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OP-AMP FREE SC BIQUAD LPFAND DELTA-SIGMAADC

1. INTRODUCTION

Switched-capacitor (SC) circuits are very impatrtamlding blocks in analog
mixed signal systems due to their accurate frequamesponse as well as good
linearity and dynamic range. Switched-capacitocuits can provide highly accurate
discrete-time frequency response since filter cciefits are obtained by capacitor
ratios. The capacitor ratios can be set accuratety are less susceptible to process
variation. Switched-capacitor circuits are alsoduas gain stages, voltage-controlled
oscillators, and data converters [9] among varapications.

An operational amplifier (op-amp) is the most imtpat analog block in
switched-capacitor circuits. SC circuits are based charge-transfer and op-amp
provides virtual ground to enable accurate chargester. It can be proved that the
accuracy of the charge transfer and hence the mpeafece of SC circuits is limited by
the non-idealities in the op-amp like finite op-ag®an, offset etc. To overcome these
limitations introduced by the op-amp, some attengwés being made to replace op-
amp with relatively simple circuits. One of theggp@aches is using a unity-gain
buffer [6]. There are many advantages of usingytgatin buffers rather than op-amps
in switched-capacitor circuits. First, unity-gainfters can be realized using much
simpler circuits than op-amps, therefore circuisige become much easier. Second,
since unity-gain buffer circuits are much simptaey require smaller silicon die area,
resulting in a better yield. Third, unity-gain berf§ consume less power and hence are
suitable for portable application requiring longtbey life. An alternative approach is
using a simple inverter instead of an op-amp. heveoffers similar advantage as a
unity-gain buffer.

The objective of this work is to explore the fédgly of using inverters in SC
circuits. In order to verify the feasibility of umg simple inverters in SC circuits, a
switched-capacitor biquad LPF and a second-ordéta-dggma analog-to-digital
converter (ADC) are designed in the Qs CMOS.
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The thesis organization is as follows. In Chagtethe switched-capacitor
biquad-filter is briefly described and a couplel@f/ pass filter design are presented.
Inverter and switch design is presented in ChagterChapter 4 describes the
fundamentals of the delta-sigma modulator. The iapefeatures, which are
oversampling and noise-shaping, of delta-sigma taboiuare revisited. A wide-band
low-distortion delta-sigma ADC is introduced anddiiied to the inverter based delta-
sigma ADC in Chapter 5. Also Chapter 5 is devotedhe circuit implementation of
the op-amp free second-order delta-sigma modul@b@.simulation results are given
in Chapter 6. The layout of inverter and ADC is whoin Chapter 7. Finally,

Chapter 8 presents conclusion for this thesis.



2. SWITCHED-CAPACITOR BIQUAD FILTER

High performance filters are commonly realizech@itin continuous-time
domain or discrete-time domain depending on théiagmn. Continuous-time filters
are realized using passive elements like resistaysacitors and inductors, and their
active counterparts can be derived by using aaieenents like transconductance
stages or op-amps . There are some problems tctlgirmplement continuous-time
filters in monolithic form. First, continuous-timlters need large resistors and
capacitors. Second, it requires accurate RC tinmestaat. Discrete-time filters are
built using switched-capacitor networks in whicte trequired transfer function is
realized by appropriately transferring charge ameagous capacitors. Switched-
capacitor filters can present the solution to thesilems. Although SC circuits are
known since mid 1960s, the monolithic switched-c#pa filters have come into
prominence in the late 1970s [3][4]. A switched-&aor biquad filter is presented in

the next section

2.1. Biquad Filter Design

P2
o e
Ca
Il
1
»2 Cbl
—o
o1 Ch2
VIN o1 |Cal Ca2 |
|
X—o~e+—{|- >4¢2 a q:é _ VOUT
5 ° [ L [* >——|ZI

q’l} ®2
v f 4

Figure 2.1. The-damping biquad filter

To achieve the higher order switched capacitter8| lower-order sections are

cascaded. Typically, higher-order transfer functibir{z) is divided into the product
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of second order blocks. IH(z) is an odd order function, one first-order facter i
added to this product.
The biquadratic transfer function H(z) is given by
2

o
These second-order sections are often called bsgquadthis chapter, two types of
biquad LPF topologies are presented. The first tymalledo-damping biquad filter is
shown in Figure 2.1 and equivalent schematic isgted in Figure 2.2(a). The

associated signal-flow diagram is shown in Figug®).

(2.1)

p2 Cal ¢

2 Ca o2 O\’—l—l ]

TR aete
Cbl Cb2

o1 Cal o2 | i

D2 (oX]
(OX)
f l_ \I { ®z VOUT

(a)
-Ca
Callz™ v/ 11 ca2x [ 1 _ 1
i(2) o > p— ! o VO(z
Via) Cil 1-7° Ch2 1-7° @
(b)

Figure 2.2. Equivalent schematic of Figure 2.1, asignal-flow graph
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The transfer function ofi-damping biquad filter can be calculated by apmyin
Mason’s rule on the signal-flow diagram and is giby

H(2) = CalCazlz
Cbz(Cu + Cbl)Z2 + (Cal [Ca2 —Cp1[Co2 - CbZ(Cu + Cbl))Z + Co1 [Co2

(2.2)

If we choose Cal=Ca2, Cbl=Cb2, then Cal=Ca2=,b,+b +h,

Cbl=Ch2=h,, and ca=2"%

e

®2
o e

Ce
Il

I
®2 | Cbl
—o
®1
—0
VIN o1 Cal

K—0 e |—=—> SR R S U VOUT
4 | " | ’ >_._|z|
c1>1\I fcbz

v

Figure 2.3. The e-damping biquad filter

The second type shown in Figure 2.3 and equivasehiematic is presented in
Figure 2.4 (a) is called e-damping biquad filted ats signal-flow is presented in
Figure 2.4 (b). The transfer function of e-dampimiquad filter can be similarly
derived as

H(Z)_ CalCazlz
Ci [Tz (7 + (Car [Caz + Caz :Ce — 2Cin [Ch2)Z + Cht [Ch2 - Caz (Ce

(2.3)

To get capacitor values, same procedure is apptiec-damping biquad filter. If

Cal=Ca2, Cbl=Cb2 then Cal=Ca2=.b,+h+h, , Cbl=Cb2=,/b,, and

Ce:&_
Vb, +b +hby



Cal o
:
I/I »1
Ce
—|
Cltlal Ch2
o1 Cal| o2 " ca2 | "
i U o > 22 1 |
VIN p | J | —X

S R e

(@)
-Ce(l-z")
Callz™ v/ 11 ca2zt [ 1 _ 1
i(2) o > » — [ E o Vo(z
Vi) cH 1-7° Ch2 1-7° @
(b)

Figure 2.4. Equivalent schematic of Figure 2.3, arsthnal-flow graph

2.2. Simulation Result

The fourth-order low-pass Bessel filter is usedd&mnonstrate the idea of
using inverters instead of op-amps to realize tGes&ctions in the filter. Two biquad
sections are cascaded to realize the fourth ortler. fThe target 3dB bandwidth of
this filter is 20 kHz with an OSR of 128. The capacvalues were calculated by
equating the coefficients of theoretical transtanction in Eq. 2.2 with the required
transfer function obtained using MATLAB. The switchp simulator was used to
confirm the correct behavior ef-damping and e-damping topologies. The circuits
were implemented with ideal components in switch-samulator. MATLAB and

switch-cap simulation results are compared andréiselt is shown in Figure 2.5.
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Since the both results are identical, two topolegaee confirmed to have required

fourth-order Bessel filter characteristics.

RS ;
A :
hYE :
L LN _ i
0 I
L
A
PN
N
N
-40 i 7
\.
Y
Y
_ \
m 5
< _gol 'y i
E N
Q !
-80 |
-100f -
-~ without zéros(matlab)
- — switchcap(autozero) i
switchcap(biquad) : L : . P
-120 1 TR | i N R A | i R A | I
10° 10" 10° 10° 10’

Frequency

Figure 2.5. MATLAB and switch-cap simulation result

Figure 2.6 illustrates the transient analysis efdtdamping and the e-damping filters
with different op-amp bandwidth and gain conditiomgh a 2.5 V DC input. The
number 1 plot is the output of the e-damping filidren op-amp is modeled as 1GHz
unity-gain bandwidth (UGB) and 100 dB DC gain. Toigput is almost same as input
level. Transient simulations for various DC gaindamandwidth conditions
summarized in Table 2.1 indicate that the outpuelatively insensitive to the opamp
gain and bandwidth. The output levelseflamping is deviated by 0.058 V from 2.5 V.
However, e-damping filter shows better result tlagamping filter with same DC

gain. In conclusion, e-damping filter shows betierformance tham-damping with
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same DC gain and bandwidth op-amps. Since 40 dB)& can be relatively easily

implemented the e-damping filter is chosen as ddLRF.
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Figure 2.6. Transient Analysis efdamping and e-damping filters

OPAMP SPEC
(using ideal VCCS)

UGB(Hz) | GAIN(dB)
1 | E-damp 1G 100
2 100M 40
3 40M 40
4 | a-damp 100M 40
5 40M 40

Table 2.1. Transient simulation conditions

Figure 2.7 is the transient plot of e-dampingefiltvith some various DC gain
and bandwidth conditions as indicated in the figiMhile the response of the e-
damping filter is less affected by the UGB charigejer op-amp DC gain degrades
the filter response considerably. As a result,apx&amp biquad LPF has at least 40 dB
DC gain.
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2.3. Biquad LPF Based on Inverter

®2

o e
Ce
11

=1
d2 C|t£
—0
o1 Cb2

VIN o1 Ca Ca2 »1 VOUT
R—o o] —[>o-—| XA >o——|z|

Figure 2.8. The e-damping biquad LPF based on iekger

As shown in Figure 2.8, the e-damping biquadrfilteFigure 2.3 is modified
to inverters based filter design. The circuits indatted rectangle are offset-
compensated track and hold circuits [5]. The irerers reset during each tracking
phase. This track and hold circuit provides theneice voltage to sample the charge

on Ca2.

(OX ]
VIN IZI—o\o——II——[>o——|ZI VOUT
Cp

Figure 2.9. Offset-compensated T/H circuit
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3. OPAMP FREE SC CIRCUIT DESIGN

This research is mainly focused on finding altegremlutions to substitute the
conventional op-amps in SC circuits. In this chgptee design of an inverter that can
potentially replace the op-amp is presented. Swgdh SC circuits also play a major
role in the overall performance. The design of masi switches in the filter are also
presented.

Inverter is based on cascoded [10] structure duésttarge output impedance
and hence higher DC gain. In general, this higim gaiobtained with minimal speed
penalty. The other advantage is that this can edie short channel effects, since

cascode structure limitsoverdrive voltage) across input drive transistor.

3.1. Inverter Design

Figure 3.1 shows the inverter schematic which bellused in biqguad LPF and
delta-sigma ADC. M5, M7, M9, M15-M17, and M20 awvl threshold voltage (0.4
V) PMOS transistors.

_____ BASCRCUT
: 12 M M : 6
TR -

l 15| M1 M1 : 7 M

i[9 S Lt

i I T O
i M18 | NE

l l M2

| i IN X ML

IIg : M

' IBIAS | [TS:

| M19I:||1 I.fu:lmzo I J:VB
""""""""""" VSS

Figure 3.1. Inverter design based on cascode strict
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Transistors M8-M11 form the cascoded output sf8gand M6-M7 self-bias
M8 and M9. The low Y transistors guarantee that M6 and M8 always opdrat
saturation region. This structure uses simple bgasind can operate to low supply
levels. The role of M4 is to increase the gate agdt of M6-M9. M2 operates as
source follower to raise input dc level. M1 cas®d®put source follower M2 for
improved power supply rejection, thugd/of M1 is less dependent on supply. The
bias circuit consists of M12-M20. WI/L ratios of dhe transistors are shown on
Table 3.1.

M1 5/0.8 M8 40/0.8 M15 10/0.8
M2 5/0.8 M9 40/0.8 M16 10/0.8
M3 5/0.8 M10 20/0.8 M17 10/0.8
M4 20/0.8 M11 20/0.8 M18 5/0.8
M5 40/0.8 M12 10/0.8 M19 5/0.8
M6 40/0.8 M13 10/0.8 M20 10/0.8
M7 40/0.8 M14 10/0.8

Table 3.1. Transistors W/lufn/um) ratio of the inverter

3.2. Simulation Results

Volag:s (i)

1YY N P O N A AU A OO T o A A e WA

Figure 3.2. DC characteristic of the inverter

The DC transfer characteristic of the invertersiwn in Figure 3.2. The

linear range of the inverter is from 0.8V to 3.2Yidareset level is about 1.3V.
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Figure 3.3 shows the AC characteristics of propaseerter and the important results

are summarized in Table 3.2.

Il
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—— -

45 MHz UGB

Volts dB {lin)

150 ~

......
..........
oy,
.,
-
i
.,
,
e
.,
e,
w,
.......
LT
T

100 7

50

v,
-,
-,
",
any
5,
.
W
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=50

1® 10K 100k 1x 10x 100x 1g
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Figure 3.3. AC characteristic of the inverter

DC Gain 65.2 dB
Unity Gain Bandwidth 45 MHz
Phase Margin 8¢
Total Current 337.3A
Power Consumption 1.7 mW

Table 3.2. Characteristics of the inverter



14
45 MHz Unity-Gain Bandwidth and 80s sufficient for the intended voice
application. Figure 3.3 indicates that there am@zat high frequencies, but transient
simulations indicate that these zeros do not degtiael response of the inverter.

3.3. Switch Design

In switched-capacitor circuits, the switch is anportant component. Fast
switching operation can be achieved by increasirg #tio of transistor or reducing
sampling capacitor. However, there are severalgdesade-offs in doing one or the
other.

3.3.1. Channe Chargelnjection

A simple sampling circuit is shown in Figure 3T3ie channel charge is given
by
Qe :VVLCOX(\/DD Vi, _VTH) (3.1)

Figure 3.4. Channel charge injection [16]

When the transistor turns off, this charge movesht® source and drain, which is
called channel charge injection. The charge mowinghe input is absorbed by the
input source but the output is affected by the iaing channel charge deposited on to

the capacitor. The output voltage deviation dueh@nnel charge is
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— WLC,, (Voo ~Vin ~Viu)
2C,

AV (3.2)

Assuming the total channel charge moves on to #mepBng capacitor, the output

voltage is given by

VVLCOX(\/DD ~Vin _VTH)
Cy

Vou =Vin = (3.3)
and ignoring the phase shift between the inputangut, the output is given by

Vout

VVLCOX ] _ VVLCOX (\/DD _VTH ) (34)

V| 1+
( CH

H

3.3.2. Chargelnjection Cancellation

There are various methods to remove the chanrafehinjection. One of

those is using a dummy switch [1][2], as showniguFe 3.5.

A
1 e
Vin o Ml@ fl%

o \Vout

Figure 3.5. Addition of dummy device to reduce geanjection and clock
feedthrough [16]

If Aq, is equal to half of channel charge of M1, when tdfins off, this charge is
deposited onto the sampling capacitor. HoweVay, is absorbed by M2 to create

channel half phase later. To remo¥s,, Ag, must be same a#qg,. M2 is tied



16
between the drain and source, thus the size ofdvhosen to be W0.5W;, Lo=L.
Therefore Ag, =W,L,C,, (Vex —Vin = Vo )

Figure 3.6 shows the switch which will be usedjramp free LPF and delta-
sigma modulator. This consists of 4 NMOS transssttite W/L ratios are all equal to
2/0.5 @m/um) and a CMOS inverter is used for providing opfghase clock to

dummy switches.

IN HT _T X OUT
T I
VDD
VSS

Figure 3.6. Proposed charge injection cancelingcéwi
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4. DELTA SIGMA MODULATOR

Oversampling data converters have been widely dsedhigh-resolution
medium-to-low-speed applications such as high-gudigital audio. The delta-sigma
modulator was proposed in 1962 [11]. Due to twesoea, oversampling delta-sigma
modulators have been adopted frequently. Firstrsawepling converters avoid many
of the difficulties of implementing analog circuyitat the expense of more complicated
digital circuitry. Second, they require simplerigaadtasing filters for A/D converters
and smoothing filters for D/A converters. Oversamgplconverters usually use noise
shaping which is referred to as delta-sigrmv&)(modulator. By applying oversampling
and noise shaping, delta-sigma modulator can aehiexry high resolution for
relatively low-frequency signals. Oversampling dedtgma data converters have been
mainly used for digital audio applications. Recgrdk the speed of submicron devices
has been increasing, delta-sigma modulators aeamgsed for wider band systems
such as wireless RF communications [13]. In thigptér, quantization noise,

oversampling and noise shaping will be reviewed.

4.1. Quantization Noise

Quantizers play an important role in delta-sigm®05. This chapter
describes fundamental theory of quantization torera the noise in delta-sigma
ADCs.

4.1.1. Nyquist-rate Converters

The quantization error is the difference betwela ihput and the output
values of a quantizer. Uniform quantization, whishcharacterized by quantization
steps of identical level spacing)(on quantization step, is commonly used. If the
input is normalized to 1, this quantization step#1/2"*, where n is the number of
bits. Figure 4.1 illustrates the input-output cluéeastics of a 6-level quantizer, with a
continuous-amplitude input x and a quantized outputhich is represented by the

following equation.
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y=Gx+e, (4.2)
where G is the slope of the straight line and thésquantization error. If the input
signalx is very active, the quantization erecan be an uniformly distributed random
number in the range #A/2. Under this assumption, its mean square value or
guantization noise power is given by

% AZ
€ = Djezde =— (4.2)

1
A
The spectral density & S(f), is white and its power is betweery2fand +§2, where

fs is the sampling frequency. In Nyquist rate coremsit £ is usually two times the
signal bandd

Figure 4.1. Uniform 6-level quantization characgci
4.1.2. Oversampled Converters

Oversampled converters use a much higher samjlaguency than the
Nyquist frequency. The oversampling ratio OSR s,
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OR=_ (4.3)
2f,

As shown in Eq. (4.2), the quantization noise powenot related to the sampling
frequency. Therefore, the quantization noise poweasversampled converters is the
same as in Nyquist-rate converters. However, theepgage of this in the interest
bandwidth is much smaller than the noise power yduist converters, as shown in
Figure 4.2. The in-band quantization noise is iasitishaded area, and is given by

2 2
P, :J'fslz &Ll g :A_(LJ (4.4)
212 f, 12| OR

Nyquist-rate

Oversampled

. L,
fs1/2 fs,/2

Figure 4.2. Quantization Noise Spectrum in Nyq&ate and Oversampled
Converters [14]

Thus, doubling of the sampling frequency decredlesin-band quantization noise
power by 3 dB (or, equivalently, 0.5 bits) [12].

4.2. Oversampling with Noise Shaping

Figure 4.3 shows the linear model of a generakexshaped delta-sigma

modulator. Analyzing this linearized circuit in thedomain, the output is
Y(2) = S (29U (2) + Ny (9E(2) (4.5)
where S (z) is a signal transfer function anbl,. (z) is a noise transfer function.

These transfer functions are given by
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Y@ . H@ _ .
U(z 1+H(2
Y2 . 1 4

N (2) = E(2) P H(2) =1-z 4.7)

Sk (2) =

(4.6)

u(n) H(z) "1 > y(n)

Figure 4.3. Linear model of the modulator showimgdted quantization noise.

respectively, if the loop filter transfer functiism H(z) = z* /(1- z ™). Therefore, the
digital output is a delayed replica of the analmguit signal, and the quantization noise

is shaped by the filtering function o .
N (€17)| = 2sin(eT /2) (4.8)
where T =1/ f_ is the sampling period. For low frequenciesl{(1), |NTF| =al .

Since the loop filter H(z) is a low-pass filter fition, the dc and low frequency
components of the feedback loop are very similath® input signal u(n). ¥ is a
high-pass filter function, so it blocks the quaatian noise around the signal band at
low frequency. However, high frequency noise isswgipressed by the feedback. This
out of band noise is removed by additional poggriihg.

The second-order noise shaping is briefly revieveatte second order delta-

sigma ADC is adopted in this work.

4.3.  Second-Order Noise Shaping

The in-band quantization noise can be suppresggtessively by using a

higher-order loop filter. Two cascaded integratars needed to implement a second-
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order loop filter. The block diagram of a secondesrdelta-sigma modulator is shown

in Figure 4.4.

U(“)‘_’T—Pﬁ'ﬁ

Figure 4.4. Second-ordax modulator [12]

o y(n)

Quantize

The signal transfer function and the noise tranfsfiection of this modulator

are given by

Se(f)=2"

N =(@-27)° (“9)

Therefore, the noise-shaping function of a secaméromodulator is the square of that

given in Eqg. (4.8), and the magnitude of the ntiigasfer function is
N (67| = 4sin’ (T /2) (4.10)

The quantization noise power over the frequencyllieom O to § is given by

Po= [ SEOIN (D e =] (%in[“m(]fiﬂ « (4.11)

S S

If fo << fs (OSR >>1), then sinff)/fs) is approximatelyxf)/fs, and Eq. (4.11) is equal

S e
12\ 5 fq 60 \OR

If we choose the sinusoidal wave input signal tiermaximum peak value without

to

clipping is 2"(A /2). Under this assumption, the signal power of maximu

. Thus the maximum SNDR for

A2N jz A222N

2.2

the second-order delta-sigma modulator is

amplitude sinusoidal wave i®, D[
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NR = 10|og(%j = 10Iog[g 22N j + 10Iog[% (0 )5j (4.13)

or, equivalently,
NR ., = 602N +176-12.9 +50l0g(OSR) (4.14)

Figure 4.5 is the plot of noise-shaping transterctions. The in-band noise

power nearbydfis decreased as the noise-shaping order increases.

A
INTE(F)]

Second Order

.....
.,
..,
LIS

p f

£/2 fs

Figure 4.5. Some different noise-shaping transfactions [12]
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5. OP-AMPFREE AX ADC DESIGN

A second-order delta-sigma ADC based on the widgbaw-distortion delta-
sigma ADC topology [15] is adopted to implement tingerter-based switched-
capacitor circuit.

In this section, the wideband low-distortion dedigma ADC topology will be
briefly described and modified to suit the invedfbdased circuit.

5.1. TheWideband L ow-Distortion Delta-Sigma ADC Topology [15]

q
!
U—>P—H HE) — HE) —— —p v

DIA |¢—

(@)

q
'}
& Ho) | HE — p v

DIA |¢—

(b)
Figure 5.1. (a) Traditional Topology, (b) Reducéstattion topology

The system level schematic of a wideband low-disto delta-sigma ADC is

shown in Figure 5.1(a). In the traditional secomdeo delta-sigma modulator shown
in Fig 4.4, the signal transfer function 8.(f)=2z?. The error signak is the

difference between the input and output signalsthed\X loop tries to reduced this
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difference in the desired frequency band. The diday of S (f)is subtracted from
the input u, thus e contains the portion of theutnpignal processed through the
nonlinearity integrators. The harmonics could bpegped by this nonlinearity op-amp
gain and slew-rate effects.

This is achieved by makindg, (f) =1 without changing noise transfer
function. If S-(f) =1, then e does not contain input portion, therefoeoeinput

portion goes through the nonlinearity integrat@ésother advantage is that just one
DAC is used in this topology, thus reducing chipesand complexity.

5.2. Inverter Based Second Order Delta-Sigma ADC Topology

ue+d) &
% Q
a -2 152 1 |l3 ¥ ¥ 3 \Y
»L] 1| Z Z Y2 . T _ [
U o= -zt W zZ* =13
Z—l/Z

Figure 5.2. Inverter based second order deltasi§§BC topology

The wideband low-distortion delta-sigma ADC tompilos modified to the
topology of Figure 5.2. If the input signal is slgwehanged, the half cycle difference
between u(n) and u(n+1/2) can be very small. Tifoy and u(n+1/2) can be assumed

equal. Under this assumption, the output signal is
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1 3 5
Lo BR(27 =222 ¥ 7 ) a2 Yaaaa
3 5

1-221+ 22 +a,8,3,2 2 +(2,3,3,8, — 3,2,3,)2 2 (5.1)
1-z71)?
( . ) +Q
1-2z1 + 27 + 22,852 2 +(8,8,858 — 8,8,35)Z

The coefficients were obtained using MATLAB (sinmkisimulator), so as to avoid

=+

saturation at the output of each integrator. Thie gaefficients are, &1/5, §=1/3,
a=1, a=1/10, 8=3/2, 8=10. Then Eqg. 5.1 is

3

1 5
z22+zY-222-72%2+22

_ @-z7)?
V= 3 5 u+ 3 5 Q (5.2)
1-2z'+22+722-22 1-2z'+22+72-272

This topology was simulated using MATLAB (simulintg compare performance with

the wideband low-distortion delta-sigma ADC topglo@imulation conditions are

given by
Input frequency 1.77 kHz
Input amplitude 0.8
Sampling frequency 5.12 MHz
OSR 128
quantizer 1bit (2 levels)

Table 5.1. Summary of simulation conditions

Figure 5.3 is the FFT output spectrum of the wisebbow-distortion delta-sigma
ADC. Lower plot of Figure 5.3 is enlarged plot opper plot to show the low
frequency region in detail. As shown in Figure 5t® SNDR is 84.6 dB. Figure 5.4 is
the FFT result of the inverter-based second-orddtacgigma ADC and SNDR is
85.2 dB. Thus, the performance of modified topolagycomparable to previous
topology.

However, these SNDRs are a little bit lower thia@ theoretical value. This
results from using 1-bit (2-level) quantizer. Tabl2 is the SNDR summary of the
second-order delta-sigma modulator with differenamtizers. The traditional Bose-

Wooley structure [7] was simulated.
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Figure 5.4. Output spectrum of inverter based sgéooder delta-sigma ADC
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L evel N SNR theoretical (dB) AR ( dR) Ofference (dR
2 1 98 31 86 3 1201
3 1.6 101 83 03 8 8 03
4 2 104 33 99 5 4 83
o) 2.3 106 26 103 2 3 06
8 3 110 35 109 3 105
9 32 111 37 1103 107
16 4 116 37 1159 0 47
17 4 1 116 89 116 . 3 0 59

Table 5.2. SNDR of traditional second order dsi¢ggma ADC with different
guantizer levels (OSR=128)

The higher level quantizer uses, the smaller difiee is obtained between theoretical
SNDR and simulation SNDR. If the quantizer is o2dvits (4-level), the difference is
below 5 dB. Thus the SNDR result of Figure 5.3 Riglre 5.4 is systematic problem
due to 1-bit quantizer and can be improved by &sireg the number of quantization
levels. However, this work is not focused on impngvSNDR in view of systematic
method. Consequently, the performance of the widébdaw-distortion delta-sigma
ADC topology and the modified ADC topology is siaril suggesting that this
modified topology can be adopted to implement tiveiter based delta-sigma ADC.
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5.3. Overall Circuit Level Schematic

53.1. 1-bit DAC Schematic

VREFP [RHo 0+

IN ®@— D QJ ] DY
—> OUT
CLOCK=— QB I
VREFN X< o VDD
(a) .
—_ E_yo) i
IN D Q y
CLOCK — OB [—QB |
A —
(b)
B—AL—'
IN X}—s
Q VSE
cLock XF—
0B
(c)

Figure 5.5. 1-bit DAC

Figure 5.5(a) illustrates the schematic of theitlEAC used in the delta-
sigma ADC. As shown in Figure 5.5(b)(c), the clatkz-flip flop was adopted in the
1-bit DAC design. There is no delay through the DA{@wever, in ADC topology,
this 1-bit DAC delays the incoming data for a hdtek cycle, since the DAC
operates to determine the output during phase tlaadutput is transferred to the

next summing node during phase 2.
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5.3.2.  Overall Circuit Level Schematic

The overall circuit level schematic of the op-afmge delta-sigma ADC is
shown in Figure 5.4. The capacitor value were amdbeough the result from the
previous Chapter 5.2. The capacitor values are

CA1 0.25 pF
CA2 1.25 pF
CB1 0.25 pF
CB2 0.75 pF
CC1 0.25 pF
CC2 2.5 pF
CC3 3.75 pF
Cp 0.25 pF

Table 5.3. Capacitance value of ADC

The large inverters are cascoded inverters andrtial inverters are simple CMOS
inverters. The 1-bit quantizer consists of these@3Mnverters. The circled switches
are the CMOS switches since switches on the sigati should be realized with
transmission gates to avoid malfunction due tovduging nature of the signal. The
other switches are the charge canceling switcheshwdre proposed in Chapter 3.2.
‘agndl’ is 2.5 V since input signal’s referencetagk is 1.3 V and ‘agnd2’ is 1.3 V
since reset level of second integrator’s inveeasround 1.3 V. The circuits inside the

rectangle operate with the same role describechapter 2.2.
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Figure 5.6. Circuit level design of inverter basedond order delta-sigma ADC
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6. SSIMULATION RESULTS

Circuit level simulations were done in HSPICE terify the op-amp free
delta-sigma ADC. The following figures show simigatresults. Figure 6.1 shows the
FFT plot of the second-order delta-sigma ADC usdeal components. The inverters
were modeled with voltage-controlled current sosrcéhe gain of the modeled
inverters is 40 dB and the unity-gain bandwidth4i$ MHz. Voltage-controlled
resistors were used to model the ideal switches. ifiput is a 3.05 kHz sine wave
with a 4 Vp-p amplitude. A 2.5 V reference voltagel 5 V supply voltage were used.
The sampling frequency s 5 MHz and the simulation data segment contaBpP
(2") samples; this segment was taken after disca@bfgsamples to remove transient
effects. The oversampling ratio (OSR) is 128.

N=8192, f =5 MHz, f_=3.0518 kHz, SNDR=81.7 dB
O A

Spectrum of V_ [dB]

400__mf__ ___..__.;i

-120

140 2= | R .

_160‘;iia ; “;ii”\4 s ; i“i“iia
10 10 10 10

Frequency [Hz]

Figure 6.1. FFT plot using ideal components
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As shown in Figure 6.1, the SNDR is 81.7 dB. Tresult is about 5 dB lower
than predicted from the system level simulation edam MATLAB. However, the
result could be better if the number of samplesl usesimulation was increased.

Figure 6.2 shows the FFT result. In this simulatimost components are
modeled with real transistor-level circuits excptthe switches which are ideal. The
SNDR is about 81.3 dB. This result is similar tgufe 5.7 and shows the feasibility of
inverter based delta-sigma ADC.

N=8192, f =5 MHz, f =3.0518 kHz, SNDR=81.3 dB
0 e

|
o2}
o
T

Spectrum of V| _[dB]
I
[0
o
T

|
—_
o
(=]
T

1201 : : : : 2

140} f b ; MR : . 4

160 - ; H R \4 i i HE R - i i I A -
10 10 10 10
Frequency [Hz]

s

Spectum of Y [dB]
|
8

Figure 6.2. FFT result
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Figure 6.3 is the FFT result for the case wheeeADC uses full transistor-

level circuits,

including the switches. In this plthe results from the circuit level

simulation show that the SNDR is 40.8 dB. The dégtian is due to harmonics.
These are caused by the transistor-level switdh@sthat reason, the switches were

checked one

by one. Only one switch was replaceal tahe by its transistor-level

implementation, while keeping others as ideal comepts. As seen in Table 6.1, most

switches deg
degradation.

rade SNDR and first integrator’s sveitclvere parts that caused major
Thus, a different kind of switches @& CMOS, etc) and different

switch sizes were simulated. However, there wasigdifference. Therefore, these

distortions are not related to the amount of thendel charge.

-20

-40

6Bl

0 REREREEREE : RIREREREL

-G0

N=4096, { =5MHz, f _=36621 kHz, SNDR=40.8 dB

% -80
=
F
& 100
=120
-140
P 555555554 S S S S S
10 10° o
Frequency [Hz]
Figure 6.3. FFT result of the transistor level detion
Sl 46.6dB S6 74.2dB
S2 47.1dB sS7 63.7dB
S4 67.6dB 39 69.1dB
S5 79.9dB

Table 6.1. Summary of SNDR
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Besides this, early falling clock was tried to et the input dependent charge
injection. In Figure 5.6, the channel charge of &adl S12 is dependent on the input
and the DAC respectively. If the clock falling edgieswitches S1 and S2 is dropped
earlier than those of S11 and S12, the charge ih @#se not change, since capacitor
CALl is floated. Therefore, the channel charges bf 8nd S12 do not result in
harmonics but just offset. However, this method mhd solve the distortion problem.
Another tried method was to reduce the input amgét In previous simulations,
a 4 Vp-p sine input was used. However, in anotiaulation, this input amplitude
reduced under 2Vp-p to check the saturation in ADC.

Although several methods were tried to solve theblem, there was still a
distortion problem. Thus, the different types ofitsives and delta sigma ADC
structures should be considered to solve the distoproblem.
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7. LAYOUT

In this chapter, layouts of inverter based biqu&F and inverter based the
second-order delta-sigma ADC are presented. Theu@.32MOS technology was

used to implement layouts.

7.1. Inverter Layout
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Figure 7.1. Inverter layout

A few of NMOS, PMOS, and low threshold voltage PSI@ere implemented.
IREF metal line providing the current is connectedhe pad and this pad will be
connected to the off chip resistor. The currentloawaried with the resistor value .
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7.2. LPFand ADC Layouts
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Figure 7.2. Inverter based biquad LPF layout

a-damping and e-damping filters were implementedoire chip for the
purpose of the test. As seen in Figure 7.2, theeupfot is e-damping filter and the
lower plot isa-damping filter. Figure 7.3 is the layout of theenter based the second-

order delta-sigma ADC.
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8. CONCLUSION

This thesis explored the possibility of replaciag op-amp with a simple
inverter. A biquad filter and a second-order dsitgna modulator using simple
inverters are presented to verify the feasibilityh® inverter based switched-capacitor
circuits. Both the circuits are designed in the % CMOS technology.

The system level simulations showed that the SNI?RB5.2 dB can be
achieved using these inverters in a delta-sigmautatatr ADC. When ideal circuit
components were used, the circuit level simulatesult showed a SNDR of 81.7 dB.
This result was about 5 dB lower than predictednftbe system level simulation done
in MATLAB. The result could be better if the numbmrsamples used in simulation
was increased. Also, when the real transistor leirelits, except for the switches
were used, the performance result was SNDR of 8B3This result shows the
feasibility of using inverter instead of op-amp3SK circuits. However, when all the
circuits including switches are used, harmonics eaut. These seems to be from
transistor level switches. This distortion problesmot related with the switch size,
indicating that this problem does not result fram amount of the switch channel
charge. Different types of switches and switch sineere simulated to solve this
problem. In addition to these simulations, the yeéalling clock and reduced input
amplitude were used in simulation. Nevertheless, distortion problem was not
solved. Thus, the different types of switches agltbdsigma ADC structures should be
considered to solve the distortion problem.

This thesis work showed that if the real transidwvel circuits except
switches are used, the performance is comparakieetaystem level result. Thus if
switches problem is solved, op-amp could be replaitee inverter in switched-
capacitor circuits. Finally, the layouts of the umgl filter and ADC were done.
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