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1.5v Wide-Band Low Distortion Channel Selection filter

Student: Chun-Yueh Yang Advisor: Prof. Chung-Chih Hung

Abstract

The research for switched capacitor filter has been developed for many years and
plentiful. Since the first time the switched capacitor was applied on PCM system,
many switched capacitor filtering technique were proposed and applied on various
fields. With the process improvement, the switched capacitor filter is used in high
speed communication circuit inereasingly. The dynamic range is a key performance
for the switched capacitor circuit. The switched.capacitor circuit with the larger
dynamic range has more bits. The dynamic range1s mainly affected by the noise and
the distortion in the switched capacitor circuit. A lot of solutions, like chopper
stabilized and delta sigma architecture, for reducing the noise power were proved
their effectiveness. But there is few for declining the distortion.

We used the process, TSMC 0.18um, to design a high speed low voltage low
distortion switched capacitor filter. The objective of low voltage analog circuit is for
highly monolithic integration. But it makes the analog circuit more difficult. The
signal swing would be reduced linearly by power supply. It would be affect the
performance whole circuit. In addition, it is desired to raise the linearity of the filter.
Through many design considerations and key component design, we can contribute
the much less distortion. In the meanwhile, we proposed a novel low distortion MOS

sampling switch applied on this filter for reducing THD.
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Chapter 1

Introduction

1.1 Motivation

Owing to successive progress on Very Large Scale Integrated Circuit (VLSI),
people are capable of implementing many communication chips demanding for low
power and high speed. The need for smaller cost and area make System On a chip
(SOC) be a trend. It means that we must combine all kinds of circuits with different
applications such as RF, Analog, Memory etc. Unfortunately, the voltage limitation of
the technology indicates the analog circuit must operate in the same or comparable
low voltage as the digital circuitry. Digital-cireuit can benefit from size scaling down
to achieve low power and smaller silicon area;but it has become increasingly difficult
to design an analog circuit at low voltage. [1] Thus, a low voltage analog circuit
design becomes a challenge. In analog circuits, the switched capacitor circuit often
appears in the modern system design, like analog to digital converter or switched
capacitor filter. Their performances are often decreased by the lower power supply.
We would like to realize a high performance switched capacitor filter at low voltage.

Our design is a channel selection filter for Zero-IF Universal Mobile
Telecommunication System (UMTS) receiver, generated for Third generation mobile
radio network, often dubbed as 3G.. It is applied on Zero-IF receiver, also called
direct-conversion or homodyne structure. It is shown in figure 1.1. In contrast to
Zero-IF, another structure is heterodyne receiver (figure 1.2). There is a difference

that Zero-IF translate RF spectrum down to baseband in only one step. It results in



lower current consumption of the building blocks because the filtering and
amplification is all done at baseband. Zero-IF also offers two other advantages. The
first one is no need for image reject filter becausew,. = 0. The second is that the
down conversion stage is replaced by baseband lowpass filter and amplifiers. It can be
realized easily in standard CMOS process to monolithic integration [2] [3] [4].

In this channel selection filter design, we pay much attention on sampling
switch and amplifier design. The sampling switch is the first stage for the
sample-and-hold circuit and limits the linearity of the sampled signal. The amplifier is
the main distortion source in the filter. It should be designed carefully. We adopt the
biquad structure because the parameters are easily set for low distortion [5]. Finally,

we will complete a 1.5V 20MHz low distortion channel selection filter.

Channel selection filter VGA

- s T>»{1 |»[aD
1/>£|1—>|> ((fo_:— VCO

Preselect filter
Q—>D>—> Q A/D

Figure 1.1 Homodyne structure

Channel selection filter VGA

Image reject  Channel select N "D>—> [ —»AD
Y’ INA  filter filter
mp{ > A ok veo
Band select
fter VCO D> o f»an

Figure 1.2 Heterodyne structure




1.2 Thesis Organization

This thesis is organized into five chapters.

Chapter 1, the goal and motivation for our implementation are introduced briefly.

In Chapter2, we will introduce the concepts about the switched capacitor filter.
The basic operation and common architecture would be illustrated. It includes the
building blocks of the switched capacitor, like switches, capacitors and amplifiers,
and the integrator, the most important block for the switched capacitor filter.

Chapter 3 would describe the high performance switched capacitor filter design.
In this thesis, we focus on low voltage low distortion design. There are several
techniques for low voltage introduced, like clock boosting, switch opamp and
bootstrapped switch. Then we will also_introduce some researches about the low
distortion design. There are some’design considerations which should be noted.

Chapter 4 focuses on our design. We will introduce the bootstrapped switch in
detail and its compensation for the higher performance. Then we propose a novel
structure for less nonlinearity. Finally, we would like to realize a low voltage low
distortion high speed filter. At low voltage, the amplifier is hard to high bandwidth.
The lower bandwidth would constraint clock rate. However, lower clock rate
sometimes result in more high distortion. Besides, we also suppress the distortion by
means of the filter structure. The whole chip simulation is used TSMC 0.18um CMOS

technology.






Chapter 2

Fundamentals of Switched Capacitor

Circuits

2.1 Introduction

A switched capacitor circuit acts like a discrete-time signal processor. Thus it is
also easily analyzed with using z-transform. The switched capacitor circuits are so
popular for the filter design due to good linearity and dynamic range of the accurate
frequency response. The frequency response accuracy is determined by capacitor ratio
which can be set quite precisely:=This is because the process has a good match on
silicon area. The area error often can'be suppressed on the order of 0.1 percent. The
other factor would affect the accuraey is.clock frequency. Fortunately, clock
frequency can be realized precisely with using a crystal oscillator. In this chapter, we

will introduce the basic building block of the switched capacitor circuits.

2.2 basic switched capacitor building blocks

In this section, we will introduce the basic block in the SC filter. Good
understanding of these blocks can make designer complete a successful design.
2.2.1 Clock generator
The clock signals could be generated by the scheme shows figure 2.1.
The nonoverlapping clock is essential in switched capacitor circuits. The two logic
signal (@ 1,d2) would not both be high in the meanwhile. @ 1a and @ 2a are slighter

than @1 and @2, respectively, for the purpose of alleviating charge injection error



[6] [11] and leakage.

Clki \\cp1a{>c {>c o

C132a{>c {>c ®2

Figure 2.1 Clock generator
2.2.2 Capacitor

The capacitor is largely used in analog CMOS circuit design. For capacitor
design, several parameters are critical: nonlinearity, parasitic capacitor (accuracy) and
density. Nonlinearity means the quiescent voltage dependence. The capacitor with less
voltage dependency would contribute less harmonic distortion. Parasitic capacitor
would affect the accuracy of the capacitor. In SC filter, it would make the corner
frequency drift and gain vary. Density equals.the capacitance per area by the capacitor.
Large density can cost us smaller area to.reach-the desired capacitance.

Traditionally, a highly linear capagitance-in.an integrated circuit is constructed
by two silicon area (double poly capacitors). The desired capacitor is formed by the
intersection between two silicon layers. By growing a thin oxide between two
conductive layers, it usually accompanies with 20% bottom plate parasitic capacitor.

The metal-insulator-metal (MIM) capacitor is often used in the modern analog
circuits design. It is formed by two conductive mental layers and a PCB layer between
them. It has a high density and a lower parasitic capacitance. The capacitance is
defined by the intersection area and dielectric layer thickness. Under the threshold
voltage, it can isolate the DC signal to hold the charge energy. In recent years, many
researches about MIM capacitor focus on developing a high dielectric constant

material [6].



2.2.3 MOS sampling switch

In the common SC filter, we use single MOS transistor for sampling switch. It
is shown in figure 4.2. For NMOS device, when the clock goes high, the transistor
would be turn on and the output signal would track the input signal. It is assumed that
the voltage of the capacitor equals zero initially. The transistor works in saturation
region under the condition Vds >Vgs — Vt. Until Vds< Vgs-Vt, the transistor would
enter the triode region. It would be stable in deep triode region when output signal
nearly equals input signal. Thus it would result in a simple sampling switch with a

high accuracy.

R iy
&

Figure 2.2 A simple sampling switch

Unfortunately, there are Some-errors-which are charge injection and clock
feedthrough. As we know, the transistor must' produce an inversion layer, as to as
charge channel, into working. When the transistor is closed, the channel would
disappear and the channel charge would be released out. The released charge would
flow to drain and source. The charge on the capacitor would also be affected. The total
channel charge is expressed by Q,, = WLC, (Vpp —V,, —V,,) . In the most case, the
channel charge is often assumed to be divided by drain and source. But the real

mechanism is very complicated. Now the error by charge injection equals

_ WLCox (VDD _Vin _Vth)
2C,

AV

we can find large transistor size and smaller sampling

capacitor would produce larger error. Another error source is clock feedthrough. It is
induced by gate-drain and gate-source overlap capacitance. Clock feedthrough would

happen on the clock transition. When signal goes high, the overlap capacitance would



be charged to clock voltage (Vck). When the signal goes down, the charge saved by

capacitance would be released. The sampled output voltage would be affected. The

WC
—*—  [6][7].
WC,, +C, L] 7]

error can be represented by AV =V,

2.2.4 opamp

In most case, the analysis of SC circuit operation is based on ideal amplifier. It
can simplify the analysis and make the SC circuit well understood. But in reality, the
amplifier is usually most important component. The whole performance is often
dominated by the amplifier design. The adequate amplifier design would make the SC
filter successful. Now there are some merits about the amplifier performance would
be discussed.

Gain is often first considered by the amplifier design. The gain determines the
precision of the system applying & negative feedback amplifier. The larger gain is able
to raise the accuracy of the SC filter. Besides, the high gain is also necessary to
suppress the harmonic distortion-and-resultin-a fast settling time. In the common case,
the open loop gain typically ranges from 40dB to 80dB.

Unit gain bandwidth and phase margin would dominate the linear settling
behavior of the amplifier. Larger unit-gain bandwidth and phase margin can make the
circuit stable quickly. There is a thumb rule that the unit gain bandwidth is often five
times than clock frequency at a unit gain SC integrator and the amplifier is with 70
degrees.

Another factor would affect the settling time is slew rate. The clock rate and total
capacitance would be limited by the slew rate. Insufficient slew rate would not
transfer the charge from the capacitor to another. The less capacitance is often less
accuracy.

Output impedance is often needed more attentions in the SC circuit. The



amplifier is often loaded by pure capacitive loading. The larger impedance would
reduce the unit-gain frequency. Thus the circuit may not be settled quickly [6].
2.3 Switched capacitor integrator
The basic integrator is widely used in the SC circuit. A basic integrator is shown
in figure 2.3 the ®1and @2 are nonoverlapped signal that means they are not turn on

in the meanwhile.

C,
1 @2 —

D
Vi(nT) _/Cll L v,(nT)

Figure 2.3 A basic integrator

Assuming the integrator output voltage defined as Vout(nT-T) that means the
charge on C2 equals C2Vout(nT-T). At the time (nT-T), SW1 is just turn off before
SW is turn on. The charge on Clrequals C1Vin (nT-T). When SW2 is on, the charge
on the C1 would be totally transferred to.€2 because the negative input is virtually
ground. Note that if a positive sighal is applied on the input, it will result in a negative
voltage on C2. The architecture is called inverting integrator. Thus we can find the
charge equation at ®2 end

C\V,(nT-T/2)=C\V,(nT-T)-CV,(nT -T)

We also can find the negative sign says that the integrator is an inverting
integrator. Like above, we also would like to derive the charge equation at @1 end. the
charge on C2 at the end of the next @1 equals that at time (nT-T/2). It means that

C\V,(nT)=C\V, (nT -T)
The charge equation can be expressed by
C\V,(nT-T/2)=C\V,(nT-T)-CV,(nT -T)

We use V,(n)=V,(nT) andV, (n)=V_(nT). Thus we can find the discrete-time



relationship.
G,
V(M) =V, (n—1)~ =1V,(n-1)
C2
Using the Z-transform,
V,(2) =2V, @)~ 22 (2)
2

Now we can derive the transfer function

AN
_Vi(z)

c, z

H(Z e
(2) c,1-z"

(

Unfortunately, as we mentioned before, the capacitors are often with parasitic

capacitance. In addition, the switches also have nonlinear capacitance. The figure 2.4

shows a basic integrator with parasitic capacitance.C andC , represent the top and
bottom capacitance of C,.C ;and. C , representithe top and bottom capacitance of

C,. Because two ends of C,, and"C,; connectingyirtual ground node and ground

node, respectively, there is little charge that would be stored. Thus their effects are

often discarded. In addition, C, is justan extra loading for the amplifier. So it

would affect the speed of the amplifier but not affect the accuracy of the output

voltage. Finally, C , is parallel withC,. Then it would be also sampled signal like

pl
C,. The sampled charge would be released on the next state and accuracy would be

affected. To overcome this problem, the parasitic insensitive integrator is proposed [6]

Cps  Cpa
Cp2
ot A
Vin(nT) — Vout(nT)
QL I
T

(8] [9].
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Figure 2.4 The integrator with parasitic capacitors

Parasitic insensitive integrator

Figure 2.5 shows a parasitic insensitive integrator. It can simply reduce the
parasitic capacitance error by adding two extra switches. It has a difference from that
we mentioned before which is a noninverting integrator. During @1, the capacitor C1
would sample the input signal Vi and the charge would be transferred to C2 on¢2.
We note the positive end of the capacitor is connected to ground node. This is why we
called it is noniverting. When the input signal is positive, the opamp would contribute
a positive signal on C2, with the phase as the same as input signal. Now we can find

its transfer function as

V() _C, z7

R

o1 ‘2!
V|(I"IT) . e

®2 j_”j_cm__ +

—V(NT)

Figure 2.5 A noniverting integrator

Now we add the parasitic capacitance for analyzing. As we noted before, only

C,, would affect the integrator accuracy. Now we can find C,, would still sample

the input signal on @1, but it would be discharge to ground on ¢2 . Unlike before, the
switch with one end connected to ground would provide a path to ground for
discharging. The parasitic voltage would be charged to C2. It also would not affect the
operation [6].

The figure 2.6 shows an inverting parasitic insensitive integrator. It is realized just

11



by changing the clock of the switches. The integrator is fundamental and important in

the SC filter. It is essential to understand it completely.

C,

VT ®1 ¢, o1
i(n || A |
- - > V,(nT)

Figure 2.6 An inverting integrator
2.4 Biquad Design [6]

There are many structures in the switched capacitor. The well-known one is
biquad. Many complex filter is achieved by cascading the biquads. It is because the
second biquad is often stable and realized easily: More flexibility for parameters is
also why it is so popular. Before:we introduce the biquad design, we often need the
signal flow analysis. It is very useful in the biquad design. (Figure 2.7).

C
( = -C(1-Z2")
C

—o0 o—
qan Eanz = CZ'

o1 C @1
— =
D2 o2 = -C

12



Figure 2.7 Z-transformation signal flow

2.4.1 Low-Q biquad

The general transfer function of the continuous time biquad can be expressed by

Voo _ d,s+d;s+d,

H(s) = V"“t 2.1
st 5w,
Then we can organize it into
SzVout = _(d282 + dls + do )Vin - [(g)s + W02 ]Vin (22)

Then we can find

MM@):—§K¢+st+dowA$+%§v () - WV, (s) (2.3)

out

Vo(5) =~ L[V g (2.4)

0

Now the two equations are described in the figure2.8.

Wq

Vels)

Viu(s) do/wo -Wg

-1/s

-1/s OVoul(s)

d1+d25

Figure 2.8 Continuous time signal flow

Then we can realize the RC biquad based on the signal flow. It is shown in figure 2.9.

13



1/W0

VWA
Q/wq
1
Wo/do “ O ?|2
-1/W, 1l
Vin(s) © e D v'\N‘O .
_EI+ S o Vaus)
) N
d,
Vw‘
1/d,

Figure 2.9 A low Q RC continuous time RC filter
Finally, we substitute all resistors into the combination of switch and capacitor.

The switched capacitor biquad is shown in figure 2.10.

- C,—
K,C, 4{6—°V1(Z)K c
Vi(2) q)ll K I Al 1N D Is(z D, ’7 v
R Ll S B T I S

K>C, - - -

® D

‘Dﬁl_lkj_@z
AN
KsC,

Figure 2.10 A low-Q switched capacitor biquad
Using Z-transform signal flow analysis that we mentioned before, the transfer

function is given by

14



(d,+d,)z" +(d,d; —d, —2d,)z +d,
(1+d,)z* +(d,d, —d, —2)z+1

H(z)=

2.4.2 High-Q Biquad Filter

Using the same way, we also can complete a high Q circuit. We just reorganize
equation (2.2) into
1
Vout (S) = _;[(d ZSVin (S) - WOVc (S)]
and
1 d, ds S
Vc (8) = _g[(WO + ﬁ)vin (s)+ WOVout (s)+ 6Vout (s)]

Now a new continuous time signal flow is obtained in figure 2.11

Wo

Ve(s)

Vin() dO/WO T'
M 1/s B +)y—>» -1/s OV guls)

d1+d2S
Figure 2.11 an alternative continuous time signal flow

Like before, we also can derive a continuous time RC filter (figure 2.12)

1/W0
iy
woldy —IF ¢
Vln(s) YW/ -1/W0 |_
|_{ }_I p o Vout(s)
d]/Wo =

Figure 2.12 A High-Q continuous time RC filter
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We substitute all resistors into switches and capacitors. It is shown in Figure 2.13

o, df?* o,
[ I\
) )
1 1”4
- Ja
c AN
v i
v O F d;(f:1 O F ~ q; dsC» @, ’_|
i(2) mﬁl_lkicbz : - I K 1¢ —oVOl)'"(Z
L L7 L 21 1 i
Ve
AN
dsC»,
dsC»,
|
AN

Figure 2.13 High Q switched capacitor biquad

Once again, using the Z-Transform, the tfansfet function is given by

d,z2%+ (d,d, +0,d. — 2d,)z +(d, —d,d,)

H(z)=-—"
254 (d,dgFdedz—2)z + (1-d,d,)

2.5 Summary

This chapter shows the common biquad design. In practice, we usually first
design a continuous time filter. Then it can be converted into discrete time filter or

digital filter. The Z-transformation provides a concrete solution.
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Chapter 3

High Performance Switched Capacitor
filter technique

3.1 Introduction

In this chapter, some modern circuit design techniques for high performance
are illustrated. The characteristics of lower power supply, distortion and noise are all
what we desired. Besides, in order to let the filter applied on communication system,
we need to implement a wide bandfilter. Undoubtedly, the appropriate amplifier
design is also very important, especially with.a heavy-loading. We will introduce what

problems we may meet and their proposed-solutions for pursuing high performance.

3.2 Low voltage SC circuit design

In analog circuit, dynamic range is often an important index to evaluate the
analog circuit performance. In order to achieve high enough SNDR, a large signal
swing range is necessary. But as we mentioned before, the signal swing of the MOS
sampling switch would be restricted linearly by power supply. The low supply voltage
would result in a smaller signal swing that makes dynamic range decrease and thus it
IS not expected. One solution for this is providing two power supplies, the higher one
for the analog circuits and the lower one for the digital circuits. The disadvantage is
needed a larger cost because we need to use different CMOS process. Thus there are

several solutions in circuit design will be showed below [5].
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3.2.1 Clock boosting

Clock boosting is a well known and straight forward approach to solve this
problem. The reason for smaller signal swing is the reducing clock voltage. Thus we
just boost our clock signal to enlarge the swing range.

The voltage doubler is often used [12] [13] [14]. (Figure 3.1) It is mainly
formed by two N-type transistors, capacitors and an inverter. The cross-coupled
transistors would alternatively be charged the capacitors to Vdd. Input clock is an
ordinary periodic clock. After several periods, two capacitors would be both charged
to \VVdd. The output voltage of the inverter would be pumped a VVdd by C2. Now the
ideal output signal would be 2Vvdd. This cell is usually called “charge pump”. This
idea is usually widely used in voltage boosting. When the input signal is high, M4
would discharge the gate of the samplingrswitch to.ground. The output clock would be

determined by

C;

V,, =Pk MLl
"OTERC,+C, +Ch

C, isthe parasitic capacitor of C,,and Cg is the gate capacitance oh the MOS

sampling switch. But clock boosting often results in another problem that it would
make the junction voltage exceed a VVdd. The junction breakdown issue is needed to

be overcome especially in low threshold voltage process.

jwﬁ T oo
LT T

Figure 3.1 Voltage doubler
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3.2.2 Switch opamp technique

This is a method that allows the circuit operating in low voltage condition
without any clock boosting [14] [15]. The system is really operating in low voltage
without any junction breakdown problems. The basic concept is illustrated in
figure3.2 (a) shows the standard SC integrator. (b) shows an switch opamp integrator.
The difference between two architectures is that switch opamp integrator operates
without any floating sampling switch (S;). The original switch sampling function is
replaced by a switch opamp and a switch with one end connected to ground. Thus the
signal swing would not be constrained by inefficient clock voltage. They can operate
in 1V level with a typical threshold voltage that equals 0.7v. During @1, the previous
output is valid. The capacitor (C;) would be.sampled the input signal. During ®2, the
charge of C; would be transferred'to C,, and'node Atwould also be reset to ground. In
the meanwhile, the previous opamp would be switched off to avoid any conflict
caused on the output. The opamp-would be-on-or off-alternatively. This is why it is
called switch opamp. It overcomes the junction breakdown issue and benefits lower
power. But the shortcoming of this architecture is much more complicated. It is not
suitable for the analysis from the standard switched capacitor integrator. Besides it is
often just used in low speed system because the opamp needs time to recover from
“off” state to “on”state. With the comparison to standard switched capacitor circuit, it

often has worse performance like linearity and noise.

% ;
C

- > 1 @2 N
" S, ‘ |&‘ 4>_

i 110

N

Figure 3.2 (a) standard integrator
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(b) switched opamp integrator

3.2.3 Bootstrapped switch

Bootstrapped switch is a solution like clock boosting. The fundamental
operating concept is illustrated in figure 3.3. The sampling switch would be driven by
a constant gate-source voltage. First the capacitor would be charged to VVdd. Then the
input signal would be pumped by a VVdd. The gate voltage would be zero during
“off* state and Vsig+Vdd during “on” state, respectively. The turn-on resistance of a
MOS switch is independent on input signal because’of fixed Vgs and it would make
the harmonic distortion decrease. “But the high junction voltage may cause the

breakdown. This technique is often with the-reliability

S Vsig+VDD
_I-
¥ L |
Vsig | \ Vout

Figure 3.3 Bootstrapped switch concept

3.2.4 A low voltage integrator design

For a SC filter, the problem what we meet is only signal swing that would be
reduced by sampling switch. The signal amplitude is also restricted by the amplifier.

Fortunately, we can solve this problem by adequate bias voltage. It is illustrated in
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figure 3.4 V_, means virtual ground, usually equaling toV,,/2 and V; is the bias

gnd
voltage making amplifier work properly. Assuming there is no input signal applied,

the capacitor would have a voltage drop,V,; -V, , in the steady state. Since no net

gnd !

charge is transferred, C. also has the same voltage drop. If the integrator needs to
work in low voltage, V; should be set close to V, for working properly. The

output of the amplifier can be setto V,/2 to achieve maximum swing [16].

g
7

Figure 3.4 A low voltage integrator

VOLIt

3.2.5 Multi-threshold voltage process

Many advanced process would:provide-multi-threshold voltage device. The
reason we need multi-threshold voltage.is that; as'we mentioned before, the analog
circuit needs smaller threshold voltage for large signal swing. But the device with
small threshold voltage would contribute larger leakage current. It would directly
impact the digital circuit performance even result in failure. So the higher threshold
voltage device is often used for digital circuits and the lower one is for analog circuits.

In addition, multi-threshold voltage process also means a larger cost [7].
3.3 Low distortion SC circuit design

3.3.1 Distortion mechanism

The distortion may be caused by any component in switched capacitor circuit.
Before we introduce the design technique for low distortion switched capacitor circuit,

it is essential to understand the distortion how to be generated [17].
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A. Capacitor Nonlinearity
We often discuss the distortion in an integrator. This is because SC circuit seldom uses
an amplifier without negative feedback. A single-ended SC integrator is shown in

figure 3.5. The charge equation can be expressed by

1 1
CovI(n+ E)Tc —CyV[(n- E)Tc] =—-C,v,(nT;)
P 1 1
Now we use v,,v, and v, toreplace v,[(n +E)T , Vol(n —E)TC] and v,(nT,)

It would be Cv, —Cv, =—-Cv, (3.1)

We assume all nonideality is only contributed by the capacitor and other components

are ideal. The capacitor voltage can be represented by

C(V,)=C,(l+aV, +a,V. +---) where Vc is the nominal values at quiescent

voltage. In the most cases, we oftén just, take the first two items into consideration and

others would be ignored. The expression would be changed into the following
C(V,)=C,(1+aV, +a,V/). We substitute'it into equation 3.1

The equation would be approximated by

+

_ C _ _ _
Vo =V z_C_lo{Vl —ayVy (—V, +Vy +V0)—a2V1[—V12 "‘(VJ)Z +Vg Vo +(Vo)z]}
20

Now we find the following relation
v, =V, cosw,nT,
Vv .
Vo =V, cosw,(n J_rE)TC = —ﬁ—'sm w,(n+ l)TC
2 Ca Zs,in—o2 ¢ 2

+ —

C
-V, ~ ——2V,[cosw,nT, +---+a, AcoS(2W,NT, + &,) +---+ a,Bcos@Bw,nT, + &,) +--]
20

A, B are amplitudes and 6, ,6, are phase.

The second and third distortion of the output in the integrator can be derived by
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04
HD, ~ a, A ~—2 VZ+(2)? , w,T. <<1
2 1 SInWOTC 2 0 ( ) 0'c
sin —2-¢ 2
~ 2 LIV
HD, ~ o,B 3wt 4 Vo + 3) w,T, <<1
sin 5

We can find the second and the third harmonic distortion are proportional to the

output voltage and its square, respectively.

Cr
C
Vin ok o -

T [P

T Vout

(a)

D,

b,

b

(n-2)T. nT, (n+Y2)T,
(b)

Figure 3.5 (a) Single-ended SC integrator (b) Two-phase clock

B. Distortion caused by amplifier gain nonlinearity
The real opamp usually has finite gain and introduces the distortion into the SC circuit.
We also take the integrator with a feedback factor which equals g into the
consideration. As the same as before, we assume all nonlinearity only comes from the
amplifier and is caused by finite gain characteristic. The output voltage can be

represented by

23



v, =a,v, +a,v +av. +--- For simplicity, it would be approximated the first three
terms. As before, we can get the charge balance equation as follows
Covy =Cyvy +C[(vy, —Vg) = (vy = V)]
Now we can derive the approximation.
L C, 1

a2 + -\ _ (y*t)? _& +12 + - -\27_ (y+)3
Vo = Vo z_c_z{(l"'al_ﬂ)vl a.f’_ﬂ[\/l(vo +Vo) (Vo) ] afﬂ[Vl[(VO) +(Vo )(V0)+(V0) ] (Vo) ]}

In the expression, the second and the third term represent the errors.

HD, ~ —2-V, 1+(—)2 w,T, <<1
1,3

A f1+(—)2 W, T, <<
1ﬂ 3V,

C. Distortion caused by the Finite.Slew Rate.of the Amplifier

HD, =

Because the SC filter works in discrete-time,-the signal appears in sampled-data
form. Unfortunately, the output of the SC filterwould be directly applied to the next
stage, as a continuous time system. The distortion would be caused by finite slew rate
of the amplifier. To obtain the distortion caused by finite slew rate, we introduce a

summarized model. (Figure 3.6).

_|_

Error from
Output of @ 7—'—4 Slew
SC filter X(t) Y(t) Mechanism
Y =xx
4414

Figure 3.6 Model of slewing distortion

In this model, v, is the filter output and x(t) is the transition voltage. Transition

voltage means the difference between current sampled output voltage and previous

sampled voltage. The function y = x|x| represents the distortion generator. Now we
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assume the output sampled signal expressed by
v, =V, sinw,nT, nT <t<(n+1)T,

Thus we can find x(t)

WOTc

X(t) =V, sinwy,nT, =V, sinw, (n-1)T, =2V, sin CosSW, (n —%)TC

nT, <t<(n+1T,
Now we can find the transition voltage would be represented as a sampled cosine
wave with a varied magnitude and a shifted phase. The output of the distortion
generator can be expressed by

yt) =y'(nT,) nT, <t<(n+1)T,

w,T
2

y'(t) = (2V, Sin—2-)? cos w,t/cos w,|

4(2V, sin W°ZT°)2
AK(K? —4)

ly' (@)=

From the model, the harmonic wave would be multiplied by an impulse stream a(t)

Thus the magnitude would be also‘multiplied by a factor 281

The k th harmonic would be derived

WOTC

w, T
: 4(2V, sin ) 8(sin —2-¢)°
t 0

HD, o1 2 ~1_ 2 = Yo y_1357,-

V, 25T, ak(k®’-4) v, ak(k’-4) ST,

r-r

This equation shows that if slew rate is symmetrical, there are only odd harmonic

present.

Table 3.1 summarizes the distortion source [18].
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Table 3.1 Distortion Approximation w,T, <<1

[Distortion source THD theory
Capacitor Nonlinearity )
Bz gy Vo
16 * 3V0§
IAmplifier open-loop gain a, Ve (1+Vi)
Nonlinearity 16 A8 3V,
- - - - T
Switch on resistance nonlinearity 2p,+ 5 p? _2}
27, T e V2
16 27, N
l-e
Signal dependent charge injection of the
switches
distortion caused by the finite slew rate
f amplifi 9 fsin eye o
Ot ampritier 152+ 2 ' TSl

3.3.2 The design consideration-ferow distortion SC filter

From the above analysis of the distortion source, the low distortion design
techniques would be illustrated in this section. To suppress the harmonic distortion,
there are three key points for designing.

1. We must do internal voltage scaling if necessary.
2. Reducing internal components distortion
3. The differential architecture should be adopted.
A. node voltage scaling
Node voltage scaling means we need to scale the internal voltage of the SC filter
properly. For lower distortion, the internal should be lower than the peak value of the

passband. It can make the internal voltage would not be distorted before the output
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voltage limits are reached. In another opinion, the smaller signal swing would result
in much lower harmonic distortion. Thus we must try to keep internal signal smaller
and the voltage only saturates at the output node.

B. Reducing internal components distortion
In order to lower the distortion generated within the SC filter, we need to design the
internal components carefully. The main components in the SC filter are switches,
capacitors and amplifier. As we mentioned before last lection, we need try to deprive
the filter of the distortion source. But the ideal component is impossible to be
implemented. Thus we need to get a balance between all components design. For the
switch design, we need to suppress the distortion caused by turn-on resistance, charge
injection and clock feedthrough. As to the distortion induced by the capacitor, we can
adopt the differential architecture to-mitigate them..For the amplifier design, it is
essential to use the differential architecture. The even-order distortion would be
reduced and PSSRR would be raised:The-signal swing also would be enlarged to
resist the noise. Besides, we also need a high slew rate to alleviate the distortion
caused by finite slew rate. We must pay more concentration on these circuit designs.

C. The differential architecture should be used

The harmonic distortion would be significantly reduced by fully differential
architecture. The linear error and even order nonlinearity would be mitigated. Another

advantage is a larger signal swing [17].

3.4 Summary

For the analog circuit, the low power supply would be a severe constraint. First,
the signal swing would be reduced linearly. The sampling switch would not be driven
properly. The integrator also meets the same problem. There are several solutions

showed in this chapter. In order to design a low distortion filter, we also introduce the
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distortion mechanism and the design consideration. In the next chapter, we will use

these techniques to realize a channel selection filter.
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Chapter 4

A low voltage low distortion wide-band
CMOS switch capacitor filter

4.1 Introduction

The specification and architecture would dominate the distortion performance
of the SC filter. The sampling period, corner frequency and nonideal device all would
affect the THD of the output signal. The high sample rate can highly suppress the
distortion, but it would be hard to implement an.amplifier in this situation. Besides, in
order to emerge the analog and digital circuits in:the same power supply, the low
voltage circuit design is unavoidable. 1t obviously makes the amplifier design more
difficult. Even we can overcome this.problem, the'nonoverlapped high clock rate
generation is also another key point.

In order to work out these problems, we must carefully choose the
architecture. Through a few architecture design consideration, we can complete a high
speed low voltage filter immune to the distortion under the lower clock rate. Even
using the same architecture, the bad setting of the parameters would be result in the
lower performance. These are all what we need to take into consideration. Our filter
architecture is made of a six-order elliptic filter. It is widely used in wireless receiver.
In the direct conversion receiver the receiving signal would be first filtered by a
anti-aliasing low pass filter. The next, channel select filter, which we intend to carry
out this time, would extract the signal band which we need. Finally, the last analog to

digital converter would convert the filtering signal to digital code for the next digital

29



signal process (DSP).

Our channel select filter is composed of three serial second order biquad. As we
say before, we adopted the SC filter. It works at 20M Hz with a cut off frequency at 2
MHz. We mainly choose the biquadratic filter because of its convenience. We can
easily set all parameters and implement the whole circuit, especially in low voltage. It
is a simple way to tune the filter and raise its performance.

In general, people often just focus its frequency response while designing filters,
because it would make your filter design more simple. As to phase, we often use an
equalizer behind the filter to take charge. Based on the first key point, we should
avoid the internal signal magnitude close to the output signal maximum. It will
contribute more distortion because it would be limited by internal voltage level before
the signal is restricted by the output-terminal. The internal voltage boosting would
result in large THD. We should do.amplifying-in the later stage. For the clock
feedthrough, it would be another source of THD. We can use the bottom sampling to
solve it. In the meanwhile, using the differential architecture would suppress switch
charge injection, clock feedthrough, even order distortion and linear capacitor voltage
error.

Figure 4.1 shows the all parameters of the channel select filter. Because the
corner frequency locates on 2MHz, the bandwidth of the biquads should not exceed 2
MHz too far for free of high frequency harmonic distortion, or it would reduce the
signal linearity. Besides, because the first stage is responsible for receiving signal, it
often dominates the whole performance. So the first stage design is usually very
important. In the first stage, the gain is set to be 0.8. This is what we said before about
voltage scaling. The second stage would amplify the signal close to normal signal
level. It is not considerate to do serial voltage scaling. If you do it, it means we need a

large gain stage. A large gain stage would contribute huge distortion and also make
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the output noise power raise. It is not what we want. If we would like to achieve a
high dynamic range, we need to keep both medium distortion and noise. Another
point needed to mention, the high Q stage is suitable in the later stage. But in practice,
we may just do little under the constraint of the specification. It is hardly to meet all
requirements. In the next section, we will discuss every building block to be used in

our SC filter.

CSF
Biquad1 Biquad?2 Biquad3
Q=1.38 Fo=1.97MHz —Q=0.58 Fo=1.55MHz —Q=5.53 Fo=2.19MHz
Gain=0.8 Gain=1.24 Gain=0.99

Figure 4.1 6th order elliptic-filter parameters
4.2 Low voltage low distortion MOS'sampling switch
Our novel MOS sampling switch is based on bootstrapped switch. Thus the
bootstrapped switch and its modification would be explained in this section. A new
MOS sampling switch is proposed in the end of this section.

Simple sampling Switch

Figure 4.2 A simple MOS sampling switch
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Figure 4.2 shows a basic S/H circuit. When @ is high (usually Vdd), the switch
will be turned on and the capacitor will be charged to Vin. When @ is low, the switch

will be turned off and the capacitor will hold the sampled voltage. Its resistance is

given by
Ron = W L 4.1)
/uncox T(Vgs _th)
where th :VtO +7[\/2|¢F|+VSB _\/2|¢F|] (4-2)

There are some obvious drawbacks in this sampling switch. The sampling switch
output is limited to Vdd -Vt. If Vin > Vdd -Vt, the output voltage would be
saturated and the incorrect voltage would be sampled. It would not have a full swing
range. Besides, the resistance would vary with the input signal from Equation (4.1). It
may donate larger harmonic distortion. The body effect also contributes nonlinearity,
especially at low voltage. Therefore, the bootstrapped switch was proposed to solve

the full swing problem and variation of the switch resistance.

BOOTSTRAPPED SWITCHES AND RELATED COMPENSATION

TECHNIQUES

From Equation (4.1), to obtain constant resistance, the gate to source voltage should

be held constant during the “on” state.

vdd
e SW2(22) 1 SWT(IQ D
|_| _
Vin r SW3(D1)SW5(O1)
SWI1(D2) j
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Figure 4.3 The bootstrapped switch operation concept

Figure 4.3 shows the principle of the bootstrapped switch [19] and the circuit
realization is shown in [20]. During the “off” state (SW3, SW4 and SW5 on), the
capacitor would be charged to Vdd and likely act as a floating battery to bootstrap the
gate voltage when the “on” state (SW1, SW2 on) . It is assumed the input terminal of

the sampling switch would be source. Therefore, the resistance of the switch is given
by

Ron = W ! (4.3
:uncox T (Vdd _Vt)

Clearly, it can be independent of input signal to reduce harmonic distortion. However,
the MOS switch is bidirectional and symmetric. The source and drain terminals may
interchange depending on the input-signal and previous sampled voltage. If the input
signal is larger than previous sampled-voltage;:the source and drain terminal would be
interchanged. Therefore, the source’voltage is*not Vin but sampled voltage in the
previous state. Then, Vgs is not ”Vdd”. We can not maintain Vgs constant. Another
distortion source of threshold voltage variation from body effect still dominate large
distortion, especially in low power supply. Therefore, the body effect compensated
switch was proposed in [22] [23]. The main idea behind [23] is to use direct
connection from source to bulk to avoid the body effect during “on” state. This is a
straightforward idea, but the real source is not always the input terminal in practice.
And if the source of the P-type transistor is not highest voltage of all terminals, it may
cause the latch-up problem [24]. Of course, Vsb also does not remain zero when the

real source is not the input terminal of the sampling switch.

33



Another technique was proposed to use a replica transistor to cancel the threshold
voltage [22], as shown in Figure 4.4. It is modified from a typical bootstrapped switch.
It creates a threshold voltage as the same as the one sampling switch and cancel each
other to be deprived of body effect. It is derived as follows. The drain current of MD

in saturation is given by

4 Vvdd T_

+ VG I—'_<
> -
VS
+ swi@2lO 1
SW2(@i)

SW3(21) T
~

Sw4(22)
SW5(@1)
.

— 4

Vin L__ Vout
T4T

Figure 4.4 The replica compensation

1 W
ID = E/uncox T(VGS _Vt)2

The drain current is constant by ignoring the second-order effect. Then we can find

|
VGS_\/l WtV
*uc (X
5 HaCo (5

When SW1 and SW4 are on (Vin =Vs),
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|
Vg = T cD (VL) +V, +V, (4.4)
2 Il’ln 0X L

The gate voltage of the sampling switch would be equal toV; +V,, . Substituting
Equation (4.4) into Equation (4.1) and assuming Vs equals Vi, Ron can be obtained as

following.

Ron = 1 (4.5)

W 21
:uncox T(Vdd + —\I;)V)
/uncox (T)MD

From Equation (4.5), all the parameters of the resistance are constant, but this circuit
still suffers from the problem described previously, where the source terminal might
be the input. In practice, the Vt of;the sampling switch and replica would not match
exactly due to the second order effect and ‘process variation. It is difficult to be
compensated completely. The-input signal is also needed to decrease by a threshold
voltage to make sure the replica transistor in saturation. Another circuit was proposed

to modify this drawback of smaller swing range in [14].

The proposed sampling switch

Through the above discussion, a key point is that a “source follower” is
needed to track the “real source” connecting the charged capacitor and maintaining
the gate overdrive to be a constant voltage ”Vdd”. Figure 4.5 shows the proposed
circuit. The sampling switch is composed of a comparator and several switches.
Besides some necessary switches of a typical bootstrapped sampling switch,
additional switches SW6 and SW7 are added. To ensure rail to rail swing, SW6 and
SW7 are made of complementary switches. The comparator is used to trigger SW6

and SW7 to make the bulk connect to the real source terminal. The bulk is guaranteed
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to connect to only one terminal, the source terminal, during the “on” state. We adopt
the structure of direct connection between source and bulk because it has less
nonlinearity and large input swing than using a replica. In the standard CMOS
technology, the sampling switch should be P-type. Two cases are discussed in the
following where Vin represents input signal and Vout represents the voltage sampled

in the “on” state.

Vvdd

/WEHE_ =5
'F:ﬁ- |

25 QW6 T sw7

Vout
+ >_
Vin -

=]

Vout

Figure 4.5 The proposed sampling switch

Case 1: When Vin > Vout, the real source is the input terminal. During “off” state
(SW2, SW3, and SW5 on), the capacitor would be charged to -Vdd. During the
on” state (SW1 and SW4 on), the comparator output will be low to turn on SW6 to

make a connection between the input and bulk because input voltage is higher than
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Vout . And the gate voltage of switch equals Vin - VVdd. Then the gate overdrive (Vsg)

and Vsb exactly equals VVdd and zero respectively, during the “on” state.

V =V, , V

source n

Vin =V Vip =Vio 1 Vg =Vag

gate = in

Ron — ! (4.6)

/up [0 (Vdd [Vto |)

Case 2: When Vin < Vout, the real source terminal should be the output terminal. It
is certainly the reverse of case 1. The SW7 would be turn on by the comparator to
connect the output and bulk. The gate voltage would become Vout - Vdd and the
source voltage is also Vout. The gate overdrive (Vsg) still maintains exact VVdd. And

threshold voltage is also held constant,

Ve =V

source out ? V V

~Vaa Vig= Yaos V= Vad

gate out tp sg

1
lup ox (Vdd |Vt0|)

Ron =

The above equation is the same as Equation (4.6). During “on” state, when the
difference between input and output becomes “zero”, the comparator would be low
and SW6 would be turn on again. At this time, we do not care which terminal is

source because Vin already equals the sampled signal.

The power supply voltage is 1.8V. A 1.8Vpp 1Meg sinusoidal wave is
applied to the ordinary bootstrapped switch without compensation, the bootstrapped
switch with compensation in [22], and the proposed switch in this paper respectively.
They are all loaded with 1 pF capacitance. The comparator in this paper has the

voltage gain of 2000. Figure 4.6 illustrates the voltage of input, output, and bulk of
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the sampling switch. It is shown that the bulk would track the lower signal between

input and output.

Figure 4.7 shows the FFT of the output voltage in the ordinary bootstrapped switch

without compensation, bootstrapped switch with compensation in [22], and the

proposed switch in this paper. Table 4.1 summarizes the total distortion of these

switches.

The results show that total harmonic distortion (THD) is improved by

12.3dB and 42.5dB, respectively, in contrast to [22] and ordinary bootstrapped switch.

The FFT results clearly indicate the huge improvement.

e e
IRV N
s - . N N W
DI EDIn 4D|n ﬁﬂln Bﬂln IDIDn I
() Inputsignal
| ;(—"! | i - : i
soom 11 =N o
0 i : ; _ikk\ E_._J’_r_i
DI 20|n 4D|n Sﬂln Bﬂln IDIDn I
(b) Sampled signal
o |- e N e
[ L SN ol
0

T
20n

T
40n

T
60n

T T 1
80n 100n

(c) Bulk signal
Figure 4.6 The voltage of the sampling switch
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(a)FFT of the output using bootstrapped switch
without compensation
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Figure 4.7 FFT of the switch output with small input signal
Table 4.1 Simulation results for harmonic distortion
Typical Ref[22] Proposed
THD -41.6db -71.8db -84.1db
HD2 -44.2db -72.7db -87.9db
HD3 -46.9db -82.6db -105.9db
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The modified switch makes the rail to rail input signal possible for low
voltage switched circuit. By desensitizing “on” resistance of the sampling switch, the
linearity of switch is improved. The main idea is to distinguish which terminal is the
real source terminal so that the gate overdrive voltage can be maintained exact Vdd
and the variation of threshold voltage due to the body effect can be canceled for the
analog switch. Because the bulk always connects to the real source, the latch-up
problem would not exhibit. Finally, the “on” resistance does not vary with the input

signal and is immune to variation. The total harmonic distortion is highly suppressed.

4.3 Low Voltage Low distortion amplifier and integrator

It is important to design a good amplifier for switched capacitor circuit. The
amplifier is the key component and its design would directly impact the whole
performance. We should take it into more considerations. In low power supply, the
transistors are not easily in deep saturation region. Therefore, the linearity of the
amplifier would be much reduced. It 1s:unavoidable.-On the other hand, the non-ideal
opamp would also contribute the distortion. The distortion usually results from finite
gain, bandwidth and slew rate. These are also being taken into the consideration. The
amplifier architecture applied for the switched capacitor filter is two-stage. The two
stage amplifier can provide a large gain which can reduce the error caused by finite
gain. The two-stage is also flexible for designing. Especially we need a large output
current to improve the slew rate. Besides, we can benefit a low output resistance. The
amplifier would not be much restricted by a large load. It is good to switched
capacitor filter because the large capacitor is often applied in it [25] [26].

For designing a high speed switched capacitor filter, setting time would be a
critical point. Inadequate setting time would make the resolution of SC filter decrease,

because the amplifier could hardly complete the charge or discharge on the capacitor.
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Thus settling time would be a big impact on switched capacitor filter. For producing
an adequate settling time, the bandwidth and slew rate of the amplifier should be
taken into consideration. The infinite unit gain bandwidth and slew rate are both what
we desired. But it is difficult to achieve. On the other hand, a high slew rate is
sometimes incompatible with a high gain. A high slew rate must be achieved by a
large bias current in the output stage. It also may reduce the output resistance that
makes the overall gain decline. We need to get a balance between them.

The settling time is highly related to the step response of the amplifier. It is often
defined to the time which opamp can reach a specified percentage. The settling time
consists of two distinct parts: non-linear and linear slewing. The linear portion is
caused by finite unity-gain bandwidth of the amplifier. It would be a minimum value
for the settling time. The non-linear.segment is due.to the slew rate limiting. So it is
highly dependent on the output step.size. In practice, the opamp with the negative
feedback also acts like lowpass filterilt can-reduce the high frequency harmonic
distortion as well as the noise. Sometimes finite bandwidth also raises the linearity.
Thus in our filter design, we adopted a two stage amplifier instead of a folded cascade.
Especially it is easy to implement in low voltage. More flexible parameters can be
used.

The main drawback is that the amplifier has a smaller bandwidth and common
mode input range. The differential architecture can eliminate switch charge injection,
clock feedthrough and even-order harmonic distortion. The linear error of the
capacitor is also alleviated. Besides, the signal swing and PSRR of the amplifier
would be increased. In order to achieve a high signal swing, we need to set a common
mode signal close to VVdd for N-mos input pair.

The two-stage amplifier is shown in Figure 4.8. The transistors M3 M4 M4C

M5 M6 M6C provide the current mirrors. We can adjust the transconductance by
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changing the transistor size ratios. M4-M8, M6C-M7C are the first gain stage. We use
the self-bias structure for high stability. M9-M10 and M9C-M10C are the second
stage. The circuit below the amplifier is common mode feedback circuit. It is formed
by two differential pairs. In addition, for a large signal swing, the commode level
should be close to VVdd instead of 1/2 VVdd with using N-input pair. In this case, we set
it into 1V to get a large swing. We also enlarge the output current to raise the slew rate
for low distortion, as we mentioned before. Figure 4.9 shows the frequency response
of the amplifier (SS FF TT). The gain of the amplifier is about 78dB. High gain also
helps us reduce the distortion caused by finite gain error. The unit-gain bandwidth of
the amplifier is 100 MHz with 5p loading. Using the two-stage amplifier allows us to
drive a large loading. The settling time about 11ns also meet our need. (Figure 4.11)

Table 4.2 is the simulation result ofithe amplifier.

Vemib| |vemb

MaC |—I Mectl)-l Metll——uflms M3F"——-IlfM4 |-|le40 |-| M9
out2 |_-|=‘__ Vin1-|t:__:j|—Vin2 1=‘—| outt

M10C I—V|7cj|J Mf: VbiaS‘|t_L } MSLlF[ASC_| M10

Figure 4.8 The two-stage amplifier
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Figure 4.10 Settling time

Table 4.2 The simulation result of the amplifier

Amplifier Spec. Result
Process TSMC 0.18um Mixed-Signal
Supply voltage 1.5v
Gain 78db
Cut-off frequency 100MHz
Slew rate 85v/us
Phase margin 87 degree
Settling time 11ns
Load 5p
Harmonic distortion -69.1dB@200k,1.2Vpp
Power dissipation 3.48mW
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4.4 The implementation of the filter

The biquad is shown in figure 4.11. This channel select filter is composed of

three biquads. Table 4.3 shows the frequency response of the filter by SWITCAP. The

passband attenuation is bout under 1dB within 2MHz. The signal frequency excess

2MHz would attenuate rapidly.
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Figure 4.11 The implementation of the biquad
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Table 4.3 Switcap simulation result
(*): vdb(OUT)
freq -60.00 -40.00 -20.00 .00 20.00
1.00-01 |-------------- e e e |
1.02-01 | * |
U

1.90+06 | * |
1.94+06 | * |
1.97+06 | * |
2.01+06 | * |
2.05+06 | * |
2.09+06 | * |
2.12+06 | * |
2.16+06 | * |
2.20+06 | * |
2.25+06 | * |
2.29+06 | * |
2.33+06 | * |
2.37+06 | a |
2.42+06 | X |
2.46+06 | I |
2.51+06 | x |
2.56+06 | * |
2.60+06 | * |
2.65+06 | * |
2.70+06 | * |
2.75+06 | * |
2.80+06 | * |
2.85+06 | * |
2.91+06 | * |
2.96+06 | * |
3.02+06 | * |
3.07+06 | * |
3.13+06 | * |
3.19+06 | * |

freq -60.00 -40.00 -20.00 .00 20.00

(*): vdb(OUT)
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4.5 On-Chip Buffer

In order to push the pad, the output buffer is needed. In normal case, the source
follower is often used. But in the low power supply, the signal would be reduced.
There is a solution which is using higher power supply. But it may affect the
distortion of the output signal. In our design, the output buffer is just like the amplifier
in the biquad but just single end. This is because the signal swing would not be

reduced by output buffer and would not result in much distortion..

M6 _|F—r—[Cms Mltl} =IjM4 :IfMQ

Vin1-| _:jl-Vin2 1—_-‘_“_ out
M7 | }EM8—|tM1o

I
<
=X
Q
[/2]
T
I
||=

Figure 4.12 Output Buffer

4.6 The post simulation result of the filter

Figure 4.13 shows the output signal of the filter at input signal with frequencies
being 50k 200k 800k 1500k 2000k 2300k 2500k, respectively. The input signal swing
is 1.2Vpp because we set the input common mode close to VVdd. The red and blue
lines mean the output signal and input signal, respectively. The output signal with
frequency over 2MHz would be attenuate rapidly. The specification of the filter is
shown in Table 4.4. The in-band signal with frequencies which equals 50kHz, 100kHz,
200kHz, 300kHz, 400kHz, 700kHz, 900kHz, 1000kHz is analyzed with Fourier series.
It shows the THD is about -47db at 1000k Hz. Figure 4.14 shows FFT of the output
signal at input signal with various frequencies. The FFT shows the SFDR are about

-60db and -50db at input frequencies with 996k Hz and 1.89Meg Hz, respectively.
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Table 4.4 The specification of the filter

Specification Result
Process TSMC 0.18um Mixed-Signal
Power supply 1.5V
Filter type 6th order elliptic low pass filter
Corner frequency 2MHz
Signal swing 1.2Vpp

Area

1.082 mm*1.107mm

THD(1.2Vpp)

-65db@50k
-63db@100k
-55db@200k
-54db@300k
-50db@400k
-47.2db@700k
-48.2db@900k
-47db@1000k

Power consumption

66.1327mW
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(c) 332k Hz
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AMPLITUDE (c8)

(d) 996k Hz

AMPLITUDE (c8)

(e) 1.894Meg Hz
Figure 4.14 FFT of the output signal at input signal with various frequencies
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Chapter 5

Conclusions

5-1 Summary

With the constraint of device speed, its application mostly focuses on voice
band. In recent years, the mobile communication product is a strong driving force for
high speed filter, especially need for high bit rate in 3G generation. The direct
conversion is a concrete solution for highly monolithic integration and multi-standard.
The channel selection is realized in analog ¢ircuit with using the wide band switched
capacitor filter.

In this thesis, a 1.5v 20MHz low distortion channel selection filter with 2MHz
passband for UMTS is completed:-It.can maintain'the output distortion under -65db at
input signal with 50 KHz. We use a novel sampling switch for higher linearity and
reduce distortion of the integrator. In the integrator, the most important
implementation is the amplifier design. We use the two-stage structure common in
switched capacitor filter, because of less output resistance to large capacitance, high
gain for both less distortion and high accuracy and high slew rate for suppressing

nonlinearity .

5.2 future work and challenge

A 1.5V low distortion channel selection filter is obtained in this thesis. A large
swing with low distortion can result in a high dynamic range. In addition, the high DR
is often obtained with high OSR. The two-stage structure results in low bandwidth

which limits the upper clock rate but suitable for low voltage. The rail-to-rail
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amplifier with large bandwidth is essential in the low voltage analog circuit design.
The low distortion structure is also need in the low power supply, especially in low

over-sampling ratio.
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A Low-Voltage Low-Distortion MOS Sampling Switch

Chun-Yueh Yang
Department of Communication Engineering &
Innovative Packaging Research Center
National Chiao Tung University
Hsinchu, Taiwan

Abstract—In order to reduce distortion due to variation of the gate
overdrive and the threshold voltage, a novel low-voltage constant-
resistance sampling switch is proposed in this paper. The technique
to reduce nonlinearity can be used in a high resolution sample and
hold circuit. TSMC 0.18um standard CMOS technology is utilized
in this research. Results indicate that much lower Total Harmonic
Distortion (THD) is achieved by the proposed circuit. The low
THD meets the requirements in the application of the low-voltage
low-distortion switched-capacitor circuits.

. INTRODUCTION

In the modern system design, the voltage limitation of the
technology indicates the analog circuit must operate .in'the
same or comparable low voltage as the digital circuitry.
Digital circuit can benefit from size scaling down.to achieve
low power and smaller silicon area, but it has become
increasingly difficult to design an analog circuit “at low
voltage. For high resolution Analog to Digital’ converter
(A/D), a high performance Sample and Hold (S/H) circuitiis
needed. The dynamic performance of the S/H circuit usually
limits the overall dynamic range of A/D. In order to achieve
high enough SNDR, a full swing range is necessary.
Unfortunately, the traditional CMOS analog switch is not
suitable for rail-to-rail swing at low voltage supply.
Therefore, a bootstrapped switch was introduced to achieve
the rail-to-rail operation and low distortion [1]. However,
the variation in the “on” resistance of the switch dominates
the distortion performance. Several techniques for
mitigating the variation of “on” resistance were also
proposed [2][3]. This paper proposes a novel sampling
switch circuit to eliminate the nonlinearity by keeping the
gate overdrive and the threshold voltage constant.

“

This paper is organized as follows. Background of sampling
switches is presented in the next section. Then, various
techniques proposed previously to hold the “on” resistance
constant are illustrated. Section IV shows the proposed
sampling switch whose resistance can be held constant by
resistible to variation of the gate overdrive and the threshold
voltage. The performance of the proposed switch is shown

Chung-Chih Hung

Department of Communication Engineering &
Innovative Packaging Research Center
National Chiao Tung University
Hsinchu, Taiwan

in Section V. Finally, the conclusion of this paper is
provided in Section VI.

Vi

@
n - F Vout
Figurel. A simple sampleiand hold circuit

1. BACKGROUND

Figure-1 shows a basic S/H circuit. When @ is high (usually
\/dd); the switch will be turned on and the capacitor will be
charged/to Vin. When @ is low, the switch will be turned off
ahd" the capacitor will hold the sampled voltage. Its
resistarnce is given by

1
Ron = )

W
:unCox T(Vgs _th)

where Vi, =V, +7[\/2|¢F|+VSB _\/2|¢F|] @

There are some obvious drawbacks in this sampling switch.
The sampling switch output is limited to Vdd -Vt. If Vin >
Vdd -Vt, the output voltage would be saturated and the
incorrect voltage would be sampled. It would not have a full
swing range. Besides, the resistance would vary with the
input signal from Equation (1). It may donate larger
harmonic distortion. The body effect also contributes
nonlinearity, especially at low voltage. Therefore, the
bootstrapped switch was proposed to solve the full swing
problem and variation of the switch resistance.
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L. BOOTSTRAPPED SWITCHES AND RELATED
COMPENSATION TECHNIQUES

From Equation (1), to obtain constant resistance, the gate to
source voltage should be held constant during the “on” state.

vdd

SW4(@1)

SW2(22) T l
[

| |
{ SW3(Q’1 SW5(21) (

Figure2. The bootstrapped switch

Vout

A

sw1(@2)

Figure 2 shows the principle of the bootstrapped switch [2]
and the circuit realization is shown in [1]. During the “off”
state (SW3, SW4 and SW5 on), the capacitor would be
charged to Vdd and likely act as a floating battery to
bootstrap the gate voltage when the “on” state (SW1, SW2
on) . It is assumed the input terminal of the sampling switch
would be source. Therefore, the resistance of the switch is
given by

1
Ron = W 3)
Cou T (Vdd -V,)

Clearly, it can be independent of input signal to reduce
harmonic distortion. However, the MOS switch is
bidirectional and symmetric. The source and drain terminals
may interchange depending on the input signal and previous
sampled voltage. If the input signal is larger than previous
sampled voltage, the source and drain terminal would be
interchanged. Therefore, the source voltage is not Vin but
sampled voltage in the previous state. Then, Vgs is
not "Vdd”. We can not maintain Vgs constant. Another
distortion source of threshold voltage variation from body
effect still donate large distortion, especially in low power
supply. Therefore, the body effect compensated switch was
proposed in [2] [3]. The main idea behind [2] is to use
direct connection from source to bulk to avoid the body
effect during “on” state. This is a straightforward idea, but
the real source is not always the input terminal in practice.
And if the source of the P-type transistor is not highest
voltage of all terminals, it may cause the latch-up problem
[5]. Of course, Vsb also does not remain zero when the real
source is not the input terminal of the sampling switch.

Another technique was proposed to use a replica transistor
to cancel the threshold voltage [3], as shown in Figure 3. It
is modified from a typical bootstrapped switch. It creates a

threshold voltage as the same as the one sampling switch
and cancel each other to be deprived of body effect. It is
derived as follows. The drain current of MD in saturation is
given by

~Vdd Vdd
V
— e
i v,
= swion G I
SW2(01)
Coswieln T -
Vdd L SWHD2)
SW5(01)
= Vin TIT;Vou‘[

Figure3. Transistor replica compensation

W
- _/uncox T (VGS _Vt)2

The drain=current is constant by ignoring the second-order
effect. Then we can find

|
NL. = £ CD (W)+V‘
2/'ln 0X L

When SW1 and SW4 are on (Vin =Vs),

|
V, = D
1 W
4 C (=
5 Mo ox(L)

+V,+V,, 4)

The gate voltage of the sampling switch would be equal to
V; +V,, . Substituting Equation (4) into Equation (1) and
assuming Vs equals Vi, Ron can be obtained as following.

1 (5)
W 21
Cox T(Vdd + —\?V)
/uncox (T)MD

Ron =

From Equation (5), all the parameters of the resistance are
constant, but this circuit still suffers from the problem
described previously, where the source terminal might be
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the input. In practice, the Vt of the sampling switch and
replica would not match exactly due to the second order
effect and process variation. It is difficult to be compensated
completely. The input signal is also needed to decrease by a
threshold voltage to make sure the replica transistor in
saturation. Another circuit was proposed to modify this
drawback of smaller swing range in [4].

V. THE PROPOSED CIRCUIT

Through the above discussion, a key point is that a “source
follower” is needed to track the “real source” connecting the
charged capacitor and maintaining the gate overdrive to be a

constant voltage "Vdd”. Figure 4 shows the proposed circuit.

The sampling switch is composed of a comparator and
several switches. Besides some necessary switches of a
typical bootstrapped sampling switch, additional switches
SW6 and SW7 are added. To ensure rail to rail swing, SW6
and SW7 are made of complementary switches. The
comparator is used to trigger SW6 and SW7 to make the
bulk connect to the real source terminal. The bulk is
guaranteed to connect to only one terminal, the source
terminal, during the “on” state. We adopt the structure of
direct connection between source and bulk because it has
less nonlinearity and large input swing than using a replica.
In the standard CMOS technology, the sampling: switch
should be P-type. Two cases are discussed in the-following
where Vin represents input signal and Vout represents the
voltage sampled in the “on” state.

S
I —
SW2En | 4+
+ Vdd ::_
SWHia)
SWee
-—
SWEE2)
SW& control
w I"-"Idd _ m Voul $igl’|ﬂ|
vin ¥ Vout i
T 1 T vin SWT conirol
bulk signal
- "
5We SWT

Figured. The implementation of propesed circuit

Case 1. When Vin > Vout, the real source is the input
terminal. During “off” state (SW2, SW3, and SW5 on), the
capacitor would be charged to -Vdd. During the “on” state
(SW1 and SW4 on), the comparator output will be low to
turn on SW6 to make a connection between the input and

bulk because input voltage is higher than Vout . And the
gate voltage of switch equals Vin - Vdd. Then the gate
overdrive (Vsg) and Vsb exactly equals Vdd and zero
respectively, during the “on” state.

V =V, .V

source in ’ gate

=Vin _Vdd WV =Vt0’vsg =Vdd

tp

Ron = L (6)

W
;upcox T (Vdd - |Vt0 |)

Case 2: When Vin < Vout, the real source terminal should
be the output terminal. It is certainly the reverse of case 1.
The SW7 would be turn on by the comparator to connect the
output and bulk. The gate voltage would become Vout -
Vdd and the source voltage is also VVout. The gate overdrive
(Vsg) still maintains exact VVdd. And threshold voltage is
also held constant.

V =V,,.V

source out ' ¥ gate

=Vout _Vdd 'th =Vt0’ Vg =Vdd

s
1

Ren =
w
fupCox T (Vdd - Ivt0|)

The above equation is the same as Equation (6). During
“on” 'state; when the difference between input and output
becomes “zero”, the comparator would be low and SW6
would‘be turn on again. At this time, we do not care which
terminal is source because Vin already equals the sampled
signal.

V. RESULTS

The simulation was completed by using HSPICE and TSMC
0.18um CMOS process technology. The power supply
voltage is 1.8V. A 1.8Vpp 1Meg sinusoidal wave is applied
to the ordinary bootstrapped switch without compensation,
the bootstrapped switch with compensation in [3], and the
proposed switch in this paper respectively. They are all
loaded with 1 pF capacitance. The comparator in this paper
has the voltage gain of 2000. Figure 5 illustrates the voltage
of input, output, and bulk of the sampling switch. It is
shown that the bulk would track the lower signal between
input and output.

Figure 6 shows the FFT of the output voltage in the ordinary
bootstrapped switch without compensation, bootstrapped
switch with compensation in [3], and the proposed switch in
this paper. Table 1 summarizes the total distortion of these
switches. The results show that total harmonic distortion
(THD) is improved by 12.3dB and 42.5dB, respectively, in
contrast to [3] and ordinary bootstrapped switch. The FFT
results clearly indicate the huge improvement.
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Table 1. Simulation results for harmonic distortion

Typical Ref[3] Proposed
THD -41.6db -71.8db -84.1db
HD2 -44.2db -72.7db -87:9db
HD3 -46.9db -82.6db -105:9db
VI. CONCLUSION

In this paper, a novel low-voltage low-distortion switch has
been presented. The modified switch makes the rail to rail
input signal possible for low voltage switched circuit. By
desensitizing “on” resistance of the sampling switch, the
linearity of switch is improved. The main idea is to
distinguish which terminal is the real source terminal so that
the gate overdrive voltage can be maintained exact VVdd and
the variation of threshold voltage due to the body effect can
be canceled for the analog switch. Because the bulk always
connects to the real source, the latch-up problem would not
exhibit. Finally, the ”on” resistance does not vary with the
input signal and is immune to variation. The total harmonic
distortion is highly suppressed.
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A Reliable Low-Voltage Low-Distortion MOS Analog Switch
Chun-Yueh Yang and Chung-Chih Hung
Department of Communication Engineering, National Chiao Tung University, Hsinchu, Taiwan

Abstract A novel low-voltage low-distortion analog sampling switch is proposed in this letter. A ““ source tracker” techniuge is used to distinguish

the real source terminal of the sampling switch. The turn-on resistance of the sampling switch is kept exactly constant. The modified switch makes the

rail-to-rail input signal swing possible for low voltage. TSMC 0.18um standard CMOS technology is utilized in this research. Results indicate that

much lower Total Harmonic Distortion (THD) is achieved by the proposed circuit. The low THD meets the requirements in the application of the

low-voltage low-distortion switched-capacitor circuits.

Keyword distortion, total harmonic distortion, sampling switch, analog switch, constant resistance

I. INTRODUCTION

In the modern system, digital circuits can benefit from
feature size down-scaling to achieve low power and small
silicon areas, but it has become increasingly difficult to design
analog circuits at low voltage. The dynamic performance of the
Sample and Hold (S/H) circuit usually limits the overall
dynamic range of the A/D converter. In order to achieve high
enough SNDR, a full signal swing is necessary for S/H circuits®
Therefore, a bootstrapped switch was introduced to achieve the
rail-to-rail operation and low distortion [1]. Several stechniques
for mitigating the variation of the switch turn-on resistance due
to the body effect were proposed [2] [3]. This letter presents a
novel sampling switch circuit to eliminate the nonlinearity by
keeping the gate overdrive and the threshold voltage «constant

while still maintaining a rail-to-rail signal swing.

I1. LOW DISTORTION SAMPLING SWITCH

In the previous papers [2] [3], two solutions for the body
effect compensation were proposed to reduced the variation of
the switch turn-on resistance. They are the bulk-source
connection compensation [2] and the replica compensation
[3].However, the former solution might cause latch-up problems
[4], and the later one would result in a smaller signal swing. For
either the bulk-source connection compensation [2] or the
replica compensation [3], it is always assumed that the input
terminal of the MOS switch is the source terminal of the
MOSFET. There is the potential problem that the real source
terminal may be changed, not always the input terminal. We
take a PMOS sampling switch as an example. If the previously
sampled output signal is larger than the current input signal, the
real source would be changed to the output terminal of the MOS
switch. If we used the source-bulk connection to connect the
bulk to the input, then the bulk would not have always
connected to the real source, the largest signal, and might have

caused latch-up problems. Therefore, we propose a “source

tracker” for tracking the “real source” and maintaining the gate
overdrive to be a constant voltage ”Vdd”. Figure 1 shows the
proposed circuit. The sampling switch is composed of a
comparator and several switches. The comparator is used to
trigger SW6 and SW7 to make the bulk connect to the real
source terminal. The bulk is guaranteed to connect to only one
terminal, the source terminal, during the “on” state. We adopt
the structure of the source-bulk connection because it has less
nontinearity and larger input swing than using a replica. Two
cases are discussed, in the following, where Vin represents the
input.signal and Vout represents the sampled voltage during the

previous “0On” state.

Case 1:When Vin > Vout, the real source is the input terminal.
During“the “off” state (@2), the capacitor would be charged to
Vdd. During the "on” state (@1), the comparator output will be
low to turn on SW6 to create a connection between the bulk and
the input, the real source. Then the gate overdrive (Vsg) and

Vsb exactly equal to Vdd and zero, respectively, during the “on”

state.
Vsource :Vin J Vgate :Vin _Vdd J th :VtO'ng :Vdd
Ron = W !

/upcox T(Vdd - |Vt0|)

Case 2: When Vin < Vout, the real source terminal should be the
output terminal. It is certainly the reverse of case 1. The SW7
would be turn on by the comparator to connect the output and
the bulk. The gate overdrive (Vsg) still maintains exactly Vdd.

The threshold voltage is also held constant.

Ve =V

source out ’

Viate =Vou =Vag» V

tp

gate :VtO' ng :Vdd
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Ron =

w

T (Vdd - |Vt0 |)

£#,C oy

We can find that all parameters, including Vt, are independent
of the input signal in the above two equations. Our sampling
switch is also reliable because all the junction voltage of the
sampling switch would not exceed Vdd, unlike the replica

compensation [2].

—

S W[

swzqn ¥

[G] ]
WA (3] )

! SWS[O2Z)
Wdd Vout
in

SWE control
.—.I. signal
¥ Vout i
b SW7 control
bulk signal
SWE SWT

Figurel The implementation of the proposed circuit
I1l. RESULTS

TSMC 0.18um standard CMOS technology and 1:8Vpvoltage
supply are utilized in this research. A 1.8Vpp 10Meg sinusoidal
wave is applied to the ordinary bootstrapped switch,  the
bootstrapped switch with compensation [3], and the "proposed
switch in this paper, respectively, with the sampling clock of
200MHz. They are all loaded with 1 pF capacitance. The
comparator in this paper has the voltage gain of 2000. Figure 2
shows the turn-on resistance of the three sampling switches
during one period of the 1.8Vpp 10Meg input signal. The solid
line, the dashed line, and the dotted line represent the proposed
switch, the ordinary bootstrapped switch, and the bootstrapped
switch with compensation [3], respectively. The resistance of
the proposed switch remains constant at about 57Q with only
0.2Q variation. Figure 3 illustrates the voltage of the input
signal, the output signal, and the bulk terminal of the sampling
switch. It is shown that the bulk would track the higher signal
between the input and the output, that is, the real source
terminal of the PMOS switch. Table 1 summarizes the THD of
the three switches. The results show that THD is improved by
12.3dB and 42.5dB, respectively, in contrast to the bootstrapped
switch witch compensation [3] and the ordinary bootstrapped

switch.

To consider the zero-cross distortion occurred by
switching SW6 and SW7, the output signal is analyzed as a
small signal of 0.2 Vpp is applied at the input. Figure 4 shows

that a high dynamic range of about 80dB can still be obtained

under the circumstance.

B0 e s

B e o e e i e

3 — R——
54 i |

r—r—+ .~ 1T+ 11

0 50n 1000

Figure2. The turn-on resistance of the three sampling
switches

1V. CONCLUSION

In this letter, a novel low-voltage low-distortion analog
switch has been presented. The modified switch makes the
rail-to-rail input signal possible for low power supply. The main
idea is to use a “source tracker”. Because the bulk always
connects to the real source, the latch-up problem would be
prevented. Finally, the “on” resistance of the switch does not
varywith_the input signal and is immune to variation. The total

harmonic distortion is therefore highly suppressed.
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Figure4. FFT of the switch output with small input signal

Table 1. Simulation results for harmonic distortion

Typical [3] Proposed
THD -41.6db -71.8db -84.1db
HD2 -44.2db -72.7db -87.9db
HD3 -46.9db -82.6db -105.9db
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Appendix 2
Test setup and measurement

A2.1 Introduction

The testing environment will be introduced in Appendix 2. It will introduce

measuring instruments and testing boards. The test result is shown in the following.

A2.1 Input signal generation

For testing the channel selection filter, the input signals with opposite phase and
moderate mean value is needed. The input signals'\with opposite phase are achieved
by a transformer composed of several inductors. The output inductors would be
induced by input ones and generates two.-Signals.-with-opposite phase. The input signal
of the channel selection filter is generated by.a/AC coupled and DC generator circuit.
(Figure A2.1) C; and C, are AC coupled capacitor only for passing AC signal. The
common mode signal is provided with these resistors. Ve, is the DC level of the two

output signal with opposite phase. In our filter, vy equals tolV.

/é:,“w 1T = Vin+
Vad 7;’ s

_%‘/W‘ T~ Vin
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Figure A2.1 AC coupled and DC signal generator

A2.2 Regulator and reference voltage generator

In the mixed-mode system, the digital and analog power supply should be
separated for less disturbing. The ground planes are connected by a large inductor
which avoids high frequency noise from digital circuit coupling to the analog circuits.

The power supplies are generated by LM317 regulator. It is shown in figure A2.2

LM 317
Vin (o, O

ADJ Vout

C,=0.1uF ——
‘ R,=240K —— C,=1uF

R2:2K

Figure A2.2 LM317 regulator

The output voltage is expressed by two-resistors R; and R,

V. =1.251+ %) + 1 o5 R,

1

Iap; is the DC current from the terminal of LM317. Vin is often created by a 9v
battery instead of power supply for smaller noise power. The capacitor C1 and C2 are
for declining the input ripple and improving the transient response, respectively.
Unfortunately, the minimum output voltage of LM317 regulator is 1.25V. It is
necessary for another reference generator (figure A2.3). The reference generator is
shown in figure
It is composed of several resistors, capacitors and an OP27. The OP27 is a unit gain
buffer and its output would follow its input signal generated by 2K potentiometer. The
input voltage 6V can be generated by LM317 regulator. In addition, it is common with

a bypass filter (figure A2.4) at regulator output for reducing the noise power and

70



output ripple.

6V +9V

10u

5
IH—

]
10n 47k

WA
1k

Figure A2.3 voltage reference generator

V L 1= 100u
in Vout
o—/YYY) 0

C,=10uF TTG=0F [Ci=0.1uF |C4=0.01uF

Figure A2.4 output bypass filter

A2.3 Clock generator

The clock signal is generated by function generator, 33250A 80MHz AWG. It can
produce 20MHz clock and sine wave signal. The sine wave signal would be applied

on the transformer to produce two balanced signal with opposite phase.

A2.4 Experimental results

Figure A2.5 and A2.6 shows experimental setup and chip pins.
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Figure A2.5 Experimental test setup
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Figure A2.6 The chip pins

Unfortunately, the output mean value of the filter is about 0.755v not 1V,
because the common mode feedback circuit does not work properly. The net charge
on the capacitors would not be transferred correctly and the amplifier is out of work.
The signal with various frequencies at the output node is obtained. It should be
coupled by Clock signal. We should make the clock generator and clock line far away
from the analog circuits for less coupling and place the ground line in the middle part
for shielding. The clock line also should not be bent for less parasitic capacitors and
antenna effects. In addition, the clock should be generated by frequency divider with a
crystal oscillator for high precision. In addition, the capacitor should be arranging in

arrays for better matching.
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