0.24 0.12 5 0.08 6.06 89.34
M4 72.00 0.36 -99.73 1.55 19.34 -109.27
M4B 7.20 0.36 -10 0.16 1.86 -109.24

M1 6.00 0.12 18.79 0.40 29.59 52.30

M2 41.32 0.12 -76.33 1.53 131.69 -77.62

) M3 2.40 0.12 18.79 0.35 48.03 69.62
M3B 0.24 0.12 5 0.08 6.06 89.34

M4 72.00 0.36 -95.12 1.46 60.00 -108.85
M4B 7.20 0.36 -10 0.16 1.86 -109.24

M1 90.00 0.36 -50.12 1.00 9.60 -77.14

M2 60.00 0.36 57.78 1.40 19.72 57.68

© M3 49.98 0.36 -50.12 0.86 10.34 -96.43
M3B 5.00 0.36 -5 0.09 0.98 -96.25

M4 30.00 0.36 107.90 2.06 41.56 83.97

M4B 3.00 0.36 10 0.19 3.82 82.19

M5,6 0.50 0.36 0 0 1.97 -55.11

M1 90.00 0.36 -47.86 0.97 9.23 -76.02

M2 60.00 0.36 53.76 1.30 19.35 56.97

) M3 49.98 0.36 -47.86 0.81 31.81 -96.08
M3B 5.00 0.36 -5.00 0.09 0.98 -96.25

M4 30.00 0.36 101.62 1.94 58.94 83.96

M4B 3.00 0.36 10.00 0.19 3.82 82.19

M5,6 0.50 0.36 0 0 3.09 -61.50
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Switched Capacitor Filter

Implementation

6.1 Introduction

In the previous chapter the non-ideal effects of using real components were presented
and discussed. In this chapter the filter circuits will be simulated taking into account the
non-ideal effects. Due to these effects the band-pass filter will be altered, adding a new
capacitor to the circuit. This is done in order to take into account the input capacitance of

the low gain amplifier and facilitate the compensation of this capacitance.

6.2 Second-Order Low-Pass SC Filter

The simulation results of the second-order low-pass SC filter using real components
will be presented in this section. The results of the simulations will be presented when all
components are ideal, when the switches are real and the remaining components ideal,
when the buffers/amplifiers are real and the remaining components ideal, and when all
components are real in order to determine the influence of each real component in the
overall performance of the filter.

When replacing the ideal buffer with a real buffer the value of capacitance C; must
be recalculated in order to compensate the input capacitance of the real buffer. An ap-
proximate value for the input capacitance can be obtained from the DC simulation of
the circuit. When using real switches instead of ideal, the filters capacitance values must
also be recalculated in order to compensate the switches parasitic capacitances C; and
Cs. An approximate value for these capacitances can also be obtained from the DC simu-
lation. The single-ended version of the low-pass filter considering the switches parasitic

capacitances and the buffers input capacitance is shown in Fig. 6.1.
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¢1 2 o1
1 1 1 1 |
— i 1 |G Vout

VineI_3
" M _Ings CMZA_ M2 JQMZS CM&J_ Ms J_CM3S CMQ_ M J§M4s CBi:J_
1

Figure 6.1: Low-pass SC filter considering parasitic capacitances.

The compensated value of the capacitors can be obtained using the equations in 6.1.

Cygz = Cy — Cr2s — Cuad
Cop = C2 — Chas — CBin 6.1)
Criz = Cr1 — Cymis — Car2d

Cr2: = Cr2 — Cyzs — Chraa

6.2.1 Filter using Clock Boost and Complementary Source Follower with g,

Compensation

In this section the simulation results for the second-order low-pass filter using the
clock boost presented in section 5.3 and buffer of section 5.5.2 (shown here again for

convenience) are presented when operating at supply voltage of 1.2 V.

Vop

i

(b)

(@)

Figure 6.2: Clock boost (a) and buffer (b) circuits used in this section.
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The capacitance values used (in differential configuration) in the simulations and the
distortion results of the filter are shown in Table 6.1. In the first three simulations (a, b,
and c) the filter was simulated using ideal capacitors. In the last simulation (d) the filter
was simulated using real components, including real capacitors (MIMCAPS_MML130E).
The value that was assumed for the switches source and drain capacitances was 290

pF/m, and the gain of the buffer was 0.97.

Table 6.1: Filter capacitances and distortion results: (a) Using ideal components (b) Using
real buffers (c) Using real switches (d) Using real components. (x single-ended capacitor)

Crm(fF) | Cra(fF) | C"(JF) | Ci*(pF) | Co(fF) | THD (dB)
@ | 106.72 70 400 4 760.64 | 9635
(b) | 106.72 70 400 4 725 -54.02
() | 10668 | 69.95 | 39991 4 76059 | -74.95
(d) | 10666 | 69.98 | 399.82 4 72479 | -66.84

The frequency responses are shown Fig. 6.3. The attenuations at the cutoff frequency
for each simulation were 3.00 dB, 3.28 dB, 3.44 dB, 3.38 dB, and 3.56 dB, respectively.

Frequency Response
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T SRR SR SO S S e N SO SRR SOV S0 OSSR MO
 20f T T . N
2 | oo s
8 U AU S U SO SO0 SO U SR U LUt L O SOt SV ST
é 1 ] R SN S SO ________________________________
- NN S S NG
p= VT ) R S AU SHUUIR U SO R AR O SO ......................................................
Prototype Transfer Function 77777777777777777777
-50[] —— Cadence Ideal Response |77 e
H —— Cadence Buffer Response = [i------ooooooi —————————————————————————————————
goll Cadence Switch Response || N L
— Cadence Real Response
T T T e s s e | 1 1 1
5 B 7 8
10 10 10 10

Frequency (Hz)

Figure 6.3: Frequency responses of the second-order filter.

6.2.2 Filter using Low-Voltage Clock Boost and Voltage Combiner at 1.2 V

In this section the simulation results for the second-order low-pass filter using the
low-voltage clock boost presented in section 5.4 and low-voltage amplifier of section 5.6.2
(shown here again for convenience) with source degeneration (Fig. 5.41) are presented

when operating at supply voltage of 1.2 V.
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Figure 6.4: Clock boost (a) and amplifier (b) circuits used in this section.

(@)
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Table 6.2 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 290 pF/m, and the gain of the amplifier was 0.879.

Table 6.2: Filter capacitances and distortion results: (a) Using ideal components (b) Us-
ing real amplifiers (c) Using real switches (d) Using real components. (x single-ended
capacitor)

Crmi(fF) | Cra(fF) | Cg"(JF) | Ci*(pF) | Co(fF) | THD (dB)
(@) | 108.44 60 500 425 | 61244 | -105.77
(b) | 108.44 60 500 425 560 -62.20
() | 10839 | 59.95 | 49991 425 | 61242 | 7541
(d) | 10843 60 500.03 | 425 | 560.02 | -62.01

The frequency responses are shown Fig. 6.5. The attenuations at the cutoff frequency
for each simulation were 3.00 dB, 4.07 dB, 4.08 dB, 4.17 dB, and 4.07 dB, respectively. The
attenuation before the cutoff frequency is more visible in this case due to the amplifier
having an attenuation of 1.12 dB.
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Figure 6.5: Frequency responses of the second-order filter at 1.2 V.

6.2.3 Filter using Low-Voltage Clock Boost and Voltage Combiner at 0.9 V

In this section the filter is simulated using the same clock boost circuit and amplifier

from the previous section (Fig. 6.4) but with supply voltage of 0.9 V instead of 1.2 V.

Table 6.3 shows the values of the capacitors used in the simulations and the filters

distortion. The value that was assumed for the switches source and drain capacitances

was 290 pF/m, and the gain of the amplifier was 0.876.

Table 6.3: Filter capacitances and distortion results: (a) Using ideal components (b) Us-
ing real amplifiers (c) Using real switches (d) Using real components. (x single-ended

capacitor)
Cril/F) | CralfF) | Cf (JF) [ C*(pF) | Co(fF) | THD (dB)
(a) | 108.08 60 500 4.25 610.34 -102.18
(b) | 108.08 60 500 4.25 555 -61.32
(c) | 108.04 59.95 499.91 4.25 610.32 -76.38
(d) 108 60 500.03 4.25 554.83 -64.72

The frequency responses are shown Fig. 6.6. The attenuations at the cutoff frequency

for each simulation were 3.00 dB, 4.08 dB, 4.12 dB, 4.16 dB, and 4.10 dB, respectively.
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Figure 6.6: Frequency responses of the second-order filter at 0.9 V.

6.3 Sixth-Order Low-Pass SC Filter

The sixth-order low-pass filter was implemented by cascading three second-order
low-pass filters with different quality factors as described in section 3.4. The results of
the simulations are presented in the next sections when all components are ideal, when
the switches are real and the remaining components ideal, when the buffers/amplifiers

are real and the remaining components ideal, and when all components are real.

The filter sections will alternate between the complementary and normal version of
the buffers. The low quality factor and the high quality factor filters will use the comple-
mentary version while the medium quality factor filter will use the normal version. This
is done in order to maintain the common mode voltage as far away as possible from Vpp

and 0 V to obtain better distortion values.

6.3.1 Section with low quality factor

Table 6.4 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 291 pF/m (W = 320 nm), and the gain of the buffer was 0.97.
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Figure 6.7: Clock boost (a) and buffer (b) circuits used in this section.

Table 6.4: Filter capacitances and distortion results: (a) Using ideal components (b) Using
real buffers (c) Using real switches (d) Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | Cg*(fF) | Ci*(pF) | Co(fF) | THD (dB)
(a) 194.01 70 400 4 1407.60 -95.00
(b) | 194.01 70 400 4 1360 -55.36
(c) 193.92 69.91 399.81 4 1407.51 -70.04
(d) 193.87 69.82 399.67 4 1359.53 -67.67

The frequency responses are shown Fig. 6.8. The attenuations at the cutoff frequency
for each simulation were 5.71 dB, 5.98 dB, 6.08 dB, 6.08 dB, and 6.27 dB, respectively.
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Figure 6.8: Frequency responses of the low quality factor filter.
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6.3.2 Section with medium quality factor

Table 6.5 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 291 pF/m (W = 160 nm), and the gain of the buffer was 0.98.
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Figure 6.9: Clock boost (a) and buffer (b) circuits used in this section.

Table 6.5: Filter capacitances and distortion results: (a) Using ideal components (b) Using
real buffers (c) Using real switches (d) Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | C*(fF) | Ci*(pF) | Co(fF) | THD (dB)
@) | 109.36 70 400 4 780.17 | -97.49
(b) | 109.36 70 400 1 730 54.10
(©) | 109.31 69.95 | 399.91 1 780.12 | -7241
d) | 109.36 69.94 | 399.87 1 729.76 | -54.93

The frequency responses are shown Fig. 6.10. The attenuations at the cutoff frequency
for each simulation were 3.00 dB, 3.18 dB, 3.36 dB, 3.26 dB, and 3.50 dB, respectively.
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Figure 6.10: Frequency responses of the medium quality factor filter.
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6.3.3 Section with high quality factor

Table 6.6 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 291 pF/m (W = 160 nm), and the gain of the buffer was 0.97.
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Figure 6.11: Clock boost (a) and buffer (b) circuits used in this section.

Table 6.6: Filter capacitances and distortion results: (a) Using ideal components (b) Using
real buffers (c) Using real switches (d) Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | Cg*(fF) | Ci*(pF) | Co(fF) | THD (dB)
(a) 159.14 50 50 16 198.80 -95.63
(b) 159.14 50 50 16 30 -51.47
(c) 159.09 49.95 49.91 16 198.76 -63.38
(d) 158.96 49.96 49.90 16 29.85 -56.81

This section has the poles of the transfer function close to the unit circle which makes
the sections response sensitive to component value variations. This fact can be seen in the
difference between the ideal and real frequency responses (Fig. 6.12) making this filter
section the one that presents worse results. Other factors that contributed for the poor
performance were the buffer used and the capacitance values. Since the buffer needs to
charge a 16 pF capacitor, the buffers current and size had to be increased by a factor of
four from the ones presented in Table 5.5 (d). Doing this increased the input capacitance
of the buffer substantially. Due to the gain of the buffer and the high quality factor of this
filter section, the values obtained for the capacitors were small (except for C). All these

factors made the filters response more susceptible to non-linearities.

The frequency responses are shown Fig. 6.12. The gain at the cutoff frequency for
each simulation were 5.73 dB, 5.46 dB, 5.55 dB, 4.79 dB, and 6.05 dB, respectively.
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Figure 6.12: Frequency responses of the high quality factor filter.

6.3.4 Cascaded Sections

For the simulation of the cascaded sections the value of the capacitors were slightly

altered to compensate for the buffers gain variation due to the common mode voltage

being different from the previous simulations. The distortions of the complete filter were
-95.98 dB, -46.74 dB, -55.46 dB and -53.98 dB, respectively.

The frequency responses are shown Fig. 6.13. The attenuations at the cutoff frequency
for each simulation were 2.99 dB, 3.82 dB, 3.28 dB, 4.50 dB, and 3.04 dB, respectively.
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Figure 6.13: Frequency responses of the sixth-order filter.
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6.4 Second-Order Band-Pass SC Filter

In the simulations of the second-order band-pass SC filter the ground voltage of the
filter was altered from 0 V to Vpp /2. This was done since during clock phase ¢, capacitor
CRo is connected to ground, discharging and moving the common mode voltage of the
filter to 0 V. By switching the ground voltage to Vpp/2 the common mode voltage at the
entrance to the amplifier remains at Vpp/2, ensuring that it works as intended. For the
sizing of this filter the parasitic capacitances also have to be taken into account. Fig. 6.14
shows the single-ended version of the band-pass filter considering the switches parasitic
capacitances and the amplifiers input capacitance. In order to facilitate the compensation
of the parasitic capacitances, an additional capacitance (C'z) was added to the filters cir-
cuit at the entrance of the amplifier. Eq. 6.2 shows the charge equations of the new filter

circuit. d) ¢
2 1
1 Cre _L
3 I 3
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:7[ _afxr
¢1 ¢2 =
Vine 75 . [ Cs | v
t
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Ll _El B
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Figure 6.14: Band-pass SC filter considering parasitic capacitances.
A— Vm[n — 1]031 + Vcl[n — 1](01 + CQ) + Vout[n — 1](CRf — CQ/G) =
= cl[n — 0.5](031 + Cl + CRf =+ CQ) — Vout[n — O5]CQ/G
B — Vout[n — 1}(6’2 + CB)/G — ‘/;1[71 — 1}02 =
= Vout|n — 0.5](Cy + CR)/G -V, — 0.5]C:
t[n [(C2+Cg)/ 1[n (& 62)

C —Va [’fl — 05](01 =+ 02) — ‘/(mt[’ﬂ — O5]CQ/G =
= Ve [n](C1 + C2) — Vour[n]Ca /G

D — Vout[n — 05](C2 + CB)/G —Va [TL — 05]02 =
= Vout[n](C2 + Cra + CB) /G — Vi1 [n]Cy
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The compensated value of the capacitors can be obtained using the equations in 6.3.

Criz = Cr1 — Cmi1s — Char2d
Cr2e = Cr2 — Crm3zs — Chrad
Crfz = Crf — Cuss — Ched (6.3)

Ciz = C1 — Cumas — Cusa

CBinz = CB — CBin — CMm3a

The capacitance values used (in differential configuration) in the simulations are shown
in Table 6.7. In the first two simulations (a and b) the filter was simulated using ideal ca-
pacitors. In the last simulation (c) the filter was simulated using real components, includ-
ing real capacitors (MIMCAPS_MMLI130E). The value that was assumed for the switches

source and drain capacitances was 301 and 321 pF/m, respectively.
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Figure 6.15: Clock boost (a) and amplifier (b) circuits used in this section.

Table 6.7: Filter capacitances: (a) Using ideal components (b) Using real switches (c)
Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | Cre(fF) | C1(fF) | Co*(pF) | C*(fF)
(a) 53.09 53.16 312.55 1500.00 4 500.00
(b) 52.94 53.00 312.39 1499.84 4 499.84
(c) 53.00 53.00 312.30 1500.10 4 389.14

The frequency responses are shown Fig. 6.16. The attenuations at the cutoff frequency
for each simulation were [2.16, 1.87], [2.09, 2.00], and [1.86, 1.79] dB, respectively.
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Figure 6.16: Frequency responses of the filter.

6.5 Fourth-Order Band-Pass SC Filter

The fourth-order band-pass filter was implemented by cascading two second-order
band-pass filters as described in section 4.4. The results of the simulations are presented
in the next sections when all components are ideal, when the switches are real and the
remaining components ideal, when the buffers/amplifiers are real and the remaining
components ideal, and when all components are real. Like in the sixth-order low-pass
filter, each section uses a specific amplifier to maintain the common mode voltage. The
first section will use the normal version of the amplifier while the second uses the com-

plementary version.

6.5.1 First Filter Section

Table 6.8 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 301 and 321 pF/m (W = 500 nm), respectively, and the gain of the amplifier was 1.22.
The current used by the amplifier was 1 mA.

Table 6.8: Filter capacitances: (a) Using ideal components (b) Using real switches (c)
Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | Cry(JF) | Ci(fF) | Co*(pF) | CB"(fF)
@ | 59.80 21.03 | 49855 500 4 500
(b) | 59.64 2088 | 49840 | 499.84 4 499.84
()| 5959 2086 | 49843 [ 500.01 4 359.93
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Figure 6.17: Clock boost (a) and amplifier (b) circuits used in this section.

The frequency responses obtained from the impulse responses are shown Fig. 6.18.
The attenuations at the cutoff frequency for each simulation were [1.09, 0.82] dB, [0.83,
0.73] dB, [0.67, 0.55] dB, and [0.25, 0.49] dB, respectively.
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Figure 6.18: Frequency responses of the first section of the filter.

6.5.2 Second Filter Section

Table 6.9 shows the values of the capacitors used in the simulations and the filters
distortion. The value that was assumed for the switches source and drain capacitances
was 301 and 321 pF/m (W = 500 nm), respectively, and the gain of the amplifier was 1.26.

The current used by the amplifier was 1 mA.
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Figure 6.19: Clock boost (a) and amplifier (b) circuits used in this section.

Table 6.9: Filter capacitances: (a) Using ideal components (b) Using real switches (c)

Using real components. (x single-ended capacitor)

Cri(fF) | Cra(fF) | Cry(fF) | Ci(fF) | Co*(pF) | CB*(fF)
@) | 5159 2543 359.85 500 4 500
(b) | 51.44 25.28 359.69 | 499.84 1 499.84
(0 | 5147 25.28 359.72 | 499.69 4 350.13

The frequency responses are shown Fig. 6.20. The attenuations at the cutoff frequency

for each simulation were [1.09, 0.82] dB, [0.77, 0.50] dB, [0.65, 0.61] dB, and [0.89, 0.78] dB,

respectively.
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Figure 6.20: Frequency responses of the second section of the filter.
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6.5.3 Cascaded Sections

The frequency responses are shown Fig. 6.21. The attenuations at the cutoff frequency

for each simulation were [2.18, 1.64] dB, [1.88, 1.33] dB, [1.55, 1.64] dB, and [1.37, 1.60] dB,
respectively.
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Figure 6.21: Frequency responses of the fourth-order filter.
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Conclusion and Future Work

7.1 Conclusion

The objective of the work presented in this thesis was to use the low-pass and band-
pass Sallen-Key topologies to SC circuits and adapt them to work in modern nm CMOS
technologies. To do this, different activities were preformed and several results were
obtained, which are summarized next.

In the third chapter, the low-pass Sallen-Key filter topology, from an ideal perspec-
tive, was presented along with the filters transfer function. This filter was then converted
into a SC filter by replacing the resistors with parallel SC networks. During the simu-
lation phase it was seen that the filter would lose charge during operation due to the
feedback capacitor floating between phases. To resolve this issue, a capacitor connected
to ground was added at the floating node. With this alteration in the filter the design
equations were obtained and the filter was designed using the Butterworth prototype
transfer function and the forward Euler transform. During this step it was found that
there were not enough variables to find a viable solution for both the numerator and the
denominator of the prototype transfer function. Due to this the filter was designed using
only the Butterworth denominator coefficients and the filters DC gain became dependent
on the buffers attenuation.

Once the capacitance values and gain were determined, the filters impulse response
was simulated in Cadence using ideal components to determine that the filter was work-
ing as intended. The differential configuration of the filter was then obtained and com-
pared with the single-ended configuration in order to eliminate the even harmonics and
reduce the noise level due to charge injection from the switches. In this chapter a sixth-
order low-pass filter obtained from cascading three biquadratic sections was also ana-

lyzed and simulated from an ideal standpoint.
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In the fourth chapter, the band-pass Sallen-Key filter topology, from an ideal per-
spective, was presented and the same steps from the previous chapter were taken. This
topology, however, did not have problems of floating capacitors, but due to capacitor
Cr2 discharging to ground during clock phase ¢2 the common mode voltage of the fil-
ter was lost. To avoid loosing the common mode voltage, the capacitor was connected
to Vpp/2 during clock phase ¢2. Unlike the low-pass version, the band-pass filter was
designed using both the numerator and the denominator of the prototype transfer func-
tion. In the simulation using real components, the filter had a small gain over the pro-
totype frequency response. A fourth-order band-pass filter obtained from cascading two

biquadratic sections was also analyzed and simulated from an ideal standpoint.

In the fifth chapter, the non-ideal effects of using real components was studied. Three
types of switches were simulated in a first-order SC filter, to determine which one of-
fered the best performance in terms of harmonic distortion. From the simulations it was
determined that increasing the width of the switches reduces the non-linear effects intro-
duced by the switches resistance, but increasing the width of the switches increases the
non-linear effects of the parasitic capacitances, increasing the difficulty in compensating
them during the design phase. Overall, it was determined that a NMOS switch driven by
a boosted clock signal offers the best performance when narrow switches are used. Two
clock boost circuits were presented and simulated, one for regular 1.2 V operation and
one for operation at both 1.2 V and 0.9 V. For this second clock boost circuit it was deter-
mined that the minimum supply voltage at which this circuit correctly operates depends
on the clock frequency. If the clock frequency is increased beyond the circuit bandwidth

the phases will overlap and cannot be used in the SC filters.

The non-ideal effects of buffers were also analyzed in the fifth chapter. Two buffers
were analyzed (DC gain, thermal noise referred to the input, and transfer function) in
their normal and in their complementary configuration. This was done to allow the cas-
cading the biquadratic sections and maintain the common mode voltage away from the
ground and supply voltages, since signals begin to saturate close to these voltages in-
creasing the harmonic distortion they introduce in the filter. In the complementary con-
figuration of the source follower with g4s compensation, which is used in the low-pass
filters, it was seen that the gain of the circuit was lower than the normal configuration
due to the body effect in one of the transistors. To compensate the body effect, RF tran-
sistor models were used in both configurations since both NMOS and PMOS devices can
connect their bulks and sources together, when using these models, eliminating the body
effect and improving the buffers gain. To improve the harmonic distortion introduced by
these buffers, the common mode voltage was adjusted from Vpp /2 to (Vpp — Vigs,)/2 so
that the common mode voltage value of both the input and output signal stay as far away
as possible from the supply voltage and ground. Using this technique the harmonic dis-
tortion improved in over 10 dB. Two configurations of the fully-differential voltage com-

biner were also analyzed. This amplifier is used in the band-pass filter since it has a gain
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higher than 1 and is also used in the low-voltage low-pass filter with source degenera-
tion to improve the differential pairs linearity at the cost of losing gain. Using the source
degeneration technique it was possible to improve the amplifiers harmonic distortion by
over 10 dB.

In the seventh chapter, several filters were simulated: when all components are ideal,
when the switches are real and the remaining components ideal, when the buffers/am-
plifiers are real and the remaining components ideal, and when all components are real
in order to determine the influence of each non-ideal component in the frequency re-
sponse of the filter. From the simulation it was concluded that the buffer/amplifier is
the element of the filter responsible for introducing the most distortion. While the out-
put capacitance of the buffer/amplifier can be neglected, the input capacitance must be
compensated during the design phase of the filter. In the band-pass filter, to facilitate the
compensation of the amplifiers input capacitance, a new capacitance was added to the
filters circuit, and the design equations were recalculated. During the simulation of the
sixth-order low-pass filter it was determined that when using high quality factors, the
filter is more sensitive to component variations and thus more susceptible to the compo-

nents non-linearities.

7.2 Future Work

Following the work done in this thesis new investigation topics emerged from the
results obtained. Some of these objectives are described below.

Improve the overall performance of the filter:

While the distortion obtained from simulations of the low-pass filters varied between
-55 and -68 dB, these results can be improved further. In terms of switches, the distortion
they introduce in the filter can be further reduced using clock boosting circuits which
drive them depending on the switches input voltage. This, however, will require the
study and compensation of the input parasitic capacitances of the clock boost circuit,
since they will influence the filter performance.

Other techniques and/or buffers and low gain amplifiers circuits should be studied in
order to improve the performance of these circuits. In this work the buffer and amplifier
were the elements which introduced most distortion in the filter. The input parasitic ca-
pacitances of these circuits should be taken into account, since their non-linear variation
will affect the performance of the filter.

Development of a systematic design methodology:

Development of a systematic desigh methodology, based on genetic algorithms, to
obtain the best possible performance of a given circuit taking into consideration all the
design variables.
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7. CONCLUSION AND FUTURE WORK

Research of other SC circuit topologies:

Research and study other SC circuit topologies suitable to implement filtering func-
tions using voltage buffers or low gain amplifiers, specifically circuit topologies that al-
low the implementation of bilinear transform based filters should be investigated, since

they do not require clock frequencies as high as the Euler transforms.
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Butterworth Filtering Transfer
Function

A.1 Continuous-Time Low-Pass Butterworth Transfer Function

In order to obtain the values for the components in a filter, using the circuits transfer
function, a prototype transfer function must be used. In this section it is described how
to obtain the numeric values for the coefficients of the transfer function, using the But-
terworth prototype transfer function. This transfer function can be obtained in several
ways. It is possible to use a software tool, such as Matlab, to determine the prototype
transfer function. In this case, it is necessary to indicate the order of the filter N and the
desired cutoff frequency w, in [rad/s] (Table A.1), where n and d represent the values for

the coefficients of the numerator and the denominator, respectively.

Table A.1: Obtaining the Butterworth transfer function coefficients using Matlab for a
continuous-time low-pass filter.

[[n,d]=butter(N ws,,s") |

Alternatively, the filter can be designed using the mathematical equations first em-
ployed by S. Butterworth [SS04]. Using these equations, besides specifying the order of
the filter and the cutoff frequency, it is also necessary to select the desired attenuation
Apaq at the cutoff frequency. The previous parameter is used to calculate the value of ¢
which is necessary to obtain the coefficients of the transfer function. The equation in Eq.

A.1 shows how ¢ is calculated.

e=1\/107% 1 (A.1)
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A. BUTTERWORTH FILTERING TRANSFER FUNCTION

When the order of the filter is known, one of the equations in Eq. A.2 can be used
to determine the denominator of the prototype transfer function [GK71], where B, is the
denominator of the normalized prototype transfer function, and S is the normalized s

plane.

. 2 . A 2k+n—1
_ 2 _
B,(S) = kl_ll [S 2 Scos <7T o ) + 1|for evenn
n1 (A.2)
. . =N I 5 2k+n—1
— 2 _
B,(S)=(S+1) k”l [S 2 S cos <7r 5 ) + 1|for odd n

A.1.1 First-Order prototype transfer function

To implement a first-order filter, using Eq. A.2 with n =1, the normalized prototype
transfer function (Eq. A.3) is obtained.

- 1
T(S)=—— A3
5) =737 (A3)
Depending on the type of filter (low-pass, band-pass, high-pass) the variable S is
replaced with certain coefficients. To implement a low-pass filter, using Eq. A.3 with the
low-pass coefficients, the first-order low-pass filter prototype transfer function (Eq. A.4)

is obtained.

T(§=2en)= 2 (A4)
Wp wp+ENs

A.1.2 Second-Order prototype transfer function

To implement a second-order filter, using Eq. A.2 with n = 2, the normalized pro-
totype transfer function (Eq. A.5) is obtained. This means that the quality factor for a
second-order Butterworth filter is Q, = 1/1.4142 = 1//2 = v/2/2.

1
S2 4 1.41428 + 1

T(S) = (A.5)

Using Eq. A.5 with the low-pass coefficients, the second-order low-pass filter proto-

type transfer function (Eq. A.6) is obtained.

N S 1 w2
T($= e )| = > (A.6)
“p w? + LSPN s+ en 2

Using either software tools or the Butterworth mathematical equations, the coeffi-

cients for the prototype transfer functions can be obtained. Since usually there are more
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A. BUTTERWORTH FILTERING TRANSFER FUNCTION

components than equations, it is necessary to choose some component values in order to

extract the remaining ones.

A.2 Discrete-Time Low-Pass Butterworth Transfer Function

The discrete-time Butterworth prototype transfer function can be obtained in a simi-
lar way. Using Matlab, it is necessary to indicate the order of the filter N and the relation
between the cutoff frequency and the clock frequency (2f,/F;) (Table A.2), where n and
d represent the values for the coefficients of the numerator and the denominator, respec-

tively.

Table A.2: Obtaining the Butterworth transfer function coefficients using Matlab for a
discrete-time low-pass filter.

[ndl=butter(N,2,/Fy) |

For higher order filters that are obtained from cascading lower order filter sections
the code in Table A.2 is not convenient since it returns the coefficients of the higher order
filter and not the coefficients for the cascaded sections. For this case Table A.3 can be used
(where z, p, and k represent the coefficients of the zeros and of the poles, and the scalar
gain, respectively) to obtain the poles of each section that can then be used to obtain the
coefficients of each section.

Table A.3: Obtaining the Butterworth transfer function poles using Matlab for a discrete-
time low-pass filter.

[ [z,p KI=butter(N 2f, /F) |

Using the Butterworth mathematical equations, in order to convert the continuous-
time prototype transfer function into a discrete-time prototype transfer function, a trans-

form (bilinear, forward Euler, backward Euler) must be used.

A.2.1 First-Order prototype transfer function

Using the forward Euler transform in Eq. A.4, the prototype forward Euler transfer
function (Eq. A.7) is obtained.

T<S 11— z_1> B w,Ts A7)

-1 RS
Ts 2 wpls —eN +eNz

When using the forward Euler transform, each continuous-time pole is converted into

a discrete-time pole. Alternatively, the bilinear transform can be used, which transforms
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A. BUTTERWORTH FILTERING TRANSFER FUNCTION

each continuous-time pole into a discrete-time pole and zero. Using this transform in Eq.
A 4, the prototype bilinear transfer function (Eq. A.8) is obtained.

2 z2—1 wpls (14 2
sZt wpTs —2eN + (wpTs +2enN)z

A.22 Second-Order prototype transfer function

Using the forward Euler transform in Eq. A.6, the prototype forward Euler transfer
function (Eq. A.9) is obtained.

1—271 T2w?
T<s - Tz—1> = . (A.9)

Using the bilinear transform in Eq. A.6, the prototype bilinear transfer function (Eq.
A.10) is obtained.

_2z—-1\ d(l1+2)?
T<S_Tsz+1>_a+bz—|—c,22 (A.10)

Where,

a=4e¥ £ T2 — 2 2Tew
p
b=2T%w2 —8e¥

(A.11)
c= Tszwg +2 ﬂTssﬁ tden
Qp
d= waﬁ

A.3 Continuous-Time Band-Pass Butterworth Transfer Function

The band-pass filter can be designed using the same methods described in sections
A.land A.2. Table A.4 shows how to obtain the coefficients of the continuous time band-
pass filter using Matlab, where N represents the order of the filter, w;, and wy represent
the lower and higher cut off frequency in [rad/s], and n and d represent the values for
the coefficients of the numerator and the denominator.

Table A.4: Obtaining the Butterworth transfer function coefficients using Matlab for a
continuous band-pass filter.

] [n,d]=butter(N/2,[w}, wx], 'bandpass’,’s’ ‘
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Using the Butterworth mathematical equations and Eq. A.2 with n = 1, the prototype
transfer function (Eq. A.12) is obtained. The prototype transfer function for a band-pass
filter is designed with half the desired order since when replacing S with the band-pass

coefficient, the order of the transfer function doubles.

“ 1
T(S) = =—— Al2
() =777 (A.12)
Using Eq. A.12 and replacing S with the band-pass coefficient, the second-order
band-pass filter prototype transfer function (Eq. A.13) is obtained, where @, = w,/B

and B is the pass band.

T(S‘ — W) — Wo S (A.13)

= T T
Wo § Qpw2eN +wys+ Qpen s2

A.4 Discrete-Time Band-Pass Butterworth Transfer Function

Using Matlab, it is necessary to indicate the order of the filter NV and the relation be-
tween the cutoff frequencies and the clock frequency (2f1/F, and 2y /F;) (Table A.5),
where n and d represent the values for the coefficients of the numerator and the denomi-

nator, respectively.

Table A.5: Obtaining the Butterworth transfer function coefficients using Matlab for a
discrete band-pass filter.

] [n,d]=butter(N/2,[2f1/Fs 2fr/F], ’bandpass’) ‘

The lower and higher cutoff frequencies can be calculated using Eq. A.14.

2
1 1
fH:fo<2Q+ <2Q> +1>
- (A.14)
szfo<—21Q+4 (2162) +1>

A.4.1 Second-Order prototype transfer function

Using the forward Euler transform in Eq. A.13, the prototype forward Euler transfer
function (Eq. A.15) is obtained.

Tswo

1 1 Q % (Z - 1)
T(s=-—"2_1|= Ll (A.15)
T, 21 2 9 Tswo Tswo 2
1+T2w2 — -+ ( — —2)z+2
Qpe™  QpeN
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A. BUTTERWORTH FILTERING TRANSFER FUNCTION

Using the bilinear transform in Eq. A.13, the prototype bilinear transfer function (Eq.
A.16) is obtained.

2 z—1 d(z2-1)
' _ Al6
(8 Tsz—|—1> a+bz+cz? ( )

Where,

1

a= —2Tsw, +4 QPE% + QpTw2e ™
b= —38 Qpe% +2 QpTSngs%

¢ =2 Tywo +4Que™ + QT w2~
d=2T,w,

(A.17)
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Impulse Response Simulation and
Bode Diagram Plotting

In order to simulate SC filters impulse responses, the input signal must be a rectangu-
lar pulse that allows charge into the circuit, charging capacitors. Considering that charge
enters the filter during clock phase ¢;, the rectangular pulse must occur shortly before
phase ¢1 is "high” and return to low’ shortly after ¢; returns to 'low” and before ¢; begins.

In order to plot the Bode diagram from the impulse response, it is necessary to obtain
a sample of the impulse response in every clock period until it stops oscillating. This
information is then used in Matlab’s fft function to convert the samples into complex
numbers. These complex numbers can then be used to plot the Bode diagram. Fig. B.1
graphically shows the procedure to obtain the transfer function from a switched capacitor
filter.

: t : | Ts |

E d1 E o2 |o1] |2

| |

] 1 T

[N} "

H— Clock

b Phases

Lo Impulse

v . R amplin x Samples x Complex values
Vino—— | SC Filter |Response ) Sampling P FFT P

t+nTs

Fs
Normalized Magnitude |
_ Transfer Function é‘ Transfer Function| semi log

scale plot
p Phase | unwrap(angle(}’)) "
x180/m )

20xlog1o(abs(y))

Figure B.1: Procedure to obtain transfer function from a SC filter.
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B. IMPULSE RESPONSE SIMULATION AND BODE DIAGRAM PLOTTING

An example of the code used to plot the Bode diagram from a SC filter is shown in
Table B.1.

Table B.1: Example of how to plot the Bode Diagram.

Freq = [0O:n-1]"/(n); % n=Number of samples extracted from the impulse response
data = csvread('filename.csv’,1,0);

vout = data(;,2)/V; % V=Amplitude of the input pulse

time = data(:,1);

semilogx(Freq*Fs, 20*1og10(abs(fft(vout)))); % Plots the magnitude
semilogx(Freq*Fs, unwrap(angle(fft(vout)))*180/pi); % Plots the phase
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