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ERROR CANCELING LOW VOLTAGE SAR-ADC

Chapter 1

Introduction

1.1 Motivation

Signal processing is one of the major incentivesto the fast development of electronic
circuits. With the tremendous advancement of modern VLS| technology, people are
able to build more and more complex digital circuits on asingle chip to realize signal
processing that is conventionally achieved by analog circuits, because digital circuit
has advantages over its analog counterpart in several aspects such as much lower
noise sensitivity, excellent signal regenerating capability. and it is easier to realize
design and test automation as well. However, the object of signal processing - phys-
ical signals of the real world are always in analog form. Therefore, to facilitate the
extensive DSP functions in the digital domain, interfaces between analog and digi-
tal blocks are omnipresent in all modern mixed signal processing integrated circuits.
Analog to digital data converters are among the major componentsin the interfaces.
There are three conceptually distinct operations that are performed sequentially
by an A/D converter [17]: (1) It samples a continuous-valued, continuous-time ana-
log signal; (2) it quantizesthe sampled signal to afinite number of levels; (3) it assign
adigital code to the related quantized level. With this sequence of operations, any
physical signal, no matter if it ismechanical, thermal, optical, acoustical, or magnet-

ical, once it has been transformed into electrical signal by a proper sensor, it can be



converted into digital signal by an A/D converter and processed conveniently with
powerful digital signal processing components, out of which various useful informa-
tion can be extracted.

There are many approachesto realizing the anal og-to-digital conversion. Some of
these techniques, such asflash and pipeline[10] A/D converterstrade off accuracy for
speed. On the other end of the scale the highest accuracy isrealized by oversampling
A/D converters [13, 15], which have high tolerance to technological imperfections
and component parameter variations but low conversion speed and high power con-
sumption. The compromise between conversion speed and accuracy is achieved by
Nyquist rate A/D converters such as algorithmic [9, 11] and successive approximate
A/D converters, which have moderate speed and moderate precision.

Switched capacitor circuits have become popular because of their good linear-
ity and dynamic range. Naturally, switched capacitor techniques are also applied
to Nyquist rate A/D converters. However, if the conversions are realized by simple
charge transfer between ratio-matched capacitors, as it did in the work of McCha
rles, et a. [11] as an early algorithmic A/D converter, the conversion accuracy will
be fundamentally limited by the ratio accuracy. To overcome this problem, several
circuit configurations have been proposed which perform the cyclic conversion in a
capacitor ratio independent manner [8, 9, 20, 23]. In those approaches the conver-
sion speed was sacrificed for ratio-independent property substantially. For instance,
6 clock cycles were needed for each bit's conversion in the design of Li, et a. [9]
compared to 2 clocks in [11]. The approach proposed by Onodera, et a. [14] was
able to decrease the number of clocks down to 3 for each bit. A further improve-
ment for conversion speed without losing the ratio-independent feature was realized
by Zheng, et a. [26], where afully differential circuit structure was used and only 2

clocks were needed for each bit’s conversion, which has the same conversion speed



asthat of the ratio-dependent structure proposed by McCharles, et a. [11].

Similar to switched-capacitor agorithmic ADC, another type of Nyquist rate
ADC —switched- capacitor successive approximation ADC also suffers from capac-
itor mismatch errors. Apart from developing a ratio-independent circuit structure,
mismatch-shaping techniques ([1, 3, 19]) can be used to decrease the error. The ap-
proach proposed by Romboults, et al. [18] realized the first order error cancellation,
where a nearly distortion-free converter is obtained by employing additional signal
processing with the cost of two fold increase of conversion time. To further improve
the switched capacitor successive approximation ADC, a novel mismatch error can-
celing algorithm was proposed by Zheng, et al. [27], where only 50% of conversion
time is needed to eliminate the first order mismatch error. As the continuation of
this research, this thesis aims to improve the proposed algorithm and realize the cir-
cuit on a chip, which will be the test vehicle for the proposed circuitry for further

improvement.

1.2 Thesis Structure

Chapter 2 describesthe principle of successive approximate A/D converters, and gen-
eral considerations of circuit non-ideality in realizing a switched capacitor successive
A/D converter. Based on the detailed charge domain analysis of the ADC operations,
an improvement of the algorithm proposed by Zheng, et al. [27] is provided by trac-

ing the error charge free capacitor. To summarize the complete algorithm, 4 tables
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representing the detailed operational sequences of the ADC to be designed are pro-
vided at the end of this chapter.

Chapter 3 studies the characteristics of the predictive correlated double sampling
technique in switched capacitor successive approximation ADC. A detailed theoret-
ical analyze of the operations of the proposed SC SAR-ADC is given. MATLAB
simulations based on the theoretical results show that the conventiona predictive
CDS s not adequate to achieve high resolution SC SAR-ADC. The subtle difference
insignal processing manners between predictive CDSin SC SAR-ADC and other ap-
plicationsis discussed. Further more, the predictive correlated triple sampling (CTS)
technique is proposed to improve the inadequacy of predictive CDS in SAR-ADC,
and thisimprovement is verified by SWITCAP simulations.

Chapter 4 givesthe detailed design of the proposed SC SAR-ADC with Nationa
Semiconductor low voltage technology. Transistor level full chip ssimulation isgiven
at the end of this chapter.

Chapter 5 summarizes the work of thisthesis and the plan of future work.



Chapter 2

Mismatch Error Cancellation Algorithm

2.1 Conceptual Operation of a Successive Approximation ADC

Because of its reasonably high conversion speed with moderate circuit complexity
and converting accuracy, successive approximation A/D converters (SAR — ADCs)
are among those of the most popular Nyquist rate ADCs. The terms “Divided Refer-
ence Algorithm” or “Binary Search Algorithm” can be used to best describe the basic
principle of aSAR — ADC.

Figure 2.1 depicts a possible scenario of the operation for a SAR — ADC to an
input signa v;,,, which is sampled at the beginning of each conversion cycle. Con-
version starts with the comparison between input signal v;, and the half reference
voltage ”Tf which determines the MSB of v;,, and aso determines the search region
for the second MSB. In order to alow the binary search algorithm to approximate
the actuadl v;,, the reference voltage used for MSB will be divided by 2 and the result
will be added to or subtracted from the previous reference voltage, which delimitates
the new binary search regions. As such, each comparison between v;, and updated

reference voltage generates one bit of v;,, and N bits SAR-ADC will need N com-

parisons.



Analog Input
""271 gH B

+ >+ sAR [ Digita Output

vk DAC

=
2

= =

\ \ \ \ \ \ \ \ \ \ \ -
o 1 2 3 4 5 6 7 8 9 10 11 12 Kk

FIGURE 2.1: General successive approximation ADC

2.2 Circuit Non-idealities

Obviously, the above description is based on the ideal operation of a general SAR
ADC. In redl circuits, the “divided by two” operation to the reference voltage can
be realized in various ways. In case of a switched capacitor circuit, it is normally
implemented by sharing reference charge with two matched capacitors, as described
in the paper by Zheng et a. [27]. Therefore any mismatch error between the two
capacitors used to share charge will have adirect impact on the linearity of the overall
converter.

Besides the capacitor mismatch error, there are other circuit non-idealities. In
the low voltage design context, it is difficult to obtain high op-amp gain, thus circuit

imperfection caused by op-amp finite gain isinevitable. Other non-avoidable circuit



non idealities include op-amp offset voltage, parasitic capacitances, charge injection
and clock feedthrough, etc. The following is abrief description of a novel technique

proposed by Zheng [25] to cope with above circuit imperfection.

2.3 A Novel Capacitor Mismatch Error Cancellation Technique for Switched
Capacitor SAR — ADC

A novel capacitor mismatch error cancellation technique for switched capacitor SAR
— ADC has been proposed by Zheng [25]. With this technique, the first order ca-
pacitor mismatch error is virtually eliminated at the cost of increasing by 50% the
data conversion time. This is less than that required in a capacitance ratio inde-
pendent cyclic A/D converter, where typically 100% additional conversion time is
needed compared to the ideal operation. With this technique, not only the capaci-
tance mismatch error has been cancelled, op-amp finite gain and offset voltage are
also compensated by the application of the correlated double sampling (CDS) tech-
nique. Through the proper path arrangement of charge transfer in afully differential
structure, the influence of top plate parasitic capacitances are aso suppressed.

Since there are 16 capacitorsin the ADC core, in order to describe the operation
more clearly, it is convenient to have a method for the systematic identification of
each capacitor. The following convention will be used for the identifying subscripts
of the capacitors:

First subscript:

e | or int — denotes an integrating capacitor;

e 1 or ref — denotes a capacitor which stores a reference charge;

e sor sig— denotes asigna capacitor, which shares charge with reference ca-



pacitor;

e eor err — denotes an error charge capacitor for CDS compensation.

Second subscript:

e 1 — denotes capacitors connected to theinverting input side of the fully differ-

ential op-amp;

e 2 — denotes capacitors connected to the non-inverting input side of the fully

differential op-amp.

Third subscript:

e D or DAC — denotes CDS error charge capacitors of the op-amp;

e C or Comp — denotes CDS error charge capacitors of the comparator;

e p(predicting) — denotes capacitors used in predicting phase (of CDS opera-

tion);

e c(converting) — denotes capacitors used in converting phase (of CDS opera-

tion).

Then, the 16 capacitorsin the circuit are

Cint  Cref Csig Cerr
Cip Crip Csip Cerp
Cite Cric Csic Ceap
Cizp Crap Cszp Cerc
Cize Crae Csae Ceac
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The complete circuit diagram of the switched-capacitor SAR A/D converter im-
plementing the capacitor mismatch error cancellation algorithm is shown in Fig. 2.2.
Drawing the connection of the crucial elements switched in each of the 6 phases
needed to derive two bitsin the digital output resultsin 14 different circuit configu-

rations shown in Fig. 2.3 through Fig. 2.6.

Switch setting 3 Switch setting 4

(© (d)

FIGURE 2.3: Circuits of switch setting 1 through switch setting 4
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Switch setting 7 Switch setting 8
(c) (d)

FIGURE 2.4: Circuits of switch setting 5 through switch setting 8

Each conversion starts with the sampling of input signal, which stores the input
signa v;, inintegrating capacitor C';,; by charge of C;,,v;,. For purpose of compari-
son with reference charge, sampling charge C',,;v;,, can be stored as its opposite value
—Cintvin conveniently through cross coupling of the differential branches. This sam-

pling process is implemented by the two switch configurations (switch setting 1 and



Switch setting 9 Switch setting 10

@ (b)

T2 Yoo, Con 2 »
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Switch setting 11 Switch setting 12
© ©

FIGURE 2.5: Circuits of switch setting 9 through switch setting 12
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Switch setting 13 Switch setting 14

@ (b)

FIGURE 2.6: Circuits of switch setting 13 and switch setting 14

switch setting 2) in Fig. 2.3. Then the normal conversion cycle will be implemented
by adding positive (ADD) or negative (SUB) reference charge to the integrating ca-
pacitor according to the value of previous bit resulting from last comparison.

As discussed in [25], the addition of reference charge to the integrating capac-
itor should follow the principle of “the Same Charge Path Flow” to suppress the
additional error due to top plate parasitic capacitance mismatches. In actua imple-
mentation, this could be realized by the arrangement that any charge flow towardsin-
tegrating capacitor C;,,; should be from signal capacitor C';,4, which meansthat when
sharing the reference charge between reference capacitor C,.., and signal capacitor
Cs;, the bottom plate of C;, should always be connected to virtual ground, therefore
the charge dumped into C,,; isalwaysfrom Cj,,. In order to suppressthe error dueto
bottom plate parasitic capacitance, it is also necessary to connect the bottom plate of
Csi, to analog ground before sharing reference charge with C,..; and dumping charge

into C;,;. Because of the 2-phase feature of CDS technique, the above additional
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FIGURE 2.7: Mismatch error cancellation for ADD/ADD operation
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treatment can be imbedded into normal operations without increasing clock phases.
First order mismatch error cancellation is briefly described as follows. Assume
that the mismatch coefficient between reference capacitor C,..; and signal capacitor
Cl;, is defined as o = g“gjrg”f (alternatively C“g = 19y and two consecutive
charge dumping (into C},;) is anh ADD/ADD sequence. Further more, the initial
error-free reference charge is assumed to be on C,..;. Then Fig. 2.7 will be the switch
setting sequence for these two bits' conversion. After predictive phase ¢, the higher
bit is obtained by conversion phase ¢,. As it can be seen, this bit has a first order
error ¢, which exists both on the reference capacitor ..y and integrating capacitor
Cins- By virtue of the differential structure, it is possible to manipulate these two
error charge and let them cancel each other at the next bit, as shown from phase ¢;
through ¢¢ infig. 2.7. The purpose of ¢; and ¢, isto swap the reference charge from
Ches 10 Cyiq, Which is necessary to guarantee the principle of “the Same Charge Peath
Flow” for the low bit conversionin phase ¢4. Obviously, conversion of the low bit in
phase ¢g is error free if only the first order mismatch error is concerned. Other pos-
sible operation combinations ADD/SUB, SUB/ADD and SUB/SUB have the same
mismatch error cancellation fashion: the higher bit has the first order mismatch error
while the lower bit is error free. Thus the accumulation of mismatch error during
the whole conversion cycle is effectively suppressed. Thiswas clearly demonstrated
in Figure 4 of [27], where 24 circuit configuration table were proposed for the com-
plete conversion of any input signal, since there are 4 possible operation sequences
(ADD/ADD, ADD/SUB, SUB/ADD and SUB/SUB) and each sequence requires 6

phases.
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2.4 Improvement of Mismatch Error Cancellation Algorithm

Further examination of the above discussion reveals that an approximation has been
made in the mismatch error cancellation algorithm represented by the 24 circuit con-
figuration table in [27]: the initia error charge of each sequence (consisting of 6
clock phases) is assumed to be always on the signal capacitor (C'; in [27], which cor-
respondsto 4 C;;S— Ci1p, Cs16,Csp and Cyo — INFiQ. 2.2),s0 the signal capacitor
Csiq 1s discharged at the beginning of each sequence, while the charge on reference
capacitor C,..; iskept.

However, detailed charge domain analysis shows that the error charge at the be-
ginning of each sequence could be either on the signal capacitor Cj;, or on the refer-
ence capacitor C,.;. Specifically, if theinitial error charge is on the signal capacitor
Cliq4 (or reference capacitor C,.), then after ADD/SUB or SUB/ADD operations,
the error charge will till be on C;4 (or C.f) for the next 6-phase sequence, but after
ADD/ADD or SUB/SUB operations, the error charge will be on C,.; (or Cy;,) for
the next sequence. If the error charge capacitor is not tracked and the charge on C,.. ¢
is always kept regardiess of the type of the last sequence, this error charge on C,.;
accumulates during the rest operations of each sample. This means that for higher
linearity requirement the above approximation could be improved by tracking the
error charge capacitor at the beginning of each 6 clock phase operation. This im-
provement will extend the Table in Figure 4 of [27] from 24 switch configurations
to the number of 48 —as
mentioned before, among them only 14 switch configurations are different from each
other. Charge domain analysis are shown in Table 2.1 through Table 2.4. Each Table
contains two columns: configurationsin the left column apply if the error free charge

isinitially on C,.f, while configurations in the right column are to be used in the



TABLE 2.1: ADD/ADD Sequence

ADD/ADD(R)

Charge

ADD/ADD (S)

Charge

Ty Coy
ﬁ}_{ Cny Cay Cay
£ ——
Cp Cyp Cip = Cp Cyp Cy
Bl B B } Hla Bl B
o1 e :
1 1
q 0 0 q 0 q 0
T.T TIT
Switch setting 7
Cp Cyp Cy = Ca | Cun Cp Cop Cy
¢ 0 1%“jr[ lqu Bﬁ 0 “T‘jr[ QT‘Jq
0 Ly o Nl
womom | T3 AT | oo
Switch setting 10
Cp Cyp Oy Cp Oy Cip
p S0 Bl e
3
Cie Cs Cic Cre Coe G
St 0 0 Bt 5%
Cp Cyp Cy Cp Cyp Cp
e (L o Lhy 2y o ('L o Hhy ]
P4 - » ij - h ILE
o G Cu  Co o Cre Cue Cic
fﬁfﬂ w L l-a_ lta = ' L lta 1-a
o l& 0 Ft 5% l,l =t 0 R
Switch setting 5 Switch setting 6
Car o,
—— £
= Cp Oy  Cy Cp Cu  Cy
} VR ) D lo g By
!
Ps Sy | Bl
y(‘n ) Cp, [ (l C” C’“ C” [‘L Cae (L Caae C'V‘t' C’»‘r C,,-
1 1 o, Lia P P 1a Ia
ol ool o A T Bl ) B
Switch setting 7 Switch setting 11
I - C, Cy Cy ] Cp Co  Cy
T 0 0 My o0 Hiy
b | =
6 =Cue Coo |Cap
o ot Cre Cu G “ Cre Co  Ci
Lag g g P P 10 HE¢ g
Tt 1l7 P tlrrlr | v

Switch setting 14

Switch setting 12

17



TABLE 2.2: ADD/SUB Sequence

Charge

Charge

ADD/SUB(R)

ADD/SUB (S)

Crip Cay i,
o G Y.
< 1 o
Cp Cyp Cy - Cp Cyp Cy
o, w1, P o, 1, 1,
o1 i
Cre Coe Cic T e e e Cre  Coe  Ci
oo tlrzlr | o0
Switch setting 7
Crp Cyp Cip = Cac | Can Crp Cop Ciy
¢ 0 %‘Jq “T‘jq Bﬂ 0 %“31[ %‘Jq
9 =Ch Ca | Con
Cre  Coe G o o Cre  Coe  Cic
Lag le, ing % £1% Lag log Leg
Switch setting 10
Cop Cyp  Cy Cp Co Cy
e a0 .o S0
b Tl1 I1
Ca Ca Cre  Co  Ci - Ca Cre Cu Ci
T f 0 g T 5% 0 5%
Switch setting 3 Switch setting 4
Cp Cy Cy Cp Cyu Cy
¢ Cn, (L o %‘Jq 0 %‘Jq o (l [ %‘Jq 0 %“31[
i | s fo o | TLT v | [+
= L1 = TIT |
bt Cap G Cre Cse  Cic o o o Cre Coe Gy
R fﬁ lbag uznq = Cr v f T aq lzuq
G === . L L1
Switch setting 6 Switch setting 5
Crp Csp Ciyp Cp Oy Cip
5 o HPa fo B
5
Cre  Cu  Ci Cre Co Cic
Heg 0 Heg 0 ey ey
Switch setting 13
e o . = C,.,, (lw Cm CT,, C, 'sp C; ip
be | =72
. o Cre Coe  Cy Cre  Cye Cic
HFEE | e 2%

Switch setting 14

Switch setting 12
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TABLE 2.3: SUB/ADD Sequence

SUB/ADD(R)

Charge

[T T

SUB/ADD (S)

= Crpy Cyp Oy I Cp, Cy Cy
o B - Ha Hq MY
bl = D
o Ce Cu G L Ce Cu G
L 1 y 0 0 LIL * 0 0
q q
T T I.T I.iT
Switch setting 13 Switch setting 9
Ca Cac
= Coe C Caw ('P (VSP ('P = Coe Cy Cup ("'P (VSP ("P
S 0 b, _1, S 0 b, _1,
by | TR R = T o
2 r2e Ca. Cap = Crac Ca. 2D
o Cre  Cie Cic . o Cre  Cie Cic
Chp. Ca, Cusp. Cuay A [ Cay Cozy. Can, b
ﬂi €L 1*71\,1 H(\q 71{011 qj— qi g’l H(\q ,1*70,1
I.T T.IT : I.T TIT : :
Switch setting 10 Switch setting 8
Cp Cu Gy Cp Coy Cip
o0 g g0 M
P3
Cre Cie Cic . Ca Cre Coe  Cic
0 g _liag LP ey _lmag
Switch setting 4
Cy Cyp Gy Cp, Cyp Ciy
¢ o (L o oy o g iy -4
4 —Ca, E »
= u Cre Cu  Cic Cro Cu  Ci
o LP La, o o, ? 0 lag,  _lmag
S0 TLT : :
Switch setting 6
= S g
Cp Oy Cy = Cp Cyp Oy
7 o HPa P o MPa i
I =
1 o, o _lie, 1L 1 iza, _ilza,
TIT TIT TIT :
Switch setting 11 Switch setting 7
o
o Cp Cyp Gy I~ Cp Cy Cy
T g 0 i - Heg g 0 -l
be | = 2R
e Cre Cie Ci e Cre Ci Cic
LP LP 1 liZa 1 L LP 120, 1 !
¢ e -1 ¢ 10 -1
TITTIT e TIT TIT o

Switch setting 12

Switch setting 14
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TABLE 2.4: SUB/SUB Sequence

Charge

Charge

$1

SUB/SUB(R)

Cp Cyp Gy

1-8 148 148

=7 T e

Cre Coe  Cie
q 0 0

SUB/SUB (S)

Cp Cyp Cy

0 Sl -5l

Cre Ce Cic
0 q 0

P2

Co Cy Gy

l-a l+a lt+a
5 Bt -

Switch setting 8

Cp Cyp Cy

3

Clzp Cry =

Switch setting 3

o

Cp Cyp Gy

148 148
e 0 =5

Cre G Cic

s

Crp  Cy Ciy

1 1+28
'l

Switch setting 13

Cop  Cy Cip

1+28 3+48
2,

6

Switch setting 12

Cp  Cy Cip

l‘q 0 73\113{1

Cre Cw  Cic

3
- 4 34 —14

Cony Cay Cry Cup

pdE gtk

Switch setting 14

lL’I 0 734[;3(]

1 142a 3
M T4 T
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sequence if the error free charge isinitialy on C;,. Notice that in these tables two
mismatch coefficients have been used: « isfor conversion phase related capacitors

and 3 isfor prediction phase related capacitors.
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Chapter 3

Predictive Correlated Triple Sampling (CTS)

3.1 Introduction

As discussed in chapter 2, circuit non-idealities exist in any switched capacitor cir-
cuit, such as op-amp finite gain and offset voltage, parasitic capacitances, signal de-
pendent charge injection, and nonlinear charge/voltage characteristics of the capaci-
tors, etc. These circuit non-idealities cause nonlinear distortionsin the performance
of switched capacitor circuits. Since alow voltage switched capacitor SAR - ADC is
to be designed in thisthesis and it is difficult to obtain very high op-amp gain in the
normal signal range, finite gain and offset voltage must be of concern.

The correlated double sampling (CDS) technique [2, 4, 5, 7, 12, 21, 22, 24] is
well known and widely used in switched capacitor circuits, such as SC S/H and delay
stages, integrators, equalizers and amplifiers. It is proved that this technique can be
used in switched capacitor circuit to effectively suppress nonlinear distortions thus
the technique has been imbedded into the design of the switched capacitor SAR —
ADC inthisthesis. The essence of predictive CDS adopted into the design described
in chapter 2 is that during the predictive phase, voltage deviation of virtua ground
due to finite gain and offset voltage from analog ground is stored in error capacitor
C.,», and in the conversion phase this error charge will be kept and bring the * pivot”
of charge transfer between signal capacitor C,;, and integrating capacitor Cj,,, to a

voltage value closer to the analog ground, or the charge transfer “pivot” exhibitsless
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voltage deviation from analog ground than op-amp virtual ground does, which en-
sures more ideal charge transfer between C;, and C;;,, hence less distortion after the
signal passes the designed SC stage. There is a subtle difference between the appli-
cations of CDS in the above mentioned SC circuits and in successive approximation
ADC. For the normal applications of CDS in SC circuits such as S/H and integra-
tor stages, signal passes the designed SC stage once, higher order errors after CDS
compensation is negligible compared to the magnitude of processed signal itself. But
in case of SAR — ADC, the processed signal is the reference voltage that passes the
designed integrating stage (behaves as an internal DAC) repeatedly, any small error
after normal CDS compensation will be accumulated and amplified (according to
the capacitance ratio) N times (number of bits generated by the ADC). On the other
hand, the processed signal itself (the reference voltage) is halved each time it passes
the integrating stage, therefore the error left over after CDS compensation in SAR —
ADC may not be negligible compared to the processed signal and causes significant
nonlinear distortions.

This chapter starts from the theoretical analysis of the operation of the designed
switched capacitor SAR — ADC described in chapter 2 and showsthat the normal pre-
dictive CDSis not good enough for high resolution SAR — ADCs. Then animprove-
ment of the predictive CDS is proposed based on the operation of normal predictive
CDS. SWITCAP simulations of the SAR — ADC given in chapter 2 are performed

to verify thisimprovement. This new version of the predictive CDS technique — “
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predictive Correlated Triple Sampling (CTS) technique” — which is proposed and
verified in this chapter, isused in the final design discussed in chapter 4.

3.2 Theoretical Analysis of The Switched Capacitor SAR — ADC

The predictive CDS technique in the switched capacitor SAR — ADC will be explored
in this section under the condition that the only circuit non-idealities are from op-
amp finite gain and offset voltage, while all capacitors have the same value. Data
conversion follows the same switch sequences described in chapter 2, except that
the charge swap procedures (¢3; and ¢,) between high bit and low bit conversion are
omitted. As mentioned in chapter 2, ¢3 and ¢, transfer charge either from signal
capacitor C;, to the reference capacitor C,..; or vice versato guarantee the “same
path charge flow” principle. Obvioudly this charge transfer is not complete because
of voltage deviation of op-amp virtual ground from analog ground. Sinceitisdifficult
to mathematically track the direction of charge transfer, this analysis simply assumes
that this charge transfer is complete and exactly the same amount of reference charge
will be used in the following low bit conversion. However, even with this somewhat

ideal implementation, observable nonlinear distortion still appears.

3.2.1 Initial Charges|ntroduced by Sampling

The sampling of the signal is performed by two switch settings (prediction phase
and actual sampling phase) demonstrated in Fig. 3.1. These two steps bring signa
chargeinto integrating capacitor C; and reference charge into reference capacitor C,.
Notice that the second subscript ‘p’ or ‘¢’ for capacitorsis used to denote prediction
phase and conversion phase. Obviously the error capacitor C', will be charged during

prediction phase ¢; because of op-amp finite gain and offset voltage. Equations
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@ (b)

FIGURE 3.1: Demonstration of input signal sampling

necessary to describe the sampling phase ¢, are:

A(vos - vn) = Voutp (31)

Cevn + Csp(vn - vin) + Cip(vn - voutp) =0 (32)

Solving the above two equations and using notation p = 1/A, it isfound that
Csp'Uz'n (Ce + Csp + Cz'p)vos

outy = — + 3.3
Foutr Cip + N(Ce + Cyp + Cip) Cip + M(Ce + Csp + Cip) (33

with the assumption C, = C;, = C, = C,

—Uin + 3Uos
outp = —t 08 34
Voutp 1+ 3u (34)
and

Un = Vos — HVoutp = w (35)

1+3u
which givesthe error charge ¢. on C, caused by op-amp finite gain and offset voltage,
and charge (2, on integrating capacitor C,

C(Uos + Mvin)

3.6
1+3p (36)

Ge = Cevn =
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C2v,s — (1 + p)vin]
1+3p

Qp = C(Uoutp - vn) - (37)

The error charge ¢, on C,, will remain unchanged during sampling phase ¢.

Equations necessary to describe the sampling phase ¢, are:

A[UOS - ('UC + qe/ce)] = Voute (38)

Csc'Uc + Cic(vc - 'Uoutc) — Cscvin (39)

Solving the above two equations (with the assumption C'y, = C;. = C, = (), it

isfound that
voutc = _(1 + 5M)vln + 6Mvos (3-10)
(1+2p)(1+3p)
3u(pvin + Vos)
Y= [t 2)(1 + 30) (10
which gives

C[3pves — (1 + 5+ 3p2)vi]
(1+2p)(1 + 3p)

During sampling phase ¢,, reference capacitors C,, and C,, are charged with

Qc - C(Uoutc - Uc) —

(3.12)

reference voltage v, s, which give the initial reference charge

dp = Crpvref (313)

qc = Crcvref (314)

Eqg. 3.6, Eq. 3.7, Eq. 3.12, Eq. 3.13 and Eq. 3.14 provide theinitial chargesin the
circuit for the rest of converting cycles of signa v;,. At the same time, the polarity

of v, Calculated by Eq. 3.10 determines the M SB:

1 if Voute > 0
b1 -
0 otherwise
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@ (b)

FIGURE 3.2: Demonstration of normal converting cycles

3.2.2 Charge Domain Analysis of Normal Converting Cycles

With all necessary initial charges in hand, it is possible now to proceed with the
charge domain analysis of the normal converting cycles. Since al converting cycles
repeat the same switch sequence (again for mathematical simplicity two charge swap
phases ¢; and ¢, of actual implementation in chapter 2 are ignored, as explained
in the last section), it is proper to dea with this problem in an iteration manner.
The following analysis assumes that for the sth bit cycle, error charge ¢.q, reference
charges ¢, and q., integrating charges ()0 and )y are left over by thei —1 bit cycle.
Circuit configurations of both ¢, and ¢, for normal converting cycles are illustrated
inFig. 3.2.

It is worth mentioning that Fig. 3.2 is sufficient to represent both cases of direct
coupling and cross coupling in a differential structure described in chapter 2, where
the manner of coupling varies with ADD or SUB operations. Notice that Fig. 3.2
agrees with the direct coupling configuration of [27], which corresponds to a SUB

operation. Mathematical treatment in this analysis for cross coupling is described



28

as following: (1) When the new reference charges ¢, and ¢. are to be calculated for
cross coupling configuration, it is necessary to flip the signs of theinitial error charge
qe0, INtegrating charges (),p and .o, while the signs of initial reference charges g,
and ¢.o remain unchanged; (2) with the new error charge ¢., integrating charges ),
and (). are calculated, and the signs of ¢, and g, should be flipped, while the signs
of ge0, Qpo @d () remain unchanged.

Equations necessary to describe predicting phase ¢, are:

A(vos - vn) = Voutp (315)
Cevn + Cz'p(vn - Uoutp) + Csp('Un - 'Ur) = ge0 + (_QpO) (316)
Crpvr 4+ Cop(vy — ) = Qo (3.17)

Solving the above three equations, using notation . = 1/A and assuming C, =
Cip = C. = C, itisfound that

51}05 + 2Qp05‘]60 o (_l)bi—l‘quP;O

Voutp = 2+ 5/L ¢ (318)
2 os 2 (IEO—QpO _1 —1+1,,9p0
g = os £ 217G + (=)t (3.19)
24+5u
which gives
2 — 1 i—1+1
Qo = CgUn — [C'Uos + M(Qeo 2@4}105))] ( ) ,U/QpO (320)
1
_C 08 2 i— 1+1 e
by = Copltr — ) = — oo H (L0 20000 L LU0 ) (3.9

24+5u

307]05 + 2(1 + M)(on - QeO) - (_l)bi_l—i—l(l + M)QPO
245

Qp - O('Uoutp - Un) =

(3.22)
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Note that in the above derivations a sign factor (—1)%-1*! has been introduced
to take care of the cross coupling circuit configuration when an ADD operation is
needed. Here b;_; isthe value of (i — 1)th bit, which meansthat if b,_; = 1 aset
of SUB operation (direct coupling) formulais obtained, whileif b; ; = 0 the above
formula correspond to an ADD operation (cross coupling). The new error charge ¢,
on C, calculated in phase ¢; will remain unchanged during converting phase ¢-.

Equations necessary to describe the converting phase ¢, are:

A['Uos - ('Uc + Qe/ce)] = Voute (323)
Csc('Uc - 'Ur) + Cz'c(vc - Uoutc) = _QCO (324)
Crcvr + Csc(vr - UC) = dco (325)

Solving the above three equations (with the assumption C',. = C;. = C. = C)
and combining solutions Eq. 3.20 through Eq. 3.22 for converting phase ¢4, it is

found that
v — 151095 + 61222500 4 (4 4 1042) L0 — (—1)bimi+1 20t CF50)e0 326
e (2 +3) (2 + 5p)
qc = Csc(vr - 'Uc)
— _5MCU05 + (1 + :U’) (2 + 5#)(]00 + Hdpo
(2+ 3u1) (2 + 51) (3:27)
+ (_l)bi_ﬁ-l N[(Q + 5“)6200 + 2((]30 B on)]
(2+3p)(2+5p)

Qc = Cz'c('Uoutc - 'Uc)
_ 5uCvos + 21(Qpo — deo) + 2(1 + 1) (2 + 51) Qo
N (2+3u)(2 4 5p)

_ (_l)bi—1+1 H4po + (1 + M)(Q + 5:“’)Qc0
(2+3u)(2+5p)

(3.28)
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Eq. 3.20, Eq. 3.21,Eq. 3.22,Eq. 3.27 and Eq. 3.28 can be used to calculate the
initial charges for the next bit’'s converting, while Eq. 3.26 is used to determine the

digital value of present (ith) bit:

b 1 if Voute > 0
Z 0 otherwise
The above formula optimistically describes the charge transportation of the ideal
switched capacitor SAR A/D converter described in chapter 2 since the only imper-
fection is caused by opamp non-ideality and the incomplete charge swap phases ¢5

and ¢, are ignored. It is easy to use above formula of such a converter to analyze

nonlinear distortions caused only by op-amp finite gain and offset voltage after CDS

compensation.
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3.2.3 Calculation of Harmonic Distortion after CDS Compensation

The following steps are used to calculate the harmonic distortion:

@ A=2x10%v,, = 30mV (b) A = 2000, v,s = 30mV

FIGURE 3.3: Harmonic distortion caused by op-amp non-ideality still exists after
normal CDS

1. A sample v;,(t) is obtained from a sinusoidal signal sin(wyt) and is used to
calculate initial charges by (3.6), (3.7), (3.12), (3.13) and (3.14). MSB b, is
determined by the polarity of (3.10).

2. With the value of b;_; and gco, gpo, @po, 90 aNd Qo being determined in the
last step, new charges q., ¢,, @y, ¢. and Q). are caculated by (3.20), (3.21),
(3.22), (3.27) and (3.28) respectively. At the sametime, b; isdetermined by the
polarity of (3.26).

3. Repeat step 2 until all 16 bits are determined.
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4. The decimal representation of this sampleis calculated from 16-bit digital out-
put.

5. Goto step 1 for the next sample.

6. Repeat above procedure until 4096 samples are converted which contain 67

bins.

7. FFT calculation is performed for these 4096 samples.

The output spectra of this A/D converter with perfectly matched capacitors are
dipicted in Fig. 3.3.

3.2.4 Discussion and Conclusion

The above theoretical analysis of a switched-capacitor SAR A/D converter with per-
fectly matched capacitors shows that observable harmonic distortion still exists even
when the op-amp finite gain and offset voltage are compensated by the normal CDS
technique. This should be reasonable because even CDS technique decreases virtual
ground voltage dramatically compared to the case without CDS, the voltage of the
virtual ground still exhibitsafinite small deviation from the analog ground. Therefore
charge transfers across virtual ground can never be complete, which means that the
division of reference charge will deviate from the ideal factor 1/2 for each bit. This
deviation is negligible for determining the polarity of v,,;. when integrating charge
Q. is significantly different than zero. However, this deviation, even small for each
bit because of CDS compensation, should accumulate as converting continues. On
the other hand the integrating charge (). approaches zero as the reference charge is

being halved for each bit. After a certain number of bits' conversion, the magnitude
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of Q. will be comparable to the accumulated error and the limit of the converting
resolution is achieved, hence an error code should appear. Because the time when ().,
approaches zero depends on the magnitude of input signal, the above error code is

signal dependent, and appears as harmonic distortion.

3.3 Improvement of Predictive CDS in SC SAR — ADC

The last section reveals that when it is difficult to obtain high gain op-amp, which
is true in case of low voltage design, normal predictive CDS compensation is not
good enough for the high resolution switched capacitor SAR — ADC. However, this
normal predictive CDS technique can be improved with the concept of “Predictive
Correlated Triple Sampling (CTS)” inthe context of switched capacitor SAR —ADC,
and this will be explained next.

As mentioned before, the compensation of predictive CDS to op-amp finite gain
and offset voltage happens because the error charge stored on the error capacitor
in the predictive phase brings the “pivot” of the charge transfer in converting phase
closer to the analog ground, which is clearly illustrated in Fig. 3.2. In the predictive
phase ¢, charge transfer “pivot” from Cj, to C}, isop-amp virtual ground “»". Due
to op-amp finite gain and offset voltage, voltage of node “n” deviates from analog
ground and is stored in C', as error charge. In converting phase ¢, the “pivot” of
charge transfer from C,, to C;. isnode “¢”. Asthisnode in ¢, is connected to the
analog ground while the voltage of op-amp virtual ground will not change much

between ¢; and ¢, and error charge ¢., on C, remains unchanged from ¢, to ¢, thus
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compared to that of node “n”, the voltage of node “¢” is closer to analog ground,
which resultsin less signal distortion.

Having understood the above compensation mechanism, it is possible to extend
this mechanism and bring the “pivot” voltage of charge transfer even closer to analog
ground, whichisillustrated in Fig. 3.4. Here, three phases have been used to realize
the improved compensation mechanism. In phase ¢, capacitor C., is charged by er-
ror charge due to op-amp finite gain and offset voltage. This operation is the same as
in the predictive phase of normal predictive CDS except that an additional capacitor
(. is added and discharged. In phase ¢, node “¢” is used as the “pivot” of charge
transfer from C to C;, and the small voltage deviation of node “¢” is stored in C';.
In phase ¢3, node “d” is used as the “ pivot” of charge transfer from C,. to C;.. With
error charges on both C,; and C.», voltage of node “d” will be closer to the analog
ground than both node “n” and node “¢”. If phase ¢5 isused in any critical charge
transfer operation while phases ¢; and ¢, are used in any non-critical ones as predic-
tive operations, then this predictive correlated “triple” sampling (CTS) technique can
increase circuit linearity significantly.

The above predictive CTS inevitably poses a higher burden of clock consumption
to the switched capacitor circuits. Fortunately, in the operation of the successive ap-
proximation ADC it is not necessary to use three phases for all operations. LSB is
the non-critical bit thus ¢, and ¢, can be used as normal predictive CDS operation
to generate this bit. At the same time the error charge on C., is refreshed and kept
for ¢, and ¢3. All bits other than LSB are regarded as critical bits so ¢, and ¢; are
used as predictive and converting phases respectively to generate those bits. This
arrangement of clock phaseswill use the same number of clocks as before when nor-
mal predictive CDS technique was used, but higher circuit linearity will be obtained,

aswill be shown in the next section by SWITCAP simulations.
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3.4 \Verification of Predictive CTS by SWITCAP Simulations of SAR — ADC

SWITCAP simulations have been performed, which compares the improvement of
predictive CTS technique over predictive CDS technique in the operation of SAR —
ADC. Fig. 3.5 shows the output spectrum of the SAR — ADC with predictive CDS
technique, where op-amp gain is 66dB and offset voltage is 30mV. No capacitance
mismatch and parasitic capacitances are included. The same condition is smulated
with predictive CTS technique proposed in this chapter, and the result is shown in
Fig. 3.6.

16 bit Switched Capacitor SAR-A/D Output Spectrum
T T T T T

—20 -
-40- : SNR=83.73 dB; - SFDR=84.69dB 1

-60F 4

-100 |~
-120 WMW

-140
0

Power Spectrum Density in DB

1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

FIGURE 3.5: Output spectrum of a SAR-ADC with predictive CDS, op-amp A =

66dB,V,, = 30mV, no mismatch and parasitic

The improvement of predictive CTS over predictive CDS is obvious. the Signal
to Noise Ratio of 84dB isincreased to 101 dB, while the Spur Free Dynamic Range
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16 bit Switched Capacitor SAR-A/D Output Spectrum
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FIGURE 3.6: Output spectrum of a SAR-ADC with predictive CTS, op-amp A =
66dB, V,, = 30mV, no mismatch and parasitic

16 bit Switched Capacitor SAR-A/D Output Spectrum
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SNR=76.74dB SFDR=77.35dB

—-60 - 4

-80| 4

Power Spectrum Density in DB

-100

-120

-140 1 1 1 1 1 1 1 1 I
0 50 100 150 200 250 300 350 400 450 500

f /2
s

FIGURE 3.7: Output spectrum of a SAR-ADC with predictive CDS. op-amp A =
66dB, V,, = 30mV, mismatch and parasitic exist
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16 bit Switched Capacitor SAR-A/D Output Spectrum
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FIGURE 3.8: Output spectrum of a SAR-ADC with predictive CTS. op-amp A =
66dB,V,, = 30mV, mismatch and parasitic exist

of 85 dB isincreased to 107 dB.

In the actual circuit, there exist capacitance mismatch and parasitic capacitances,
so the comparison between predictive CDS and predictive CTS is aso performed
with SWITCAP simulations under the condition that in addition to op-amp finite
gain and offset voltage, randomized capacitance mismatch with 1% 3 ¢ RMS, 20%
randomized bottom parasitic and 10% randomized top parasitic are also included in
thesimulations. Asexpected, under conditionsof capacitance mismatch and parasitic

capacitances, predictive CTS operation behaves much better than predictive CDS:
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the SNR is increased from 76.7dB in Fig. 3.7 to 93.8dB in Fig. 3.8, and SFDR is
increased from 77.4dB in Fig. 3.7 t0 95.3dB in Fig. 3.8.
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Chapter 4

Design of A 1.8V Switched Capacitor SAR — ADC

4.1 Introduction

In chapter 2 the operating principle and system level circuit configurations of a
switched capacitor SAR — ADC were discussed, where the novel capacitance mis-
match error cancellation algorithm proposed in [25] and [27] was used with some
algorithm improvement. The predictive CDS compensation technique in the pro-
posed SAR — ADC was studied in chapter 3, where the deficiency of normal pre-
dictive CDS for low voltage high resolution SC SAR — ADC was revealed and the
double predictive CDS was proposed to overcome this deficiency, which was verified
by SWITCAP simulations. In thischapter, an actual Switched Capacitor SAR—-ADC
will be designed with 0.18;; CMOS9 process from National Semiconductor Corpo-
ration. Thisdesign aimsto become the test vehicle for the algorithms and techniques

discussed in previous chapters.

4.2 Design Specifications

The fast evolution of modern VLSI benefits from the fact that people are able to
steadily scale down device dimensions with advanced process technology. If power
supply voltage remains unchanged, the direct impact of reducing device dimension
on device physics is the enhanced electric field that is detrimental to device perfor-

mances. Nevertheless, the trend to develop portable and battery operated electronic
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instruments requires low power consumption electronics. Therefore low power sup-
ply voltage is a natural choice in modern IC designs to meet above requirements. In
thisdesign 1.8V is chosen as the power supply voltage, which is supported by 0.18
CMOS9 process of National Semiconductor Corporation.

Another target of this design is high resolution, which is chosen as 95dB of dy-
namic range. Thisaim requiresvery small kT/C noisefrom switched capacitor circuit
and determinesthe lower limit of capacitors used in the circuit. The peak to peak sig-
nal voltage of 1V is used in this design, thus a unit capacitance of 16pF will satisfy
this resolution.

The following table summarizes all parameter specifications of this SAR —ADC.

TABLE 4.1: Switched Capacitor SAR ADC Specifications

Parameter Specification
power supply voltage 1.8v
dynamic range 95 dB
peak to peak input signal swing v
input signal bandwidth 0 ~ 20kHz
clock frequency 1.4 MHz
technology NSC 0.18: CMOS9 process

The design of this SAR — ADC consists of two blocks: analog components and
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digital control block for switch clocks. These are described in the following sections.

4.3 Analog Component Design

The analog block of this converter includes two parts— ADC core and comparator —
as shown in Fig. 2.2 of chapter 2. From this figure, ADC core is the part on the |eft
side of switch S67 and S68, which consists of an op-amp, 14 capacitors with 16pF

for each, and 66 switches. As mentioned in chapter 3, in order to perform

N21 N23

o o n b
NS I -

O o Cas +

[1

0 c.opr Cenpa _
N BRR

N34

| P
N22 N24

FIGURE 4.1: Modification of circuit from normal predictive CDS to double predic-
tive CDS

double predictive CDS compensation technique, two more error charge capacitors
will be added to the ADC core. At the same time, 10 more switches are also needed
to carry out the necessary charge transfer operations. All modifications are made
between nodes N21 and N23, and between nodes N22 and N24. Fig. 4.1 shows
the circuit modification based on Fig. 2.2 of chapter 2. In Fig. 4.1 phase O is for
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refreshing the error charge on C.;p, and C.2p2, Which covers predictive phase and

converting phase of LSB. Phase [ is used for all phases from MSB to the 2nd L SB.

latch

N33 - N35 ;} N37 . N39 R -
Ceq + b't

reset ‘elc
| Pre-amplifier Latch
reset C

e2(|7 -
[

+

N34 N36 N38 N40

FIGURE 4.2: Implementation of the comparator

The comparator of this ADC is the part at the right side of switches S67 and
S68 in Fig. 2.2 of chapter 2. In the real circuit implementation, this part (including
S67 and S68) actually has the configuration shown in Fig. 4.2. The operation of the
comparator is straightforward. During the “reset” phase, the input referred offset
voltage of pre-amplifier is stored in C,;¢ and C.yc as error charge, while in the
“compare” phase the polarity of node N39 and N40 will reflect that of N33 and N34
without the influence of pre-amplifier offset voltage. This polarity will be latched
after a sufficient slew time of the pre-amplifier, and the binary voltage of node “bit”
out of R-Slatch will be used as the digital output of this converter.

A hybrid two-stage class A/AB operational amplifier [16] is used in ADC core
shown in Fig. 4.1. This structure has the following advantages: (1) With the same
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non-dominant pole frequency, the output branch current isonly about half of that of a
two stage class A structure, therefore it consumes|less power than atwo stage class A
op-amp, this advantage is more obviousin low-speed applications; (2) PSRR is better
than two stage class A; (3)it hasalarger signal swing compared to the folded cascode
topology, and thisiscritical in low voltage design. Fig. 4.3 shows the detailed struc-
ture of thisop-amp. Fig. 4.4 isitsbiascircuit. From Fig. 4.3 it can be seen that bias of
the second stage is determined by the output common mode voltage of thefirst stage.
A current mirror is used to ensure the “push and pull” operation for the differential
input signal, however, this also cancels the influence of the first stage common mode
voltage on the second stage common mode voltage, which means that two separate
common mode voltage feedback circuits are needed for two stages. The split of tran-
sistors in the output branches is to improve the phase margin of the common mode
feed back loop and adjust the output common mode voltage. The switched capacitor
common mode feedback circuit is used in both stages of this op-amp and is shown
in Fig. 4.5. Capacitancesin Fig. 4.5 will affect the phase margin of the op-amp, and
they are determined by simulations of 14 switch configurations described in chapter

2. Even the Bode plot varies somewhat from switch setting to switch setting, the
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typical one of the op-amp isshown in Fig. 4.6.
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FIGURE 4.6: Typica frequency response of the two stage class A/AB operationa
amplifier

Fig. 4.7 shows the circuit for the pre-amplifier used in the comparator. Thisis
a normal folded cascode amplifier, and its bias circuit is shown in Fig. 4.8. The
common mode feedback circuit of this folded cascode pre-amplifier has the same
structure as Fig. 4.5.

Thelatch circuitin Fig. 4.2 isshownin Fig. 4.9. When the latch signal islow, M2
and M3 work in the triode region while M4 and M5 are cut off. This servesto clear
the memory of the latch and isolate the output status from the input signal. Since
both S and R (port Sb and Rb in Fig. 4.9) are set to high when the latch signal is
low, M6 and M7 are turned on thus the input differential signal reaches the drains of

these two transistors. When latch signal becomes high, M2 and M3 are turned off
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but M4 and M5 are turned on, therefore two inverters formed by M1, M7 and MO,
M6 respectively are connected as a positive feedback inverter chain, and the small
input differential signal at the drain of M6 and M7 will be regenerated and latched as
abinary signal at the output port S and R. These two signalswill be buffered by two
inverters and sent to an SR latch, as shown in Fig. 4.2.

N-well double poly capacitors will be used in the ADC core depicted in Fig. 4.1
and Fig. 2.2 of chapter 2 for better linearity. All capacitors that appear in the above
circuits will have the same capacitance 16pF and the reason has been mentioned
before.

There are more than 100 switches in the analog part of this designed successive

approximation ADC. NMOS switches are used for al nodes where the settling volt-
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age is close to the analog ground, while CMOS switches have to be used for those
nodes where settling voltage variesin awide range, such as switches connected to the
output of op-amp or the top plate of signal capacitor C;, or reference capacitor C,.,
etc. Switch sizes are first estimated from the manual calculations based on the RC
time constants of each possible connection and available settling time for those con-
nections. Fig. 4.10 and Fig. 4.11 are typical relationships between switch-on resis-
tance and transistor size and can be used to manually estimate the switch size. These
two figures are obtained under the condition that channel lengths of both PMOS and
NMOS are fixed to be 0.18;. Both figures are results from HSPICE simulations.
Simulation for Fig. 4.10 are straight forward, but that of Fig. 4.11 needs additional
steps. Because of the difference of carrier mobilities between PMOS and NMOS, in
order to obtain symmetric switch-on resistance of CMOS switch with settling volt-
ages relative to the analog ground, PMOS channel width must be wider than that
of NMOS. The ratio 1W,,/W,, is found to be 3.4 through HSPICE simulations. The
channel width above each curvein Fig. 4.11 corresponds to that of NMOS. Fig. 4.12
and Fig. 4.13, which are the intermediate results for obtaining Fig. 4.11 by HSPICE
simulations, serve for better understanding the fact that there are two humps at the
settling voltages around the analog ground.

Note that intensive HSPICE simulations are indispensable for the optimization of
final switch sizes. Simulation showsthat switch sizes are critical for the performance

of the designed switched capacitor SAR ADC.

4.4 Digital Component Design

In this switched capacitor successive approximation A/D converter with the capaci-

tance mismatch error cancellation agorithm, the function of the digital block is not
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only a clock generator that produces periodic non-overlap clock signals, but also a
finite state machine that produces the non-periodic sequential logic control signal to

realize the algorithm. The top level of the digital block is shownin Fig. 4.14.

Switch Control Signals

Clock
Generator

External Clock

Conversion Status Signdls -
16 bits Parallel Output

FIGURE 4.14: Top level of digital block relative to analog block of the SC SAR—
ADC

441 Clock Generator

The timing diagram of al clock signalsis shownin Fig. 4.15. Driven by the externa
master clock, a two-phase non-overlap clock ¢, and ®, are generated by circuit
introduced in [6]. Signal “clearF” starts the conversion of anew sample. Thissignal
is necessary to reset the flag of the state machine that traces the error charge free
capacitor, as described in chapter 2. At the beginning of each sample, the error free
capacitor must be reset to . ;. Another function of signal “clearF” isto gate ¢, and
®, and generate ¢y, and ¢, for predictive phase and actual sampling phase to sample
the input signal. Signal “Refresh” marks two phases of predictive CDS operation
of the LSB, which corresponds to phase O in Fig. 4.1. Itsinvert signa “ Re fresh”
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correspondsto phase [ in the samefigure. Signal “LSB” iscreated by “Refresh” and
®,, which is necessary to discharge the relevant capacitors for preparing to sample
the next input signal. As shown in Fig. 4.15, each sample needs 23 external clock
periods, therefore a0 ~ 22 counter is needed.

MSB is generated by sampling phases ¢q; and ¢y,. Because of the operational
difference between sampling and normal conversion, these two phases are separated
from normal 6-phase conversion sequences. Thisleadsto a non-periodic clock struc-
ture for ¢, through ¢¢, as shown in Fig. 4.15, however, this reduces the number of
clocks needed for each sample. Otherwise 27 clocks are needed for each sample,
among them 3 clocks are wasted to maintain the periodic 6-phase clock structure.
In order to obtain the non-periodic 6-phase clock structure, 3 internal clock enve-
lope signals “High_en”, “Swap_en” and “Low_en” are generated from the counter.
These envelope signals will be used to gate the normal non-overlap 2-phase clocks
®; and ®,. Specifically, ®; and ¢, are gated by “High_en” to generate ¢, and ¢-, by
“Swap_en” to generate ¢ and ¢4, by “Low_en” to generate ¢5 and ¢s.

“Latch” signal is generated at the end of phases ¢q2, ¢» and ¢ for latching the
results of the comparator. After a short delay for binary signal regeneration in the
latch of Fig. 4.2, output “bit” of the comparator is updated either as the higher bit by
signa “updateFH” or the lower bit by signal “updatel”.

Conversion status signals “ clearF”, “Refresh”, “LSB”, “Latch”, “updateFH” and
“updatel” may be directly used by switches in the analog block, while phase clock
signals ¢g1, Go2, ¢1, G2, G2, Pa, 5 aNd g Must be gated by state machine to generate
proper switch clocksfor the algorithm discussed in chapter 2 and chapter 3. The state
machine is discussed in the following section.

The circuit implementation of the clock generator is shownin Fig. 4.16.
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4.4.2 Finite State Machine

The state transition diagram of the finite state machine in Fig. 4.14 is shown in

Fig. 4.17.

LSB

—(—®

UpdateFH

Al

Updatel

o
() (a

|

FIGURE 4.17: State transition diagram of SAR — ADC

Strictly speaking, the clock generator described above is part of the finite state
machine, because the state transition sequence has aready been determined by the
sequence of non-overlap phases and timing of the conversion status signals. How-
ever, thetype of operation (ADD/ADD, ADD/SUB, SUB/ADD and SUB/SUB) must
be determined in the finite state machine based on the result of the analog output
“bit”. Thisisimplemented by updating certain flags in the finite state machine by
“UpdateFH” and “Updatel.” operations. Since non-overlap phase signals cannot be
directly used as switch clocks, they must be gated and multiplexed into actual switch
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clocks by thisfinite state machine.

Circuit implementation of the state machineis shownin Fig. 4.18.

In order to eliminate signal dependent charge injection, switches connected to
the signal voltage dependent nodes should be closed after other switches are closed.
Therefore short delays are necessary for some switch signals after the finite state

machine.

4.5 Full Chip Simulation

Full chip simulationsare performed during the design parameter optimizations. Since
there are a lot of transistors inside digital block, a full transistor level simulation,
which include both analog and digital components, will be too time consuming to be
implemented. Therefore the following approach is used. Digital block isfirst simu-
lated in the full transistor level by HSPICE. Once the correct control logic has been
verified by transistor level simulations, all gates in digital block will be represented
by proper verilog models. The full chip simulations are then performed by simulator
“gpectreSVerilog” inside CADENCE. In simulationsthe numerical relative tolerance
is 103, voltage absolute tolerance 10 and current absolute tolerance 102, The

final simulation result is shown in Fig. 4.19.
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FIGURE 4.19: Output spectrum of the switched capacitor SAR — ADC by full chip
simulation

The layout of this chip with National Semiconductor CMOS9 process is shown
in Fig. 4.20.
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Chapter 5

Summary and Future Work

5.1 Summary

The mismatch error canceling algorithm of the switched capacitor successive approx-
imation A/D converter has been improved. Compared to the original algorithm, the
finite state machine of the digital block for switch control is expanded because of the
tracing of the error charge free capacitor, but the error canceling operation becomes
more consi stent.

The predictive correlated double sampling technique in the switched capacitor
successive approximation A/D converter was studied theoretically, which revealed
that normal predictive correl ated double sampling techniqueisnot adequate to achieve
high resolution SC SAR — ADC. The operational difference of predictive CDSin SC
SAR — ADC from that in other applications were explained. Based on the above
studies, a predictive CTS technique was proposed as an improvement of predictive
CDSin SC SAR — ADC, which was proved efficient by SWITCAP simulations.

A 1.8V switched capacitor SAR — ADC was designed with National Semicon-
ductor CMOS9 technol ogy, which adopted results of above researches. The detailed
transistor level design and its layout were provided. Full chip simulation shows that

the design was successful, and this switched- capacitor ADC was fabricated.
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5.2 Plan of Future Work

The test board of the designed SC SAR — ADC needs to be designed and fabricated
in order to test the performance of the designed chip. The improvement of this A/D

converter should eventually result in the application of areal product.
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