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Nation Chiao Tung University

Abstract

New CMOS and digital signal processing techniques have a great variety of
applications in recent years. Pipelined ADC-1s wildly utilized for its flexibility in
speed, resolution, and power. In traditional converter’s static testing time consumption
and hardware overhead of test equipment are still the prime concerns. In the thesis, a
simple built-in self test is proposed for pipelined analog to digital converters.

By taking the advantages of the structure in pipelined stage, we use the next
stage comparators to scan the transfer curve of the previous stage. The stage gain error
and offset error can be estimated. With certain confidence interval analysis reliable
results can be achieved. A 8-bit 100MS/s pipelined ADC is realized to verify the
algorithm. It is made of seven stages of 1.5-bit sub-converters and an 1-bit back end
stage.

The proposed pipelined ADC and BIST circuit are designed using TSMC 1P6M
0.18um CMOS process with an active die area of 0.58mm x 0.66mm . In normal
operation the peak SNDR is 47.09 dB with the input signal frequency of
20.9Mhz . The total power consumption of the proposed modulator is 110mW . In
BIST mode, with intentional mismatch added into stage one and stage two, gain errors

can be estimated correctly. Finally the Matlab is used to correct the error.

Index Terms — pipelined ADC, BIST, 100 MS/s, confidence interval, probability.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

In order to take the advantage of digital technique, more and more signal are
processed in digital domain. Analog to digital converter (ADC) is the bridge between
our analog world and digital domain. Although the digital field extends greatly ADC
can never be substituted. It has wild applications such as wireless communication
system, cellar phone, digital video system, high speed modem, Ethernet system, and
etc.

Different types of converters are developed for different specifications. In Figure
1-1 a sketch map of different architecture and requirement is presented. Among those
converters pipelined ADCs provide good trade-off between sample rate, resolution,
power, and chip area. With increasing resolution and speed, the error effects arise. It is

believed that nonlinearity of pipelined stage gain induces most linearity problem of
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Chapter 1 Introduction

entire converter. The stage gain error results from finite amplifier gain, capacitor
mismatch, or accuracy of reference voltage. Some trimming or calibration techniques

are used to deal with it. It is necessary for pipelined ADC over 12 bits resolution.

Resolution

20

18 = Delta-Sigma

(
AR
ADC

Pipelined
ADC

10k 1M 100M 10G

-~
~

L/

Sample/s

Figure 1-1 ADC architecture-vss speed and resolution

ADC testing can be categorized into two categories, dynamic testing and static
testing. By sending single tone or multi-tone sinusoidal signal into ADC, dynamic
testing includes signal-to-noise ratio (SNR), spurious-free dynamic range (SFDR),
signal-to-noise and distortion (SINAD), and intermodulation distortion (IMD). By
histogram method, static testing obtains integral nonlinearlity (INL) and differential
nonlinearlity (DNL).

With regard to static testing, a new method is proposed for pipelined ADC. It
uses of the structure property of a pipelined ADC. Linearity of the converter can be
estimated with some simple digital circuit utilization. With the scaled technologies,

the cost of additional digital circuit is decreased.

1.2 Thesis Organization

This thesis is organized into six chapters. In Chapter 1, this thesis and ADC
application are briefly introduced. In Chapter 2, the fundamentals of pipelined ADC

.



Chapter 1 Introduction

are introduced. The effects of different errors are presented. Some of them can be
ignored but others are not. Finally the development of 1.5-bit pipelined stage and its
digital correction are introduced.

In Chapter 3, the concept of built-in self-test (BIST) is introduced with
probability analysis. The essential accuracy requirement is also analyzed. Then whole
architecture of BIST circuit is presented. It uses comparators of the next stage to scan
previous stage. The calibration of the comparator become necessary although the
pipelined ADC can tolerate large comparator offset originally. The calibration method
is also introduced in this chapter. Triangular wave linearity and circuit are introduced.
Finally the equation of off-chip correction is presented.

In Chapter 4, we design a 8-bit 100MS/s pipelined ADC to verify the BIST
algorithm. The sample-and-hold (S/H) and multiplying digital-to-analog converter
(MDAC) circuit is shown. The specification of the operational amplifier is analyzed.
The bootstrapped switch is utilized. The bottom plate sampling technique is described.
And the comparator and its Monte Carlo analysis are presented. The timing diagram
of ADC is presented. Finally thesclock generator eircuit and its simulation result are
presented.

In Chapter 5, all the simulation results are.summarized in this chapter. In Chapter

6, the conclusions of this work are summarized.
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Chapter 2

Fundamentals of Pipelined ADC

2.1 Introduction

Some of the fundament character of pipelined ADC will be reviewed in this
chapter. The principles of pipelined ADC are presented in Section 2.2. Different kinds
of stage transfer curve are shown here. In Section 2.3, the effects of error in pipelined
stage are described [1][2]. Some of them aren’t necessary to be deal with [3]. For
example, nonlinearity of subADC induces decision level shift or offset error in a
pipelined stage. In section 2.4, the development from 2-bit pipelined stage to 1.5-bit is
introduced. At the same time the method and reasons for digital correction are

presented.
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2.2 The Principles of Pipelined ADC

Digital Output

!

Digital Error Correction Logic

7y Y
Ak Ak Ak

A|:2|L?tg > Stagel f——» Stage 2 « o o Back-End ADC
/ .
4.

k bit
subADC

k bit
—p| subDAC

+

»{ +

Figure 2-1 Structure of pipelined analog to digital converter

Figure 2-1 shows the block diagram of‘a pipelined ADC. It consists of a S/H,
pipelined stages, and a digital Correctioncircuit. Each stage except for the last stage
includes a sub-analog-to-digital ~converter (SubADC), a sub-digital-to-analog
converter (subDAC), a subtracter, and a'residue amplifier. The last stage just includes
a subADC. The S/H samples analog signal and transfers it to the first pipelined stage.
The subADC obtains a low resolution digital output. Then subtracting the held analog
signal by the reconstructed analog signal from subDAC, the difference is amplified by
the residue amplifier and sent to the next stage. The whole process can be treated as
looking for a target on a map. In Figure 2-2 an area is located by the vertical and
horizontal coordinates. In Figure 2-3 and Figure 2-4 the area is moved to the center
and amplified to fit the coordinates. Then by using the same coordinates more
accurate location can be specified. The subADC just represents the coordinates. The
subtraction represents the operation of moving to the center. The residue amplifier
performs the area enlargement. By this process the same coordinates can be used to
locate a target more and more precisely. It is just the same as identical pipelined stages
combination. In Figure 2-1 the MSB is specified from the first stage and the LSB is

specified in the last stage. The operation of each stage can be divided into two phase,




Chapter 2 Fundamentals of Pipelined ADC

sample phase and hold phase. When it is in the sample phase, it samples data from the
previous stage. When it is in the hold phase it sends data to the next stage. Every
adjacent stage must be in different phases. While S/H is receiving the new analog
input the pipelined stages are processing previous data. With this character the

pipelined ADC is well known for its high throughput.

Figure 2-2 SubADC locate the target

Figure 2-3 “subtraction” moves the target to the center

Figure 2-4 Residue amplifier enlarges the target
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Figure 2-5 subADC of next stage “relocate” the target

There are a number of ways to define a single pipelined stage. They are the
threshold levels of subADC, the digital codes, the corresponding subDAC levels, and
the interstage gain. The interstage gain, G , can be any value greater than 1. Here
shows some examples of pipelined stage transfer curve in Figure 2-6, Figure 2-7, and

Figure 2-8 [4][5].

Vout
+1 — — — . = _— 0 —-
Vref
+05 — — —+ — R ——f——1—-
0______ _ - — — _ ] — -
o 1 Y AR —— A [ —— [
Vin
1 I | >
Vref

-1 -0.5 0 +0.5 +1

Figure 2-6 Ideal transfer curve of a 1-bit pipelined stage

Table 2-1 Static parameters of a 1-bit pipelined stage

input range [-1,1]
subADC threshold levels {0}
digital codes {0, 1}
subDAC levels {-0.5,+0.5}
interstage gain G=2
number of bits k=1
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Vout
1 - — 4 - — g — — - — - —
Vref
1
05 - ————H——F+FrH—4+——4—-
10
oiigi — — —r _J 1 —]— —
01
0.5 — — — -4 ——+H—+F+—4—-
00 .
p 0o { o1 |10 f1a | V"
Vref

-1 -0.5 0 +0.5 +1
Figure 2-7 Ideal transfer curve of a 2-bit pipelined stage

Table 2-2 Static parameters of a 2-bit pipelined stage

input range [-1,1]
subADC threshold levels {-0.5,0,+0.5}
digital codes {00,01, 10,11}
subDAC levels {-0.5,0,+0.5}
interstage gain G=4
number of bits k=2
Vout 4
+1 — —
Vref

Vin

A 0.25 0 +0.25 +1 Vref

Figure 2-8 Ideal transfer curve of a 1.5-bit pipelined stage

Table 2-3 Static parameters of a 1.5-bit pipelined stage

input range [-1,1]

subADC threshold levels {-0.25,+0.25}
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digital codes {00, 01,10}
subDAC levels {-0.5,0,+0.5}
interstage gain G=2
number of bits k =2 (after digital correction k=1)

2.3 Errorsin Pipelined ADC

2.3.1  Nonlinearity in SUbADC

VP —— 4 —

0 —— | — — —

e e
I

vr By B
=Vr -0.5Vr 0 +0.5Vr +Vr

Figure 2-9 Ideéal 1.5bit/stage and decision level shift

The nonlinearity errors in subADC result in decision level movement shown in
Figure 2-9 [6]. These errors induce wrong output code in a single stage. However a
digital error correction technique is developed to deal with this problem. As long as
the output values within the input range of the next stage, the digital code error can
totally be restored. The details on digital error correction will be described in section

2.4.
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2.3.2 Offset error in SubDAC
v — //

‘ subADC H subDAC ‘
A
4 /
S / /
S 1/ 1/
7 / v v
,/ 00 01 10
| | —
+Vr

In Y out
* (s X Aj vr ; | |
-Vt -0.25Vr +0.25Vr

Figure 2-10 Ideal 1.5 bit/stage and offset error in subDAC

The offset in subDAC is equivalent to horizontal movement in the transfer curve

shown in Figure 2-10 [7]. Moreover the stage offset error can be equivalently

included in this part. The equation of the transfer curve can be expressed as
BA (O
Via :(VJ' L )'Aj @-1)
or
V.
" (Y o (2-2)
i
An ADC with L pipelined stages can be.expressed as
DA DA DA
\Y, Vv Vv
<IN L + L, 0S
A1A2 e AL-l A1A2 o AL-l
(2-3)

Vv
DA

Vi=Vi +;—+ A A
"l 12

[ON)

VY
0S=V S +2 43 ...,
AL AA AAg -
It shows that the offset error in subDAC only contributes to the offset error of entire

ADC. It can be easily removed in system level. So the effect can be ignored.

2.3.3  Gain Error in residue amplifier
The residue amplifier is implemented by switch capacitor (SC) circuit and

operational amplifier (OP). The gain error mainly results from the finite gain of the
OP and mismatch in capacitors. It changes the slope of stage transfer curve [8]. In
Figure 2-11 shows the residue transfer curve when the interstage gain is greater than
two. Stage gain error contributes to linearity problem of entire ADC. In Figure 2-12
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the transfer curve of entire ADC is presented [9]. Assume the first stage has gain error
(>0) and others are ideal. Figure 2-13 and Figure 2-14 show the opposite cases. In
practical designs, all stages suffer from non-ideal interstage gain error. That decreases
the linearity and resolution of the ADC seriously. A lot of calibration methods are

developed to cancel the effect especially for high resolution pipelined ADCs.

Vout 4
+1 — — -
Vref
+0.25 — — —+
0 — — —
0.25 — — ¢
Vin
-1

A -0.25 07+0.25 +1 Vref

Figure 2-11 Transfer-curve of 1.5 bit/stage with gain error (>0)

gainerror > 0 /

Y

Figure 2-12 Transfer curve for 1.5 bit/stage pipelined ADC when interstage gain >2
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-1 -0.25 0 +0.25 +1

Figure 2-13 Transfer curve of 1.5 bit/stage with gain error (<0)

missing code

Figure 2-14 Transfer curve for 1.5 bit/stage pipelined ADC when interstage gain <2

2.4 Digital Error Correction

Digital error correction is developed to correct the error due to decision level

shift in a pipelined stage. This effect results from the nonlinearity of subADC. With
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this method, the cost is reduced by not generating precise decision levels. The
correction range is defined under the condition that the decision level movement can
be tolerated without error. In Figure 2-15, apparently the offset of subADC within
+0.25Vr will not saturate the next stage. Then #0.25Vr is the correction range of

a 1.5-bit pipelined stage.

A
Vr — —
+0.25Vr — —
-0.25Vr — —
v -0.25Vr +0.25Vr +Vr
A B LA
Vx

Figure 2-15 A 1.5-bit pipelined stage transfer curve with decision level shift

Here shows an example of'.digital error cortection. In Figure 2-15, there is an
ideal 1.5-bit pipelined stage transfer ‘curve and the decision level offset of +0.25Vr as
the dotted line goes. An input Vy is applied into a stage. The correction is performed
with one bit overlapped addition in Figure 2-16. The ideal digital output eventually is

identical to the corrected one.

Ideal decision level shift
10 01
+ 00 + 10
100 100

Figure 2-16 Digital correction performed

Let’s see a 2bit pipelined stage transfer curve in Figure 2-17 to explain the origin

of the digital correction [10].
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A

vr — — — —-
11

+0.5Vr — — — — -
10

0 — — — - —
01

-0.5Vr — — — — -
00

-Vr »

-Vr -0.5Vr 0 +0.5Vr +Vr

Figure 2-17 A ideal 2 bit/stage transfer curve

Apparently, any decision level shift in sub ADC would saturate the next stage.
This results in unrecovered error in digital output. There are two methods to deal with
this problem. The first, one is to increase the humbers of comparators. It causes the
increase of the input range of the next stage. If the next stage is not saturated, the
ADC can work normally in the following stages. Some digital circuit is needed for
additional comparators. The second,instead-of increasing comparator number, a
modified transfer curve is shown m Figure 2-18 with reduced stage gain by a factor of

two.

A
Vi —— 4 —— — — — — — — — — — — — — -
11
+0.5Vr _
0 —
-0.5Vr -
00
o0 01 10 ¢ 11 4 o
-Vr | | | >

-Vr -0.5Vr 0 +0.5Vr +Vr

Figure 2-18 Transfer curve of 2 bit/stage with reduced stage gain
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The curve with reduced gain allows the subADC has “margin” of offset without
saturation in the next stage. Since the stage gain is reduced by two, the weight of the
next stage digital output is increased by a factor of two. This is the reason why the
correction is performed by an addition with one bit overlapped between adjacent
stages. The reduction in stage gain also means the reduction in stage resolution. The

cost is that more stages are needed to achieve the same resolution.

A
Vr
addition
needed
+0.5Vr
0
-0.5Vr
subtraction
needed
vr 00 | O | 10 Gyr.11 |
| | ~ T |

-Vr -0.5Vr 0 +0.5Vr +Vr

Figure 2-19 Transfer curve of reduced stage gain and decision level shift cases

When the decision level moves to the left in Figure 2-19, the correction obviously
must be done with a subtraction [11]. When it moves to the right, an addition is
needed. In order to reduce the design complexity of digital correction circuit, the
subtraction is removed by modifying the transfer curve. A 0.5LSB offset (a 2-bit stage
resolution) is introduced into the subADC and removed in subDAC. That shifts the
transfer curve to the right by 0.5LSB as shown in Figure 2-20. It also changes the
reconstructed analog signal from subDAC by 0.5LSB.

A [

| |
| |
VI —— 4 ———— T T
| |
" | | |

| |

+0.5Vr — — 4 — — — — ——— -

’ subADC H subDAC ‘ 10

A

0o — — | ——— /L 4L /L _ __

Y 01
’ +0.5LSB ‘ ’ -0.5LSB ‘

osvr ——t LV V. V. __
00 00 01

In + out

-Vr -0.5Vr 0 +0.5Vr +Vr
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Figure 2-20 Transfer curve of reduced stage gain and intentionally shift to the right
One can compare Figure 2-20 with Figure 2-17. On the condition that the
decision level shifts within +0.25Vr , the digital output is always less than or equal
to the original digital output in Figure 2-17. That means the subtraction is needless as

shown in Figure 2-21.

A
vr ———————— — — — = — — — — -
1 y _ addition “
+05Vr — — 4 —— — — —— = ——- needed
|
10 | |
|
o —— | ——-/L 4/ 4/ L _
' |
01 :
- S YV ___ .
0.5Vr v . “do nothing” +0
" needed
00
vr 1

-Vr -0.5Vr 0 +0.5Vr +Vr

Figure 2-21 Shift to right transfercurve.and'decision level shift cases

Removing the top comparator ineteases-the testability of the correction logic but
not the maximum magnitude. The new transfer Curve is shown in Figure 2-22 as

standard 1.5-bit pipelined stage. The correction is performed as in Figure 2-16.

A
vi—— - —-—— — — — — —-
10
+0.25Vr — — + — — — -] ——F———-
01
-0.25Vr — — + — — /4 — -t - —— — -
00
00 01 10
v —— e
-Vr -0.25Vr +0.25Vr +Vr

Figure 2-22 Ideal 1.5 bit/stage transfer curve
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Chapter 3

The BIST Architecture

3.1 Introduction

In this chapter, the concept and realization of the BIST circuit is presented. We
introduce the basic self test idea in Section 3.2. In Section 3.3, the probability in
transfer curve is introduced. In Section 3.4, to achieve expected accuracy the
confidence interval analysis is presented. The BIST circuit architecture is introduced
in Section 3.5. The comparator is an important element in BIST circuit. Its offset
calibration is presented in Section 3.6. The stimulation (triangular wave) linearity
requirement and circuit are introduced in Section 3.7 and 3.8. After the probability
analysis, the error in transfer curve is transformed into the result of counter. The table
of gain error and corresponding counter result is presented in Section 3.9. Finally the

mathematical description of correction is discussed in Section 3.10.

3.2 BIST Introduction
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vj Vj+1
R — Stage 1 |——» Stage 2 P Back-End ADC
’ N
P
’
P
’
P
’

~
~

<
Digital Error Correction Log\ic\ N
S

Pt Stage j Stage j+1 Se
.

vj Vit Vj2
MDAC MDAC

+ 0.25Vr -0.25Vr + 0.25Vr -0.25Vr

A A

» Dj

» Dj

I I
I I
T T
I I
I I
¥ ¥
Error parameter

Figure 3-1 Structure of two adjacent stages

Observing the adjacent pipelined stages in.Figure 3-1, the comparators of the
next stage may be used as the test element to testthe current stage. Scanning the
transfer curve of the previous stage) the question becomes the relation between the
scan results and the parameters that we interested in. In the next section, the

probability analysis is presented and the relation is realized.

3.3 Probability Analysis of the Errors

A
Vr
Cc ()
+0.25Vr — — -
B (®)
-0.25Vr — —| -
A (B)
-Vr
-Vr -0.25Vr +0.25Vr +Vr

Figure 3-2 Ideal 1.5 bit/stage transfer curve and ideal probability distribution
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In Figure 3-2, if a ramp signal from -V, to +V, is sent to an ideal 1.5-bit
pipelined stage, P,,P, ,and P of three regions, A B and C, can be obtained from

the stage output individually. Region A, B, and C are defined by the next stage
Vv
comparators, i% . Assume S represents the entire sample space. They are

described below as an ideal case.

S=£+£+£:1. (3-1)
4 4 4
0.5-0.25 0.5
2 )34 1os
P, =P = =" -=0.3125. 3-2
a = Pc S 4 (3-2)
OfX3 1.5
P, = =—"-=0.375. 3-3
b S 4 (3-3)
A
Vr z /.
gain error(a>0)\/
1 ~>_ (o4
Ideal
+0.25Vr — — 4+ =y -
B
-0.25vr — | A B/ _
A
-Vr H
-Vr -0.25Vr +0.25Vr +Vr

Figure 3-3 Ideal 1.5 bit/stage transfer curve and gain error (>0)

In Figure 3-3, when it comes to gain error case P,;l , P[; and P(': represent new

probability distribution in three region. Assuming o >0, the increase of probability

in region A and C would be the same, but decrease twice in region B. Expressing as
Pa=Pa+y,  Py=Py-2y, Pc=Pc+yp. (3-4)

From (3-3), we have
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9£§X:3
' 4
Pp=7—"7"——. 3-5
® " 1+ a)xS G-)
(3-3) divided by (3-5) obtains
P—'? =l+a. (3-6)
Py
Rearranging (3-6), we obtain
P, — P,
a=-2_"Db (3-7)
Py

The gain error « can be solved by probability shift from the ideal one.

A

Vr
C (Pc”)

+0.25Vr
B (Pb”)

-0.25Vr
; A (Pa”)

-Vr N fif_#ii+i4_k+i
-Vr -0.25Vr +0:25Vr +Vr

Figure 3-4 Ideal 1.5 bit/stage transfer curve and offset error

By a similar method, the offset error can be estimated. Figure 3-4 shows the
transfer curve with an offset error. Assume Kk >0, in a reasonable condition the
probability decrease and increase of region A and C are the same in magnitude. The
probability in B will not be affected. The offset estimation can be done from region A
or C. Take probability in C for example, the variation is expressed as

1.25 N 3-k 125

AP, -p. _p -4 4 4 _ 3Kk (3-8)
Seta” Seta” 4. Seta"

The offset is

k = APC . Seta” . % . (3-9)
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3.4 Sample Number Analysis

From the previous section, the relationship between errors and output probability
variation is defined. That means the accuracy of error estimation is dependent of the
accuracy of the probability. The question comes to how many samples are necessary.

Here, confidence interval analysis is required [12].

Figure 3-5 The error estimated probability distribution

It is reasonable to assume-that the estimated proebability is a normal distribution

presented in Figure 3-5. The distribution-is-centered at p, the correct value of the

A
estimated probability. While p represents the real probability we estimated the

A
standard deviation, o , is expressed as

A A

A A\ p(1-p)

o="—""_T7 (3-10)
A/n

The confidence interval equation is given by
A A A A
Plp-ty2-0<psp+ty -0 =1-4, (3-11)
or
A A A
Plp-ty/o-o<p<p+t,,,-0|=1-5. (3-12)
(3-12) represents that there is 100-(1- )% confidence about the real

A A
probability, p . The real probability would be *t_, -o around correct probability
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A A
p. ty, o results from test uncertainty or non-ideal test circuit. As t,, - o being

A A
small enough, p can represents correct p . Defining t , o as

A
Ap=t,,, 0. (3-13)
From (3-3) and (3-7), we obtain
1.5
a=—-r -1. (3-14)
4.p

A
The expression between « and p can be extended to

a+Aa:L—l. (3-15)

A
4-[p+ Ap]

The additional gain error A« is from Ap .

From (3-14) and (3-15) Aa can be exprtess as

15 1

O] LB 15 Ap

1
A AR AT N AE T 4 a2
p £p+ Apj ‘P p>ap p

p+Ap
From Matlab analysis, a 8-bit pipelined ADC would cause linearity problem if

(3-16)

gain error of a pipelined stage be greater than 0.005. So the error tolerance is the value

0f 0.001. That means A« <0.001 .Using (3-10), (3-13), and (3-16) we have

A A
1_
15, VPU=P) 4001, (3-17)
4 al?2 >
A
np

A
For simplicity, let us take the correct value p to replace p. For a 99% confidence

level, t =2.58, we have

n > 8970666 . (3-18)

As long as the sample number is larger than this value, we have 99% confidence
that the differance between the measured gain error and the correct one is smaller than

0.001. In circuit design, we use a 25-bit counter to ensure this sample number.
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3.5 BIST Architecture

Triangular
Wave
+’ ‘DH DL ADC ‘
Serial IN
—— ™ Shiftregister14bit ——¢ |1 )\(2) - |6)\7) (1) \2) ---o--e--
7 -1 mux > 7 -1 mux

stop count ) 5 en Stop 5 en

count
gain error offset error
en L R —» counter R —» counter
D
ramp . N
DFF 24 bit 24 bit
R | counter clk clk
25 bit
clk 24b 24b
Y
Serial out
Serializer 48 bit —
pls
reset ——» > — R J !
DFF DFF P/S
clk u CKIN

Figure 3-6 BIST circuit architecture

Figure 3-6 shows the architecture of BISF circuit. It consists of a shift registers,
three asynchronous counters, two 7-1 multiplexeres (MUX), and a serializer. The
14-bit shift register is used to decide which stage’s transfer curve should be scanned.
Seven bits of the shift register, sell~sel7 in Figure 3-7, control where the triangular
wave goes to, and other seven bits control two 7-1 MUXes. Two 7-1 MUXes receive

error data from the stages and transfer the data to the

sel1 sel2 sel3

VW .

triangle wave

—[>—

Back-End
ADC

Figure 3-7 MUXs between pipelined stages

two error counters. XOR gate is used to trigger gain error counter while the stage
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output code falls in region B. NOR gate is used to trigger the offset error counter
while the stage output code belongs in region A. A 25-bit counter is used to make sure
that 2** samples are sent to the stage under test [13]. The other two 24 bit counters
count gain and offset errors individually. Finally a 48-bit serializer is used to send the

result out of chip for reducing output pad numbers. It is shown in Figure 3-8 [14].

CK3 L L * ® L

CK2

CK1

,_
-
-

*—

*—

*—

CK3

F

]
o T L U L e & L L LT LT

Figure 3-8 Shift-register type-serializer

We use reset pin to switch operation"mode. When reset = 0, ADC is in normal
operation made that converts analog signal to digital code. When reset=1, circuit
become in BIST mode described below. First the stage under test information is
assigned into 14-bit shift register from outside. Reset pin is set from high to low to

reset all counters. Then triangular wave signal is sent into the stage. Error counters

start counting. After ramp counter counts 2 24 samples. Error counters stop counting.
Gain error and offset error parameters are loaded into 48-bit serializer and then sent to

logic analyzer through serial output pin.

3.6 Comparator Offset Calibration

Once it is decided to utilize comparator to estimate errors, comparator offset
become a serious problem that will affect error detection result directly. But this
problem can be solved easily with the original BIST circuit. In Figure 3-1, when the

triangular wave is sent into stage j, error counter reads error parameter from stage j
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instead of stage j+1. By analyzing probability in three regions, the value of

comparator offset is understood.

Vr

+0.25Vr

-0.25Vr

-Vr

Figure 3-9 Example of comparator offset

Here is a calibration example of the gain error. In Figure 3-9, a and b are ideal

comparator value. Because of offset, a moves to a and b moves to b . Offset

Calibration is done by

Correct error count =Original efror count +%x N —bTbx N . (3-19)

3.7 Triangular Wave Generator Linearity

Take advantage of random sample the start or stop point of the ramp can be
ignored. Just make sure enough sample numbers are taken. However the linearity of

the triangular wave is important.

Vcs
Initial : -
'G) % RO ¢ A c
I I Vvdd+IRo \ I I
Ro VX
A% Vo
A >—e A >—e—

Vecs ——

Figure 3-10 Simplified triangular wave generator circuit and the Thevenin equivalent
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Figure 3-10 shows a simplified triangular wave generator [15]. And the Thevenin
equivalent is shown. Open loop gain of the amplifier is A. Current source output

impedance is R, . From Figure 3-10

V, =-2AV,, (3-20)
v t
V, =V, - [va + f) -@RoCA) (3-21)
Substituting (3-20) into (3-21) gives
Vv
V, +-2%
AV, +V,
_;:m—ZA :In# ] (3-22)
R,CA+A) |y, |, Ves 2AVy + N
at oo
2A
Rearranged
1
AV, +V R,C(1+A
t(V, A= Inf 2Va Vo | ReClA) (3-23)
2AV 4+ 2V s

“t” is function of output voltage and amplifier gain.
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vi——— - —— - — — — — —-
/|l /
/A VA Y
alyaiva
7
Vr ! i i i i i +Vr
oy M_f_l i i E i E
TN
T t2'¢ z _f _________ \ E i
e SN
S o P N, \i nonideal (L")
LA 5 —o R SR, YR
r | S i (L)
v 2Vr

Figure 3-11 Ideal and non-ideal ramps correspond with region B in time

Send a ramp from -V, to +V, into the stage in a period of T . L represents

the ideal curve and L is the nonlinear one. Three time periods in region B in Figure

3-11, t1 t2 t3, correspond to L curve, and periods, t1 t2 t3 , correspond to L

curve. We can write the probability of the ideal curve L in region B.

_t1+t2+t3 3

P =—. 3-24
T 8 (3-24)
Nonlinear L induces probability change. Expressing as
ty +t, +tg
p+Ap=—1+;+ 3 (3-25)

Substitute (3-23) into t1 t2 t3
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P+AP =
t(Vr )_t(_vr )
Ava—% Ava+\i AVa+%
In 5\8/ X \? X 3\8/
AV, -=— AV, - AV + T
8 8 8

= . (3-26)

From (3-24) and (3-26) with AP <0.001, | =6UA, T =1.28US and C=10p

gives

A>60dB. (3-27)

3.8 Triangular Wave.Generator Circuit

Crp Vop

]
N

Vin +

-
%]
2

®

]
g
N

X

SR Latch

sw3

Vip

T
vrn —»

H??é
1
J

Crn Von

Figure 3-12 Triangular wave generator circuit

In Figure 3-12, the triangular wave generator circuit is presented [16]. The OP is
same as being used in ADC. The high gain of OP ensures output linearity. Capacitors,

CpandCy, , are discharged before starting the BIST mode by short

Vip,VinVop,and Vg, to common mode voltage. The threshold voltages of
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comparators are +£1.6v . When output voltage arrives at +1.6v or -1.6v |,
charge and discharge paths exchange. Then output voltage starts to ramp down or up.
Cascade current source is used to increase the output impedance and presented in

Figure 3-13. The current sources are designed in the value of 6.2 p/A. For slowly
ramping up and down C, and C,, in Figure 3-12 are selected in the value of

10 pF . The triangular simulated waveform is shown in Figure 3-14. It has a swing of

+1.6 v and a duty cycle of 2.57 us.

TEJ
-

%;..‘ %;..‘

Figure 3=13.Constant gm current source

1

|»
H
T

Figure 3-14 Simulation result of triangular wave
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3.9 Error Count Reference (Matlab Simulation)

By counting the sample number in region B of all stages, the linearity of ADC
can be analyzed. Here shows INL errors due to gain error in the single stage (other
stages are ideal) and the corresponding sample numbers. For the ideal case without

gain error, it should be 6291456 .

Table 3-1 INL due to first stage gain error (>0)

S1 S2 S3 S4 S5 S6
INL=0.5 0.006 0.011 0.022 0.047 0.109 0.322
INL=1 0.011 0.022 0.046 0.099 0.248 1
INL=1.5 0.017 0.033 0.07 0.157 0.429 3
INL=2 0.022 0.045 0.095 0.221 1 -

Table 3-2 Corresponding sample number with gain error (>0)

S1 S2 S3 S4 S5 S6
INL=0.5 | 6253932 | 6223003 |, 6156023 .| 6009032 | 5673089 | 4759044
INL=1 6223003 | 6156023 6014776 | 5724710 | 5041231 | 3145728
INL=1.5 | 6186289 | 6090470 | 5879865.| 5437732 | 4402698 | 1572864
INL=2 6156023 | 6020532 | “5745622| 5152708 | 3145728 -

Table 3-3 INL due to first stage gain error (<0)

S1 S2 S3 S4 S5 S6
INL=0.5 | -0.006 -0.011 -0.021 -0.043 -0.09 -0.2
INL=1 -0.011 -0.021 -0.041 -0.083 -0.166 -0.332
INL=1.5 | -0.016 -0.032 -0.064 -0.13 -0.272 -0.6
INL=2 -0.021 -0.041 -0.083 -0.167 -0.333 -

Table 3-4 Corresponding sample number with gain error (<0)

S1 S2 S3 S4 S5 S6
INL=0.5 | 6329433 | 6361432 | 6426411 | 6574144 | 6913688 | 7864320
INL=1 6361432 | 6426411 | 6560434 | 6860912 | 7543712 | 9418347
INL=1.5 | 6393756 | 6499438 | 6721641 | 7231559 | 8642110 | 15728640
INL=2 6426411 | 6560434 | 6860912 | 7552768 | 9432468 -
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3.10 Correction

Vi

) Vit
S

v cs ICi
D=0 T _I_ CJ_@
! 1T b

Figure 3-15 Simplified MDAC circuit

With the estimated error parameter, the correction is feasible to remove the
error. A simplified MDAC with input offset is shown in Figure 3-15 [17]. Its

transfer function is expressed as (Cyy =C; +Cg +Cp)

C, +C C C
Via= C : > Vi - C > D Vet +C¢Vos- (3-28)
tot +Ci tot +Ci tot +Ci
A A A
If A>>1,(3-28) can be rewrote,as
C, +C C C
Vin=—2 =iy —C—T-D-Vref +Ct—‘i’tvos. (3-29)

For a 1.5-bit pipelined stage, capacitors \C; "and Cg should be identical ideally.

Assume Cg =(1+¢)C; . The mismatch of ¢ is substituted into (3-29)

2+¢ 1+¢ C
Vi = 1 Vv - 1 ‘D Vo +%vOS
& Ciot
:2 1+E i —(1+ 8)'D'Vref +EVOS . (3-30)

The offset term can be easily removed from the system. So we focus on the gain error

that stemed from capacitor mismatch. (3-30) can be reduced to
Vig = 2(1 + %}/I ~(1+£) D Vi
= 2(v DVrZef j(1+ g)—&-D V. (3-31)

The correction is performed off-chip or in other DSP unit. By the use of (3-31) it

is performed stage by stage from back-end to the first stage. The measured gain error

231 -



Chapter 3 The proposed BIST Architecture

and output code are used. Finally we can drive corrected data without gain error.
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Chapter 4

A 8-bit 100MS/s CMOS

Pipelined ADC

4.1 Introduction

In this chapter, a 8-bit pipelined ADC realization is presented. In Section 4.2, the
capacitor value is decided from the thermal noise limitation. In Section 4.3, S/H and
bootstrapped switch are introduced. In Section 4.4, two types of MDAC are compared
and flip around MDAC is introduced. In Section 4.5, S/H and MDAC are analyzed to
specify the gain, speed, and linearity requirement for OP amplifier. The circuit of OP
is also presented. Section 4.5 introduces the comparator circuit and its Monte Carlo
analysis. In Section 4.6, the timing diagram of the entire ADC is presented. Section

4.7 introduces the clock generator circuit.
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4.2 Capacitor Selection

1 2

vip —o PaN

—— CH1 —_-— cu R
- Vop
Vem 1
Von
1a \"
—— CH2 —_— CL2
1 2

Vin —/ < %7
Figure 4-1 Circuit of S/H and simplified RC model

We use S/H circuit to select the value of capacitors. From Figure 4-1 shows

Power _signal
Power _quantization noise + Power_thermal noise

SNR =10log

(RC total noise power =k?T k =1.38 1023 joules / kelvin)

<

ref 2VFS
=20log ZL:Z(HOQ V12 ] .
Viss KT \/(ZV,:S /28) KT

(4-1)
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Figure 4-2 Capacitor value vs. SNR

As the curve shows, 1072 farad is appropriate for a 8-bit ADC.
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4.3 Sample and Hold Circuit
4.3.1  S/H Circuit

1 2

vip — 7 o Vip —— o o
1 85
—— CH1 —_— Ccu —— CH1 —_— Cl1 CH1 ——Cu
1a
v g b ;\1 Vop v b Vop ¢ Vop
o + >S Von o % + I Von » Von
$4 1a
—— CH2 —_— CL2 —— CH2 —_— CL2 CH2 ——CL2
1 2
Vin JSZ s V4 Vin V4 V4
Figure 4-3(a) S/H circuit (b) Sample mode (c) Hold mode

Figure 4-3 shows the sample and hold circuit [18]. S1 and S2 are the most
critical switch of all. Because their switching noise affects the quality of that the
signal is sampled. The bootstrapped switch is utilized in S1 and S2, to make sure
thatS1 and S2 are turn on in constant voltage. That represents the switching noise
is signal independent. The bottom plate sampling technique (presented in Section 4.7)
is also applied to avoid switching noise. -S3 and S4 are always turn off before
S1 and S2. When in phase-1 S/H samples signal and transmit it to the first
pipelined stage in phase 2.

4.3.2 Bootstrapped Switch
In Figure 4-4, when ck =0 C, is charged up to VDD, Mg is turned off

[19]. When ck =1, input signal is applied. Gate of Mg rises to Vpp +V; because
of charge in Cp. By this way Mg is always turned on in Vpp. It results in input

independent switching noise.
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VDD

ckb %HE-IVM4
1 Chb
| [ |
M3 11
VDD
ck  M12

Vi

Mljg

VDD ckb
l E £ L

T Ty,
M13 M5

r— Vo
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Figure 4-4(a) Bootstrapped Switch

vDD

M1

vDD

Figure 4-4(b) ck =0

Vi

vDD

e

M1

Vi+vDD

s lﬂIE YT

T Ty,
Vi+VDD M13

r— Vo
Ms

Figure 4-4 (¢c) ck =1
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4.4 MDAC

44.1 MDAC Selection

Multiplying digital-to-analog converter is constructed of subDAC, subtractor,
and residue amplifier. There are two types of MDAC for consideration [20]. For high
speed operation, feedback factor of the closed loop affects the unit gain frequency

criterion of the OP design. So compare their feedback factor and choose the higher

T, T

one to reduce the difficulties of OP design.

2
Cs’
. 1 I .
Vj ] | - Vj+1
Av
1a +
2
0.5Vref x Dj S 17
Figure-4-5 Switch capacitor-MDAC
G 1 - : .
The feedback factoris f =———=— C< =2C; (for 1.5bit / stage )
CS + Cf 3
2
Cf

w7

- Vj+1
1 |

Cs 1a . Av
_|

Figure 4-6 Flip around MDAC

2
VrefxDj — |

Cy

This feedback factor gives f=——"—= 1
CS + Cf 2

Cs =C; (for 1.5bit / stage ).

So the flip around type MDAC is chosen.
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442 MDAC Circuit

LY e
L
+Vj i
1
X
+0.5Vr —/ . 1 l
z —_— CL1
-0.5Vr —/ . 1a
) . \ |1
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(.
3 + ||
1a [
+0.5Vr —E/ [e— ] —_— CL2 | | }
a
X \T \ \
-0.5Vr —/ .__(ﬁ_ veM Ve 1 } }
v ) —
\
1 \
-Vj / Cct 2a } |
e
2/ o _| I_ ‘ ‘
2 [
(.
-

Figure 4-7 MDAC circuit

The MDAC is shown in Figure 4-7:-Swatches are utilized by transmission gates.
The bottom plate sampling technique is also-applied to avoid charge injection. In
phase 1, four capacitors sample signal from previous stage and OP is reseted to
common mode voltage. In phase 2, Cf connect to output to send signal to next stage.

At the same time XY Z are active dependent on the value of V;.

%
Via=(;-Dj- rZEf)'Z (4-2)

.

VVM Dj=1 X=1 Y=0 Z=0.

% %
{ ey -t Dj=0 X=0 Y=1 Z=0.

4 4

Vret

Vi<, Dj=-1 X=0Y=0 Z=1.

4.4.3 Intentional Stage Gain Error

In order to verify the BIST circuit, a known quantity of stage gain error is added

into MDAC in stagel- stage4. The mechanism is controlled by cap sel signal
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presented in Figure 4-8. C_4 is in the value of 20 fF . It represents the mismatch of

0.04. By comparing the known value with the estimated error we can identify

whether the estimation is correct.

Cf
, 4W
Vj
- Vj+1
1 - |
- ~ 1 Av
I/ Cs \) 2 |7+
2 \\_| /
VrefxDj — 3%
\\\\ Cs

‘_\\‘_
Cad

cap_sel

Figure 4-8 MDAC with intentional capacitor mismatch added

4.5 OP Specification

For simplicity, the OP of S/H is the same as the one used in MDAC. The best
performance is limited by the amplifier closed loop behavior. We analyze the closed

loop circuit of the S/H and the MDAC to realize OP specification.

45.1 OP consideration in S/H

-Vk +
|1
B
CH
CH
vin || Vx
+Vo - i Cp J: Vout Cp i J:
Figure 4-9 (a) Simplified S/H in sample mode (b) In hold mode
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For analysis, the simplified circuit is shown in Figure 4-9 [21][22]. The

equations are

CHVO +C.V
Vi = = =Vout —Vx (4-3)
Ch
Y
V, =-——ut (4-4)
AsH
From (4-2) and (4-3)
Vv
Vout = OC
p
) ( ; 1]
Ash (| Ch
C
~Vo|1-—1- [—M J : (4-5)
Ash ( Ch
Assume Cp =0.5p C, ~0.3p and error term < 0.5 LSB. From (4-4)
C
T T P (4-6)
Asy | C 2 28
So
Asjy =580dB . (4-7)
For a closed-loop amplifier, the step.response 1s
t
Vout(t):Vstep(l_e 7). (4-8)

Consider the unit gain frequency specification. For error term <0.5 LSB

w11l
208
= t>6.27 . (4-9)
Assume t = % hold time = 3.5ns ,
T £3;5ns . (4-10)
6.2
At the same time [23]
1 1 1

7= (4-11)

wsdB‘cIosed loop ﬂwt‘openloop 27y

From (4-9) and (4-10),
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C
fi gy =451 MHz (fsy =——=0.625). (4-12)
- CH +Cp

45.2 OP consideration in MDAC

Ccf
| |
B
cs
Vref x Dj | =
Av N bit
S

Figure 4-10 Simplified MDAC circuit

Consider the simplified MDAC in Figure 4-10. In the same way for error term
<0.5LSB,

Ci+Cs+C
Eerror = . = icicy : P Siig (4-13)
Avp Bip Avp Cy 22
Assume C; =Cg =0.5p and:C, =0:3p...Then
Cq

" Ppmigf™ _( 334 4-14

Po Ci +C¢ +C,y (19)

Ayp >62.4dB . (4-15)

Considering the unit gain frequency specification, for error term< 0.5 LSB , (4-13) is

substituted into (4-10). Gives

—f, >571 MHz. (4-16)

Summarize the specification of OP and set up our design target below.

Table 4-1 Summarized OP specification

S/H MDAC Design Target
Gain (dB) 58 62.4 > 70
Ft (MHz) 451 571 750
SR (v/ns) 0.2 0.2 0.2
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Swing (Vpp) 1.6 1.6 1.6
CL (p) 1 1 1

45.3 Linearity of OP

It is known that OP gain is not constant in the entire output swing range. It is
maxima as output voltage around the common mode voltage and decrease as the
output voltage away from the common mode voltage. It is necessary to analyze how

much the dc gain variation is acceptable. From (4-4),

1(6Cp
error =—| —+1]. (4-17)
A, (Ch
Assume A, =A-AA
C,+C C,+C
error = 1 o Hzl-(u%j-p—H. (4-18)
A-AA Cy A A Ch

To achieve N-bit resolution

AATC +CH a1

—= <= : 4-19

 —ERS X (4-19)
For 8-bit ADC gives (assume Cp;'=0.5p-C,=03p A=90dB)

AA'<9.88dB. (4-20)

100

90

) o Rt EEE Tt R

70

R

L ——————SG—LL

dB 50

4 -~

B0f —fom bl

20

10f - b

LN
(&)
[ Y Ep——

. Output swing

Figure 4-11 Output swing vs. dc gain
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45.4 OP Design

vdd

|_ m7 ms m12 m13
omtb1 ——e{— 4 biass —ff [
m5 mé
bias3 c||'|: ol[:
vopl ’\/\/\/—| |_‘ von
Rz2 Cc2
vonl
\/\/\/—| vap
m3 m4 |_‘
bias? I|_|_, I[: Rzl Ccl
ml m2 m1|0 mlll
vip —| }—‘ | |
vin
biasl 4'[:m0 cmfb2 4”:,“9
L

Figure 4-12 Opetationalramplifier circuit

The specification of OP is-concluded in-Table 4-1. For high gain and high speed
OP design a two-stage OP is adopted:as'shown in Figure 4-12 [24]. The first stage is a
telescopic amplifier offers high gain. It is followed by common source serves as the
second stage that offers a large output'swing. The dc gain is achieved over 90dB.
NMOS input stage is used to maximize the speed. The overdrive voltage of transistors
is about 200mV. For stability consideration the second pole needs to be push beyond
the unit gain frequency. The location of the second pole is approximately

gmyg 11/Cp. C_ includes the load capacitor of the next stage, the capacitor of

common mode feedback (CMFB) circuit, and the parasitic capacitor at output node.
The standard miller compensation is taken. The dominate pole is push to a lower
frequency and the second pole is push to a higher frequency. R,; and R,, are
realized by transistors in the triode region and carefully adjusted to get maximum
phase margin.

Continuous type and SC type CMFB shown in Figure 4-13 and Figure 4-14.
They are used to produce control voltage cmfbl and cmfb2 . Common mode

voltage is set to 0.9V. Without voltage swing issue at vopl and vonl the scheme

in Figure 4-13 is adopted. It offers lower parasitic capacitance at output of the first
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stage. In Figure 4-14, SC CMFB is used for a large output swing. C1 and C2 are
chosen carefully not to overloaded amplifier. S1 and S2 are realized by
transmission gates to allow large swing. NMOS switches for other switches are

appropriate.

vdd

m20 m21
cmfbl

w —0 9

ml6 ml7 m1l8 m19

ml4 m15

bias1 h_'t }[:

Figure4-13 Continuous type: CMFB

Vcm

- 1 -Lcs ’ J—c1 ’ ch— 1 c4-L
s7 T s3 T = 84 T S8 T bias0 |l:‘

bias0 I
1 2 cmfb2 |->| 2 1

Figure 4-14 SC type CMFB
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4.6 Comparator

4.6.1 Preamp
VDD
M7T:]|°——°| M9 M10 |°——°|[:IM8
Van Vap
M1 M3 M4 M2
Vip —|[:|\4|:“ | | Il:l\jl_ Vin
VRp VRn
ws || vB1 I e

VSS

Figure4-15 Preamp

Figure 4-15 shows the preamp of the-comparator. The input stages are made of
M1,2,3,4 . They convert Wip 'Vin)'(VRp -Vg, ) into a current. Active load ,
M7,8,9,10 ,are connected. Diode load, M7,8 offer positive impedance while cross
couple pair, M9,10 , appear as negative impedance. Being an active load
gmy7 mg must be greater than gmyg \1o to increase the differential gain and

decrease the common mode gain. For high speed operation, it is usually not designed

with high gain, normally 10 ~ 20 dB is enough. In our design it is 15dB .
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4.6.2 Low Offset Regenerative Latch

CK M9 M10 CK

Vap +—| [:Ml szl_

cK

VSS

Figure 4+16 Regenerative latch

In Figure 4-16, when CK =0, latch-is-in-teset mode. M7,8,9,10 are turned on,
source and drain of M3,4 are equal to VDD .When CK =1, M1,2 M3,4 and
M5,6 are activated in turns. Because the drain of M1,2 are equal to VDD at
CK =0. When M1,2 start to be activated they must be in saturation region. That
means M1,2 have a great output impedance, so the latch is not influenced by the

mismatch easily. It is the reason why this is called a low offset regenerative latch.

4.6.3 Monte Carlo Simulation of Comparator
Table 4-2 (from TSMCO.18 reference file) to induce mismatch in the comparator.
Then we analyze the results by a probability method to determine if the comparator

design is reasonable.

o(Av, )= \/AV% +Sy, D (4-21)
J(%j:\/%+sﬁ D. (4-22)
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Table 4-2 The sigma value for mismatch parameters

1.8V NMOS | 1.8V PMOS | 3.3V NMOS 3.3V PMOS

o VthO (mv) 3.635 geo | 4432 geo 6.227 geo 4.525 geo
oXL/L (%) 0.458 geo | 0.396 geo 0.365 geo 0.247 geo
oXW/W (%) 0.373 geo | 0.326 geo 0.298 geo 0.201 geo
oTox/Tox(%) 0.101 geo | 0.0873 geo | 0.0804 geo 0.0543 geo

geo=1/sqrt(N Leff Weff) (1/um)

Because of the mismatch, the threshold voltage of the comparator is changed,
like the dotted line shown in Figure 4-17. The black line represent the ideal threshold

voltage, 0.25V ¢ Input voltage is swept from 0.25V 4 +0.35 to

0.25V ¢ -0.35 . The value, 0.35 , is decided to cover whole possible offset

voltage range.

Vop
<>
A B »  Vip-Vin
0 0.25 Vref
0.25-0.35 @------eeeeeeeoaiant 0.25+0.35

Figure 4-17 Comparator threshold voltage variation with given mismatch parameter

As the input swept, we calculate the number of error result in the comparator output.

Then the results are cumulated, and the cumulated data are plotted, C(i). The curve is
shown in Figure 4-18.

4 C (i)

\

\

0.25Vref

» Vip-Vin

Figure 4-18 Cumulated number of error result

C(n) subtractby C(n-1) and then becomes the PMF(probability mass function)

of the comparator offset voltage shown in Figure 4-19.
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PMF (i)

Figure 4-19 Probability mass function of comparator offset voltage

Finally PMF(i) is divided by d. The PDF(probability density function) of the

offset is shown in Figure 4-20. We calculate the mean and standard deviation. They
are 0.205mV and 3.04mV individually. That is smaller than 0.5 LSB. So the
design is acceptable. We use the calculated mean and standard deviation to draw an
ideal normal distribution curve shown in Figure 4-20. It fits the result of our

simulation. That means the simulation is reasonable and correct.

0.14

- sigma=3.04mV

0.12 normal distribution

0.1+

0.08

Probability

0.06 -

0.04+

0.02 -

-10 -5 0 5 10
Offset Voltage(mV)

Figure 4-20 PDF of comparator offset voltage
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4.7 ADC Timing Diagram

SHA

Y
=
=
>
Q
-—

r
=
=
>
(2]
N

Figure 4-21 diagram of adjacent pipelined stages

Figure 4-21 shows the ADC structure. S/H samples the input signal and transfers
it to the pipelined stage. Comparator and DFF serve as subADC. DFF is triggered in
the rising edge. For high throughput, allpadjacent stages are applied the opposite
clocks include S/H. That is to guarantee the charge will not be lost in switch capacitor
circuit and prevent from adjacent stages i the same residue received period.

Non-overlapping clocks, €kl and ck2, are used in Figure 4-22. The ckl is
adopted in S/H, the ck2 is adopted inistagel, ckl is adopted in stage2, and etc.
When ck1=0, S/H is in hold phase. Comparator]l and MDACI receive data from
S/H. The amplifier needs time to slew and settle its output voltage. There is another
clock, comparator] denoted in Figure 4-22, a 3ns delayed later than rising edge of
ck2 . It is used to turn on the regenerated latch in the comparator. It prevents the
comparator from being activated by non-settled data. After the latch being turned on,
DFF is triggered to output the result of the comparator. When ckl is high, S/H is in
the sample phase. MDACI transfers the residue to stage2. Stage2 just functions as
stagel with the opposite clock. As showing in Figure 4-22, the data is transferred
stage by stage.
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2ns

ck1

SHA

MDAC1

comparator1

2ns
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****************
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Figure 4-22 ADC timing diagram

4.8 Clock Generator
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Vj --c/:
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Figure 4-23 Switch capacitor circuit
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It is necessary to make use of ckla that is the clock leading ckl as shown in
Figure 4-23. If ckla is replaced by ckl, the input dependent charge, AQL, is
injected from M1. It occurs at the moment when ckl falls from 1 to 0. Then the

linearity is degraded inVj,. If ckla is used, the node X is floating at that

moment The effect of AQ1 is eliminated. Although the switching noise AQ2 from
M2 exists, it is independent of the input signal. At the same time, the bottom plate
sampling technique is adopted. The bottom plate has larger parasitic capacitor than the
top plate because of the substrate. Capacitor’s left plate is connected to the bottom
plate and the right plate is connected to the top plate. Smaller parasitic capacitor in
node X reduces the effect of AQZ . According to these two reasons above, AQZ2
influence can be ignored. The clock generator circuit is shown in Figure 4-24 [25].

The simulation results are shown in Figure 4-25.

ckla cklab ck1 ck1b

Buffer Buffer

Do Poo oA et Do L[>

v

Do >0 o1 [Sot oot

v

Buffer

Buffer Buffer

ck2a ck2ab ck2 ck2b

Figure 4-24 Clock generator circuit
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Figure 4-25 clock generator simulation result
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Chapter 5

Simulation Result and Layout

5.1 Introduction

In this chapter the simulation result and layout are presented. In Section 5.2 and
5.3 OP and S/H results are shown. In Section 5.4, the ADC results are presented.
Section 5.5 presents the error correction while ADC is intentionally added with
mismatch. Finally in Section 5.6 and 5.7 the layout and the measurement setup are

presented.

5.2 OP Simulation Result

The simulation results of OP are summarized in Table 5-1. They fit in with the

specification in Table 4-1.
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Table 5-1 Operational amplifier simulation result

TT FF SS SF FS

Gain (dB) 90.3 80.8 92.6 87.4 87.2

Ft (MHz) 808.7 778.4 777.2 712 890.2

BW _3dB(kHz) 17.6 45.7 14.1 21.5 27.6
+SR  /-SR(v/ns) 0.71/0.7 | 0.65/0.63 | 0.74/0.72 | 0.65/0.63 | 0.71/0.71

Swing (Vpp) >1.6 >1.6 >1.6 >1.6 >1.6

PM 63.8 68.9 63.4 67.5 61.3

Power 8.4 8.13 8.9 8.15 8.85

Consumption(mW)

5.3 S/H Simulation Result

A 1.6V, sinusoidal signal with the frequency of 48.2 MHz is sent into S/H.

Under the clock rate of 100 MHz, the FFT outputs of corners are presented in Figure
5-1. ‘ "‘

H“_.._!.._.“‘!l..‘?.m.!l....!_.._u

* TT SMDR=GE7.268R EMNOB= 108818
i
iy
0
FF  SMDOR= 743778 EMOB= 120828
]
N 35 SMDR= 704533 EMOB=11.4109
md
!.
A J
=F SMDR=EB54518  EMOB= 1045300 I
l'|'"u'._-".!'l"""'l'f"-'."'.'l'l'llI" ""’H'In' hadivihan ;-'l'nl'J"n".-"."-.".l'ir'-"'a"x_ﬂ"-".-"-"'-"-"-r\-'u"'.I'-'- ST "'M'v."'n"'-'l'l"- A el L ‘“""“'“""V" ot M“IH‘”“"JL#\
1l |
FS SMOR=71.9331 EMOB= 11.8567 |
||'|.'||'.|III|!!I."|||III~JI!|I|I|I|IIlll W "|'il|||lul'|'l' I'.'H i '|| |’I'|"'.-\"'|'i|,'||. A “| |"'r\'il'l rlll.-'-..lq'lm"i"u'l'llllfll' ol I’||.',I fr '|~.l'”" LAy u“l.'ll,nf hap Y .-*u‘,'-,-."'.-\.-.'q ._\.'N,HJ lv

Figure 5-1 S/H simulation result
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5.4 ADC Simulation Result

A 1.6V, sinusoidal input with frequency of 20.8 MHz is sent to the

pipelined ADC. Figure 5-2 presents the FFT result of TT corner. It has a SNR of
49.67 dB , a SNDR of 47.09dB, and a SFDR of 63.2dB. The SNDR of other
corners are summarized in Table 2-1. Figure 5-3 presents the DNL and INL simulation

result of the TT corner. Both of them are smaller than 0.7 LSB.

Figure 5-2 The ADC output with input frequency of 20.8 MHz in TT corner

Table 5-2 ADC simulation of corner cases

SNDR (dB)
TT 47.09
FF 47.67
SS 46.95
FS 4773
SF 46.07
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0.2 0.6
-0.1 -0.5
Figure 5-3 (a) DNL in TT case (b) INL in TT case

5.5 ADC with Mismatch

5.5.1 Simulation Result ofintentional-mismatch
With the 0.02 gain error added, the BIST circuit is simulated to count the error

numbers. The simulation results.of corners‘are summarized in Table 5-3.

Table 5-3 BIST circuit simulation result of corner cases

Counted Number Gain Error
TT 6143520 0.024
FF 6161823 0.021
SS 6125336 0.027
FS 6144006 0.024
SF 6150005 0.023
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5.5.2  Simulation Result with Gain Error in Stage 1

With the results in Section 5.5.1 we build up a 8-bit pipelined ADC model in
Matlab and set the gain error estimated in the first stage. Figure 5-4 represents the
linearity simulation of the Spice with 0.02 gain error added in the first stage. Figure
5-5 presents the linearity analysis in Matlab. It is matched between Figure 5-4 and

Figure 5-5. That represents the BIST estimation is correct.

Figure 5-4 (a) DNL (Spice) (b) INL (Spice)

-5 ===

Figure 5-5 (a) DNL (Matlab) (b) INL (Matlab)
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5.5.3  Simulation Result with Gain Errorin stage 1, 2
Figure 5-6 presents the linearity simulation of the Spice with 0.02 gain error
added in the stagel and the stage2. Figure 5-7 presents the linearity analysis in Matlab

with the gain error parameter estimated in Section 5.5.1. Figure 5-6 is also similar to

Figure 5-7.
Figure 5-6 (a) DNL (Spice) (b) INL (Spice)
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Figure 5-7 (a) DNL (Matlab) (b) INL (Matlab)
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5.5.4  After Correction with Gain Error in Stage 1

The sinusoidal input with frequency of 20.8 MHz is sent to the pipelined ADC.
The ADC has gain error in the first stage. Figure 5-8 shows the FFT analysis of the
ADC output. By the use of (3.31) and the estimated gain error, the corrected results
are presented in Figure 5-9 and Figure 5-10.

Figure 5-8 SNDR=34.99-dB (before correction)
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Figure 5-9 SNDR = 48.77dB (after correction)
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Figure 5-10 (a) DNL (after correction) (b) INL (after correction)

5.5.5  After Correction with Gain Error in Stage 1, 2
The frequency of sinusoidal input is 20.8 MHz , when the ADC has gain error
in stagel and stage2, the FFT analysis of it/is presented in Figure 5-11. Figure 5-12

and Figure 5-13 presents the correction results by the use of (3.31).

Figure 5-11 SNDR=35.35 dB (before correction)
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Figure 5-12 SNDR=49.18 dB (after correction)

Figure 5-13 (a) DNL (after correction) (b) INL (after correction)
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5.6 Layout and Measurement Setup

capctrl_s3 capctrl_s2

RN o N
). L,

980 um

980 um
Figure 5-14 Chip layout

The chip shown in Figure 5-14 is fabricated in TSMC 0.18um RF1P6M process.
The die size is 980um > 980um. It consists of a 8-bit 100MS/s pipelined ADC with 1.5
bit/stage, the triangular wave generator, and a BIST circuit. The power is divided into
two parts analog and digital. The rest area is filled with decoupling capacitor to filter

noise from the power supply. The performance is summarized in Table 5-4.
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Table 5-4 Summary of performance

Spec. Performance Value Unit
Supply Voltage 1.8 A%
Sampling Frequency 100M Hz
Resolution 8 Bit
Input Range 1.6 Vpp differential
Dynamic Range 47.79 dB
SNDR (@ fin=20.9Mhz) 47.09 dB
Power Dissipation 100 mW
Power Dissipation 110 mW
(with BIST)
DNL <0.2 LSB
INL <0.6 LSB
Chip/core area 0.98x0.98 / 0.58x0.66 mm?2
Technology 0.18 um (TSMC)
BRI Signal Hp3610A
Hp3610A =) " Reference Voltage

Reference Voltage

L

Hp3610A

Analog Power

Hp3610A
CM Voltage

- _ J: @5
Hp3610A

Angilent 16702B ..
Digital Power

Logic Analyzer

Figure 5-15 Measurement setup

Figure 5-15 introduces the measurement setup. Reset pin select the normal
operation mode or BIST mode. In the normal operation mode, the logic analyzer
receive the output from the ADC. In the BIST mode, the logic analyzer sends control

signal to select the stage under test and receive ADC’s error parameter from the chip.
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Chapter 6

Conclusions

6.1 Conclusions

In this thesis a BIST circuit is realized to estimate the gain error and offset error
for a pipelined ADC. By the probability analysis, 24-bit counter is necessary to
measure the stage nonlinearity up to a resolution of 0.001. There are two 24-bit
counters for gain error and offset error measurement. For reducing the number of pads,
another 48-bit shift register is realized to transfer the results out of the chip. A 8-bit,
100MS/s pipelined ADC is designed to verify the BIST circuit.

The chip is implemented in TSMC RF0.18um technology. The ADC achieves a
SNDR of 47.09 dB in 100 MS/s, a DNL of 0.2 LSB, and an INL of0.6 LSB.
Intentional capacitor mismatch of 0.04 is induced into the pipelined stage. The
linearity analysis with the BIST circuit measures the results that meet the traditional
histogram method. So the BIST does work as expected.

This BIST algorithm has the potential to be the background calibration of high
resolution pipelined ADC. But the hardware overhead of calibration might be a

concern.
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