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Built-in Self-test Circuits for Pipeline Analog-to-Digital Converters

student: Wei-Pon Yang Advisor : Prof. Chau-Chin Su

Department of Electrical and Control Engineering
National Chiao Tung University

ABSTRACT

In this thesis, our target is to design a built-in self-test circuit for the pipeline
analog-to-digital converters. We propose a new approach. According to the probability of each
stage sample-and-hold output signals, we can'test the voltage offset error of each stage in
pipeline analog-to-digital converters: First;twe: design a 8-bit, 50 MS/s and four stages
pipeline analog-to-digital converters.” And.we-measure the static characteristics which include
differential nonlinearity error, integral nonlinearity error, offset error and gain error. Then, we
measure offset error and gain error of each stage in pipeline analog-to-digital converters by
built-in self-test circuits. Finally, we compare the result from built-in self-test circuits with the

real value by measuring the pipeline analog-to-digital converters.
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Chapter 1

Introduction

1.1 Motivation

Due to development of system-on-chip (SOC), mixed-mode circuits are wildly used in
many applications. Testing in the mixed-mode circuits are a big challenge. The main
challenge derives from the fact that testing.in the mixed-mode circuits is very expensive and
time-consuming. Hence, we propose a built=in. self-test (BIST) approach to solve the above
difficulty. And, BIST can increases controllability and observability of testing.

As the VLSI technology advances, digital system operational and signals procession
capability is more popularly. Analog circuits are more easily affected by noise, operational
voltage, and manufacture than digital circuits. But in the environment, analog signals are
touched, heard, and looked by human . For this reason, the analog-to-digital (A/D) interface
is needed. The key technology in the analog-to-digital interface is high-resolution and
high-speed analog-to-digital converters. The high-resolution analog-to-digital converters
(ADC) are applied in many field, such as communication product, medical treatment
instrument and so on.

First, we design a 8-bits, 50 MHz, pipeline ADC. It has the flash ADC advantage, high
speed. And pipeline ADC can reduce chip area and power consumption.

Second, we propose a new idea for BIST circuits in the ADC. It uses probability to

gather statistics to test the pipeline ADC. It can test each stage’s voltage offset, Gain error.



1.2 Organization

This thesis is composed of six chapters. We introduced research motivation for ADC
BIST in this chapter. In chapter 2, ADC are classified into three categories. We discuss their
structure, operational and characteristics. BIST circuits of ADC are also discussed briefly. In
chapter 3, we design a pipeline ADC. That includes sample-and-hold circuits, 3-bit flash
ADC, 3-bit DAC, residue amplifier and digital error correction circuits. In chapter 4, we bring
up new idea of BIST of ADC. It uses probability to collect statistics to test the pipeline ADC.
In chapter 5, the circuits schemes of building block and their simulation results are presented.

In chapter 6, conclusion and future work are given.



Chapter 2

Brief introduction of ADC and BIST

2.1 ADC Review

Analog-to-digital converters transforms analog signals to digital ones. In the analog input
dynamic range, ADC transform it related digital output code. It is shown in Fig. 2-1. As
shows in Fig. 2-1(a), it is a simple.diagram of ADC. As shows in Fig. 2-1(b), it is a simple

transfer curve of an ADC.

A
111
Digital
Output Digital Output
— > bn-1
Analog Input S
—» ADC : bn-2 011
" b0
Fig. 2-1(a) 000 >
Analog Input
Fig. 2-1(b)

Fig. 2-1, Simple ADC circuits

There are four important parameters for static characteristics of ADC, differential

nonlinearity (DNL), integral nonlinearity (INL), offset error (V) and gain error (G,). By



testing the DNL, INL, offset error and gain error, the basic functionality of ADC can be
verified.
Fig. 2-2 is an example for 2-bit ADC. It illustrates the actual and ideal transfer curves of
2-bit ADC with V,, and V,_ the specified upper and lower bounds of the ADC input range.
The V,,;, means the actual transfer value at code i, and the V,;, means the ideal transfer
value at code i. The V,,; is the actual width between two adjacent codes at code i. Every (i)

defines the value at code i in DNL and INL.

ldeal transfer curve

Actual transfer curve

A
Digital output G
11
NL@)
<+—>
10 \
M)
w Vat(z)
VO
P Vaw(l) -
1LSB Analog output
00 M >
Viee 12V, 0 12V, Ve,

Fig. 2-2, lllustration of ADC parameter



(@) Ddifferential nonlinearity error (DNL) :
The DNL is the deviation of actual step width from the ideal value of 1 LSB. For
example in Fig. 2-2, DNL@)= Vauu -1LSB.
(b) Integral nonlinearity error (INL) :
The INL is the deviation of actual step transition point from the ideal step transition
point. For example in Fig. 2-2, INL@=V, - Vi) -
(c) offset error (\Vos) :
The offset error is the difference between the ideal and actual voltage at the lowest
code as shown in Fig. 2-2.
(d) gain error (Ge) :
The gain error is the difference between the ideal and actual voltage at the highst

code as shown in Fig. 2-2.



2.2 Three Architectures of ADC

2.2.1 Flash Architecture

Flash ADC architecture is shown in Fig. 2-3. The flash architecture consists of 2" —1
comparators, a resistor string, and a decoder. The flash architecture does not need explicit
front-end sample-and-hold (S/H) circuits. Only one clock cycle is needed to perform data
conversion. The flash architecture is the simplest and fastest A/D converters. The number of
comparators and reference voltages grow exponentially with the resolution. So the chip size

and power consumption will become excessively large for the resolution above 6 bits.

Vref+ Vin
O

+: Digital Output
> — > bn-1

— bn-2

Encoder

i
7

— b0

> L
>—

Vref-

Fig. 2-3, Flash ADC



2.2.2 Two-step Architecture

Because flash architecture use many comparators and resistor, two-step architecture
improve its disadvantage. It can reduce comparators and resistor. The block diagram of a
two-step architecture is shown in Fig. 2-4. It is include a coarse flash MSB ADC section , a
fine flash LSB ADC section, S/H circuits, digital -to- analog data converters (DAC) and
residue amplifier. As the Fig. 2-4, it is N+M bits of two-step ADC. First, the N-bit MSB ADC
determines the first N-bits. Secondly, we use DAC to transfer N-bits digital signals to an
analog one. Then, input signals is subtracted off that value, called residue value. Finally, the

residue value is amplified 2" and the LSB are determined using the m-bit LSB ADC.

\ A

v
Vin J_'
L oM Coarse 3, 4 @_’ Coarse
N-bit|ADC N-|bit ADC

N bits M bits

y A 4

Summation

v

N+M bits

Fig. 2-4, Two-step ADC



2.2.3 Pipeline Architecture

In the pipeline architecture, it is like two-step architecture. But the pipeline architecture
needs more stages. Each stage has a S/H circuits, a low-resolution ADC, a DAC, a residue
amplifier. Input signal is ampled S/H circuits. Then low-resolution ADC transform digital
outputs of this stage. The output signals of DAC are subtracted out of the hold voltage in
residue amplifier. The residue signals is transmitted to next stage where the process is
repeated. The pipeline architecture is shown in Fig. 2-5. Add all digital output of each stage in

digital error correction circuits to produce final outputs.

T Digital output  8-bits

Digital: "' Correction

A A
% 3 bits % 3 bits 3 bits 2 bits
Vin !

»

™ Stage 1 > Stage 2 | Stage 3 | Stage 4

y

Fig 2-5, Pipeline ADC

Pipeline architecture has the advantage of flash ADC. It can reduce chip area and power
construction. But, how many stages in the pipeline architecture and how many bits in each
stage require careful design. For example of an 8-bit ADC, first situation is two stage (5-4
bits). Second situation is seven stages (2-2-2-2-2-2-2 bits). For first design, the residue
amplifier must amplify 16 times. But residue amplifier must amplify 2 times of second design.

Because of settling time, The second design is faster than first situation. But the second



design must has higher resolution because of there are more bits in the next stage.

As shown in the Table 2-1, It is to compare the more stage and less stage which is better.

With more stages, it has high speed potential, high latency, small cap array and large

operational amplifier size. With less stages, it has high resolution potential, low latency, high

scale down ratio and large cap array.

Table 2-1, Number of stage of pipeline ADC

Number of stage Structure Gain per stage Number of comparator
7 2b*7 2 14
4 3b*3+2b 4 21
2 Sb+4b 16 45




2.3 BIST Review

Built-in self-test circuits builds in the chip with device-under test. BIST circuits allows
the DUT to evaluate its own quality without elaborate automatic test equipment. The DUT
also can be tested in parallel by BIST circuits and automatic test equipment. BIST circuits
requires a little more power consumption. There are some advantages and disadvantages in

the Table 2-2.

Table 2-2, Advantage and disadvantage of BIST

Build test circuits on chip

Reduce input/output pin signals traffic
Advantage Permit testing easily

Reduce test cost

Reduce test time

At-speed testing

Area overhead

Disadvantage Capability for system test

10



2.4 Two Works for BIST

2.4.1 Huertas’s Work

Fig. 2-6 shows the BIST scheme for structural testing of pipeline ADC. The strategies
relies on reconfigured as A/D-D/A block, and tests each of ADC stages by applying a set of
analog values. These values are DC stimuli giving a simple output signature. The technique is
intended for being used in pipeline converters of arbitrary number of conversion stages and
with a digital self-correction mechanism. It sends specific analog signals and digital count to
each stage. Then, it compares the analog value and digital count with signals from the stages.
If they are all equal, anatest and digtest aresset.pass. If they are one or all are not equal, anatest

and signals are set fail [1].

o w ]
Lv L SUT U
\o1G
_)‘T" STGjyq Foeee

sub‘ DAC
(_M_l ADC =] c":l

Counter

} from CONTROL /

Fig. 2-6, Huertas’s work
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2.4.2 Lee’s Work

Fig. 2-7 shows a BIST structure to test the static specification of ADC. A ramp signals
generated by integrator serves as a test input signals. A specific range of this signals is divided
into 2" segments, with each segment corresponding to one output combination of n+1-bit
counter, where n is the number of bits of ADC under test. The testing process is done with
digital data processing by comparing the output of ADC under test with output of the n+1-bit

counter [2].

1
1
1
D, N !
Test I-l—l-—l _ cuT | ¥ Cali i
Vi H—— ' . [
' ' ana e AT _E_,_ by e D
! e Coarverter L, | I I
, — I
1
i M Test !
Raset : i g wr+]-it . Bespomse vl Pa
: ; Comesr | - Analyzer :
: o |
Jleck = = . :
[ ]
' Clock |
1 1 :
"
v i — Tputt Test Pattern i
e Cenamar 1 :
1 i EM-cot !
il I—I—F—I: * * :
! Clock Test Calt :

Fig. 2-7, Lee’s work
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Chapter 3

50 MHz / 8-bits Pipeline ADC

3.1 Abstract

In the chapter, we propose to design a 8-bit, 50 MHz pipeline ADC. We select four
stages (3-3-3-2 bits structure), as shown in Fig. 3-1. Each stage has a S/H circuits, a
low-resolution ADC, a DAC and a residue amplifier. With digital error correction circuits, it
can reduce offset error and increase,resolution., Clock generator generates different clock
signals for the internal circuits. ;The S/H:circuits uses double-sampling architecture. It can

sample two times in an unit time-than traditional S/H circuits.

T Digital output 8-bit

Digital ~ Correction

A A
:%:: 3 bits 3 bits 3 bits 2 bits
i !
Vin .

™ Stage 1 ™ Stage 2 | Stage 3 Stage 4

A 4

Stage 2
,’/ — | S/H —>

ADC |—»|DAC

3 bits l

Fig. 3-1, Four stages of pipeline ADC
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3.2 ADC Architecture Overview

All circuits of pipeline ADC which we design are shown as the flow.
a. 50MS/s S/H circuits:
® Folded-cascode Op.
® Double Sample S/H circuits.
b. 3-bits A/D converters:
® Pre Amplifier.
® Comparator.
® Encoder.
® Bubble correction.

. 3-bits D/A converters:

(@]

® Resistor D/A converters.
d. Residue amplifier:

® Residue amplifier.

(¢]

. Digital Error Correction:
® Digital Error Correction.
® D flip-flop.

f. Clock Generator:

® Clock Generator.

14



3.3 Sample-and-Hold circuits

3.3.1 Double-sampling S/H

In the analog-to-digital converters, the sample-and-hold circuits is very important. It is a
key module in designing an ADC. The double-sampling architecture is shown in Fig. 3-2.
Switches of transistor M5/M6/M7/M8/M13/M14/M15/M16 control the capacitor to sample or
hold signals. Our goal is 50 Mega Sample per second with a resolution of 8 bits and error is

less than 1.5625mV (1/2 LSB). It’s dynamic range is 0.8 V (peak-to-peak).

dc2 C1 dcl

R o
2
cli i

Cc2
dcl .
- cr|n| H dc2
dcl
c2 1 C_‘
cmi
i O Qut+
B Out-

dcl C3 dcl
% I 1
T a2
c2 -
dc2 C4 dc2
/ cmi || -
| dc1

¢l — In-

cmi

Fig. 3-2, Double-sampling S/H circuits

15



The double-sampling S/H, uses two pairs capacitors to sample and hold in turns. When
one pair is sampling input signals, another hold previous input signals. As shown in Fig. 3-3,
C1/C4 sample input signals and C2/C3 and OPA become close-loop to hold
previous input signals. In the next clock phase, the two pairs capacitors exchange their work.
C1/C4 holds signals and C2/C3 sample signals. It has two times of sample output in unit
time.

Cl

| . 1
| n+
i c2

Il o3

| + In-
4

Fig. 3-3, Operational of double-sampling architecture

Because of double-sampling, it has two outputs in one clock. But traditional S/H only

has one outputs in one clock. That is shown in Fig. 3-4.

Input signals

Output signals

TR JPialih Summ
/, - S H \\\\ /, - H H A \\
,/ H \\ ,/ \\
s s - H H
H
S : sample mode
H : hold mode
Traditional S/H Double-sampling S/H

Fig. 3-4, Compare traditional S/H and double sampling S/H
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3.3.2 Operational Amplifier

In the sample-and-hold circuits, the operational amplifier is very important. It is the key
point to design S/H circuits. The unit-gain frequency and slew-rate decides the speed of the

S/H circuits. The gain decides the gain error of the S/H circuits. Output swing decides the

dynamic range of the S/H circuits.

a. 8-bits resolution, 0.8 mV dynamic range (peak-to-peak).

%LSB:O.SxBOOmV+2562}/A 50 A>640=56dB .

b. 8-bits resolution, settling time is less than 10ns (half of 20ns).

_A
20ns_/ft><ln256 , 50 f, >320 MHz .

We use folded-cascode operational amplifiers, ‘shown in Fig. 3-5. Its advantage is large

output swing. Output and input can have the same common-mode level.

By !

Vout-k _.Vout+
Vin+ Vin- Vb2
= R

e
VbO,—{ Vbl
1 iy

Fig. 3-5, Folded-cascode operational amplifier

17



In the fully-differential operational amplifier, we need common-mode feedback (CMFB)
circuits to hold on the voltage of common-mode output. It lets the output swing of operational
amplifier to have the same datum point. We use dynamic CMFB circuits. In coordination to

the double-sampling architecture, two pairs capacitor work to take turns. It is shown in Fig.

3-6.
cmo
7
Out+ Out- Out+ Out-
dc2 dcl dcl dc . de1 dc c2 dc
g — = bias = =
(El (j(iz
cml — om2 —- i — ¢m3 T cm4
dc2™1 dcl_”f‘
cmb o

Fig. 3-6, Common-meode feedback circuits

There are two pairs of CMFB circuits, left side is the one and right side is another.
They are feedback in turns. So, we only analysis the right hand side, M3/M4. When dclk2 is
high, MC6/MC7/MC11 are open, CM3/CM4 charge the difference of CMO and
Bias. When dclkl is high, MC5/MC8/MC12 are open, the charge of CM3/CM4 share
the charge with Out+/Out—-and Cmb. If the common-mode voltage of Out+/Out -
have offset, the voltage difference will be feedback to the operational amplifier to

calibrate Out+/0Out — level.
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As shown in Fig. 3-7, it is the simulation results of folded-cascode operational amplifier.
We calculate that the gain of operational amplifier must be 56dB and unit-gain frequency

must higher than 310 MHz. The parameters are shown in Table 3-1.

10k 100k 1x . _1ox 1005 1z

Fig. 3-7, Simulation-of folded-cascode operational amplifier

Table 3-1, Parameters of folded-cascode operational amplifier
DC Gain Unit-Gain | Phase I/P CM O/P CM | Dynamic
frequency | Margin Range
56 dB 570 MHz | 60 deg 0.9v 0.9v 0.8v
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3.4 3-bit Flash ADC

In the flash 3-bit ADC, it includes Pre-Amplifier, Comparator, Encoder and
Bubble correction circuits. It is shown in Fig. 3-8. First, input signal (V, ) compares
with eight reference voltages levels respectively. And then, the comparison results are
corrected by bubble correction circuits. The correction circuits can reduce effect of

meta-stability. Finally, the improved thermometer will be transferred to binary code by

encoder.
Vref+ Vin
| :Jr Digital Output
’ g —> b7
¢ —f
> ' — > b6
+ >—> > > b5
17+>_> Bubble Encoderi— p4
. :+ Correction — b3
< > ——» h2
>‘ — bl
>—> L » 0
Pre-amplifierT + comparator
Vref-

Fig. 3-8, 3-bit flash ADC
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3.4.1 Pre-Amplifier

The voltage offset error of comparator will cause error during comparing process. It is an
important factor to affect the resolution of ADC. So, the pre-amplifier can amplify the input
signals to reduce the affect of offset error for comparator. As shown in Fig. 3-9, it is
differential difference component. The first stage amplifies the difference between input
signals and reference signals. Then the difference will be transfer to the second stage. We
hope the gain of pre-amplifier is bigger then eight times. Then, we look the offset voltage is
become 1/8 of the original in the comparator. For example, if the voltage offset error is 24 mV
in the comparator, itis 3 mV in pre-amplifier forward. If the difference between input signals
and reference signals are too small, it will affect the meta-stability. The pre-amplifier can

reduce the affect of meta-stability.

I_‘ Out-

Fig. 3-9, Pre-amplifier circuits
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3.4.2 Comparator

As shown in Fig. 3-10, it is a latch type comparator. When the clock C is low, it is in the
reset mode. Out +and Out — reset to vdd. When the clock C, is high, it is in the latch mode.
A comparator compares the difference between |, and R, signals. When one of Out +and Out —

sets to high level, the other will set to low level.

Fig. 3-10, Comparator
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3.4.3 Bubble correction

Because of meta-stability, there is an error code in a group codes. For example, it is
shown in Fig. 3-11. Left side is correct input. Input is 0-0-1-1-1 and output is 0-0-1-0-0-0. In
right side, input is not correct 0-0-1-0-1. But we use the bubble-correction to calibrate it.

Therefore the output is also correct.

Fig. 3-11, Bubble correction circuits
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3.4.4 Encoder

We want to transfer the thermometer to output code of 3-bit. It is shown in the Table 3-2.

Table 3-2, Encode to 3-bit output
a6 a5 a4 a3 a2 al a0 d2 dl do

1 0 0 0 0 0 O 1 1 O

Encoder architecture is shown in the Fig. 3-12. We use three 3-input OR-gate to encode

the input code.

d2=a6+ab+ad

[a6:a0] dl=a6+a3+a2

dO0=a5+a3+al

Encoder

Fig. 3-12, Encoder
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3.5 3-bit DAC

Digital-to-analog converters uses serial resistors to divid the reference voltage into
several voltage value. Da+ and Da- select output of +3/4Vref, +1/2 Vref, +1/4 Vretf, -3/4 Vref,
-1/2 Vref, -1/4 Vref and 0. We must decide the size of switch carefully. It considers turn-on
resistor of switch. Da+ and Da- signals must to be steady-state as fast aswell. It is shown in

Fig. 3-13.

Vref+ .+ Vref- Da0+ Da-

W
|
o

w

Fig. 3-13, Series resistor DAC
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3.6 Residue Amplifier

As shown in Fig. 3-14, it is residue amplifier circuits. It must operate in overall range. It

must auto zero to reduce the offset error of operational amplifier.

cl 1 dcl
Tl C”}SJ
et I
In+ o—"— Csl \dCZ\ dcl
Da+<>—/dC2 o i > O OQut+
Da- O—ﬁ: 5 P | | O Qut-
In- o—"1  Cs2
del \dcz\ dcl
i g
dcl

i cl Ca2

cmi

Fig. 3-14, Residue amplifier

In order tohold the charge of capacitors, dcl and dc2 is non-overlapping. We use a skip
named bottom-plate sampling. Before dcl set to low, cl has already turned to low. It lets
charge injection and input signals are not correspond. There is no offset error from operational

amplifier. Because the offset error is cancel by the virtual short. The clocks are shown in Fig.

3-15.

[
gt [ L
a2 LI L1

Fig. 3-15, Non-overlapping clock
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First, when dcl/cl is high, itis shown in Fig. 3-16. Cs1/Cs2 charges the input signals.
Input and output of operational amplifier connect the common-mode voltage of in and out.
Second, when dc2 is high, it is shown in Fig. 3-17. Cs1/Cs2 connects Da+/Da- to charge. The

difference charge of In and Da transfer to Cal/Ca2. When Cs=4Ca, then Out=4*(In-Da).

cmi
1
T -
It o—"— g \
| O Qut+
cl | >
| O Qut-
In- o—"1 (82 \
| g
i cl Ca?
cmi

Fig. 3-16, Sample mode of residue amplifier

Da+ o—"~ O Qut+

| O OQut-

Cs2 \
||
[

Fig. 3-17, Residue mode of residue amplifier
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3.7 Digital Error Correction

Digital error correction circuits can reduce offset error and increase resolution. The
principle is the MSB of next stage to calibrate the LSB of this stage. The final output value is

the sum of each stage’s output, it is shown in Fig 3-18.

MSB LSB

MSB LSB

MSB LSB

<~— MSB LSB

Out7 |Out6 | Outs5: Out4 | Out3 | Out2 | Outl |OutO

Fig. 3-18,-Final output of digital error correction

There are two steps. First, Keep the compare-level to shift right 1/2LSB. Second, reduce
the gain of amplifier two times. Originally we amplify the gain is 8. But now, we amplify

only 4. Fig. 3-19 is traditional transfer curve of 3-bit ADC. Fig. 3-20 is shift transfer curve of

3-bit ADC.
Residue
A
000
Vref+---------
0
Vref-

Fig. 3-19, Traditional transfer curve
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Residue
A

Vref+

% Vref+

% Vref-

NPTl

Fig. 3-20, Shift transfer curve
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3.8 Clock Generator

Clock generator is shown in Fig. 3-21. In the switch capacitor circuits, all switchs are
controlled by internal clock which is generated by clock generator. It has two modes. One is
sample mode and the other is hold mode. The clocks must be non-overlapping in order to
guarantee charge is not inadvertently lost. It is shown in Fig. 3-22. Dcl and dc2 are

non-overlapping.

cl

clk

cld

c2d

c2

Fig. 3-21, Clock generator

5

Il
dc2 . I—

Non-overlapping

Fig. 3-22, Clocks of clock generator
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Chapter 4

Built-1n Self-Test of ADC

4.1 Overview

In the chapter, we propose a new approach to test pipeline ADC. It gathers statistic about

probability to test pipeline ADC. We test the offset error and gain error by the output signals

of the S/H in each stage. Then, we-design the BIST circuits. We realize the BIST circuits and

pipeline ADC on the same chip.

4.2 ldeal Analysis for ADC

We design the four stages pipeline ADC. Output code of first, second and third stage is

3-bit. Output code of fourth stage is 2-bit. They are shown in Fig.4-1.

Stage 1 Stage 2 Stage 3 Stage 4
Inpugf s |2, SH P2y siH |53y SIH
v sl - Xdal ¢ 2 - ¥ da2 ¢ $3 - %Xda3 ¢s4
ADC|—»(DAC ADC——»DAC| |ADC|—»DAC ADC
3 bits l 3 bits l 3 bits l 2 bits¢

Fig. 4-1, Four stages of pipeline ADC.
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If pipeline ADC is ideal, the equation of s1, s2, s3 and s4 is as the follow:

sl=in. @
s2 =(sl—dal)x 4. (2)
s3=(s2—-da2) x 4. (3)
s4 = (s3—da3) x 4. 4)
where dai = %eref xN (B)

N=-3: -Vref <s,, S-%Vref.
-2 -%Vref <, <- 3 Vref.

-1: -%Vref <s., s-%Vref.
0: -%Vref <S, S%Vref.
1: %Vref <s., S%Vref.
2: %Vref <s., S%Vref.

%Vref <s,, <Vref.

w

The overall range of input signals-1s-+400-mV.~ -400 mV. We divide the overall range
into three parts. Part-A (Pa) is -400 m\V._~ -150 ‘mV. Part-B (Pb) is -150 mV ~ +150 mV.

Part-C (Pc) is +150 mV ~ +400 mV. It is shown in Fig. 4-2.

+400
+150 —>|— Pe
comp +150
— |+
Input——> Pb
"+
comp -150
-150 —»|— Pa
-400

Fig. 4-2, Distribution of Pa and Pb and PC.

If we send ramp signals to the input of the pipeline ADC, we can get the four signals.
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The signals sl is the stage 1 output of the S/H, as shown in Fig. 4-3. The signals s2 is the
stage 2 output of the S/H, as shown in Fig. 4-4. The signals s3 is the stage 3 output of the S/H,
as shown in Fig. 4-5. The signals s4 is the stage 4 output of the S/H, as shown in Fig. 4-6. All
of s1, s2, s3 and s4 are triangle signals. The frequency of the following stage is higher than
the pervious stage. Frequency of s2 is four times s1. Frequency of s3 is four times s2, and so
on. The overall range is +400 mV ~ -400 mV. We divide the full range into three parts. Part-A
is  -400 mV ~ -150 mV. Part-B is -150 mV ~ +150 mV. Part-C is +150 mV ~ +400 mV. We
can calculate probability of Part-A, Part-B and Part-C in each stage. Stage 1 is Pal and Pbl
and Pc1 shown in equation (6), (7) and (8). Stage 2 is Pa2 and Pb2 and Pc2 shown in equation
(9), (10) and (11). Stage 3 is Pa3and Pb3 and Pc3 shown in equation (12), (13) and (14). Stage

4 is Pa4 and Pb4 and Pc4 shown in equation (15), (16) and (17).

4.2.1 ldeal Probability of Stage 1

00

=00 - —

=200 - —

100 - —

-100 |- -

200 - —1

-300 - —1

400

1 1 L 1
[} 200 Ao s00 sOon 1000 1200

Fig. 4-3, Ideal signals of S/H for stage 1.

all =800, (6)
PCl = Pal= 2—?:) _0.3125. )
a
Phi= ii:) _0.375. (8)
a
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4.2.2 ldeal Probability of Stage 2

002

300 |-

200

=200

=300

—<400

1 1 1 1 L %
=200 400 00 sS00 1000

Fig. 4-4, Ideal signals of S/H for stage 2.

all = 400*8, 9)
*
Pc2 = Pa2 = Mﬁ(” —0.171825. (10)
a
*
pb2 = 39078 L 65625, (11)

4.2.3 ldeal Probability of Stage 3

1200

1 L 1 L L
=200 400 s00 =200 1000

Fig. 4-5, Ideal signals of S/H for stage 3.
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all = 400*32. (12)
*
pea-pea= 20508 g oo 1y
pb3=390"8 _ 4 7265625, (14)
4.2.4 ldeal Probability of Stage 4
1 L I I (b i i I 1 I 1 :
] 1 Nn 1 Nn |I |
A 1l i LRRINNRRRRELAMNRRRRRAI] 1l ARV RRLAHNRRRRRAI] 1l % |
Fig. 4-6, Ideal signals-of S/H for stage 4.
all = 400*128. (15)
Pc4 = Pa4 :ZOOLI?M ~0.1279296875.  (16)
a
*
Pb4 = % =0.744140625. (17)
a
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4.3 Actual Probability with Offset and Gain error

In the actual ADC, there are voltage offset error and gain error in each stage. Operational
amplifiers and comparators have voltage offset error. Residue amplifier has gain error. We
suppose that each stage has voltage offset error (V,, ) and gain error (G,). The equations are

as follow.

sl=in+V,, . (1)
s2=(sl-dal)x (4+G,,) +Vos,- (2)
s3=(s2-da2)x(4+G,,) +Voss- (3)
s4=(s3-dald)x(4+G,;) +Vog,- (4)
where dai= %eref xN (5)
N=-3:" -Veef <s,, s-%Vref.
— -%Vref <5, <3 Vref.

—1+ -%Vref < S s-%Vref.
0: -%Vref < Sl %Vref.
1: %Vref <S,, S%Vref.

-3 5
2. 8Vref <S4 S@Vref.

)
3: éVref <s,; <Vref.

Therefore, we measure the probability distribution of the four signals s1, s2, s3 and s4.
From the probability distribution, we can calculate probability of Part-A, Part-B and Part-C in
each stage. We define that Pi is the probability in ideal case, and we also define that Pi’ is the
probability in actual case when there are gain error and offset error in pipeline ADC. Stage 1
is Pal’ and Pb1” and Pcl’ of actual case. Stage 2 is Pa2’ and Pb2’ and Pc2’ of actual case.
Stage 3 is Pa3’ and Pb3’ and Pc3’ of actual case. Stage 4 is Pa4’ and Pb4’ and Pc4’ of actual

case. Then, we compare Pai’ and Pbi’ and Pci’ with Pai and Pbi and Pci. Pai, Pbi and Pci are
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ideal probability. From section 4.2, Pai, Pbi and Pci are shown in Table 4-1.

We define:

Pi isideal probability.
Pi' is actual probability.

AP = Pi' - Pi.

(23)

Table 4-1, Ideal probability

Pal 31.25%
Stage 1 Pbl 37.5%
Pcl 31.25%
Pa2 17.1825 %
Stage 2 Pb2 65.625 %
Pc2 17.1825 %
Pa3 13.671875 %
Stage 3 Pb3 72.65625 %
Pc3 13.671875 %
Pad 12.79296875 %
Stage 4 Pb4 74.4140625 %
Pc4 12.79296875 %
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4.3.1 Offset error

Fig. 4-7 shows that the offset error happens in a stage. The Pb’ is equal Pb in Part-B. If

Pc’ increase x%, Pa’ decrease x%. It is shown as follow.

Pb'= Pb. (24)
Pc'= Pc+ x%. (25)
Pa'= Pa—x%. (26)
Ideal curve Offset k mV
A TT==F Offset error curve
HA00 |- e
/ /

A ;
150 f-moomoflenee V ------------ VVV ----- V --------- i

P )
-400

Fig. 4-7, Offset error curve and ideal curve of S/H signals

As shown in the Fig. 4-3 and Fig. 4-7, if there are k1 mV offset error, we can gather Pal’

or Pcl’ to calculate the offset error of the stage 1. The equation is shown as follow.

k, mV Offset , Pciisactual, Pc, isideal,all =800 (27)

APC, = Pc1 - P, _250+k 250 _ k (28)
all  all 800

-k, = APc, *400*2 . (29)

As shown in Fig. 4-4 and Fig. 4-7, if there are k2 mV offset error. We can gather Pa2’ or

Pc2’ to calculate offset error of stage 2. The equation is shown as follow.
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k, mV Offset , Pc2 isactual, Pc, isideal, all =400*8 (30)
_ 250+ (50+k)*7 250+50*7 _ 7*K

all all 8*400
-k, = APC,*400*8/ . (32)

APc, =Pc> - Pc, (31)

As shown in Fig. 4-5 and Fig. 4-7, if there are k3 mV offset error. We can gather Pa3’ or

Pc3’ to calculate offset error of stage 3. The equation is shown as follow.

k, mV Offset , Pcsisactual, Pc, isideal, all = 400*32 (33)
* * *
APC, = Pcs — Pe, = 250+(50+k)*31 250+50*31  31*k . (34)
all all 32*400
- Ky = APC, *400%32/ (35)

As shown in Fig. 4-6 and Fig. 4-7, if there are k4 mV offset error. We can gather Pa4’ or

Pc4’ to calculate offset error of stage 4. The'equation'is shown as follow.

k, mV Offset , Pc4 is actual’,“Pc;, isideal, -all = 400*128 (36)
* * *
APC, = Pc, — Pc, = 250+ (50 ¢ k)*127 - 250+50*127 _ 127*k . (37)
all all 128*400
-k, = APc, *400*128/ _ . (38)
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4.3.2 Gain error

When there is gain error happen, it is shown in Fig. 4-8. If Pb’ is increase 2y%, Pa’ and

Pc’ is decrease y%. It is shown as follow.

Pb'=Pb+2y%. (39)
Pc'=Pc-y%. (40)
Pa'= Pa-y%. (41)
Ideal curve :
_____ . Gain=1+«
gain error curve :
Residue Gainerror =«

A

+400

-400

Fig. 4-8, Gain error curve and ideal curve of S/H signals

See the Fig. 4-4 and Fig. 4-8, if there are « 1 gain error. We can gather Pb1’ to calculate

gain error of stage 1. The equation is shown as follow. Stage 2 and stage 3 are the same as

stage 1.
a is Gain error , Pb isactual, Pbisideal
PC, = Pc,*(1+a)+Pb*0.5%¢, (42)
1+
Pb:= Py (43)
1+
APb = Pb’:—Pb, (44)
.o, =—APb, / Pb: (45)
a, =—APb, | Pb’ (46)
a, =—APb,/Pb3 (47)

40



4.3.3 Conclusion of Offset error and Gain error

If there are offset error and gain error in each stage, we can separate the probability of
the offset error from the probability of the gain error. From section 4.3.1, when the offset error
happens, the Pb’ equal Pb and it is not change. If Pc’ increase x%, Pa’ decrease x%. From
section 4.3.2, if Pb’ is increase 2y%, Pa’ and Pc’ is decrease y%. The relation of the gain error
and the offset error is shown in Table 4-2. Therefore, we calculate APb which is about gain
error. Then, we can calculate the offset error from APc or APa minus half of APb. The

conclusion is shown in Table 4-3.

Table 4-2, Difference of probability for offset error and gain error

A Pa APb APc
Offset error X% 0 X%
Gain error -y% 2y% -y%
Offset error and gain error -X=y% 2y% X-y%

Table 4-3, Conclusion of probability for offset error and gain error

Stage 1 k, = APc, *400*2
Offset error Stage 2 k, = APC, * 400* %
(k mV offset)
Stage 3 ks = APc, *400*32/,
Stage 4 ky = APc, *400%128/ _
Gain error Stage 1 a, =—APb, / Pb
(a gain error) Stage 2 a, =-APb,/Pb"
Stage 3 a, = —APb, / Pb’s
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4.4 BIST Circuits

In the section, we propose a BIST circuits. BIST circuits and ADC circuits are shown in
Fig. 4-9. BIST circuits has two circuits which are triangle wave generator circuits and
analyzer circuits. When mode in the Fig. 4-9 is high, the ADC is in normal mode and input

signals of the ADC is sent from the Analog Input. When mode is low, ADC is in test mode

and input signals of the ADC is sent from the Triangle Wave.

Analog Input Digital Out
AN Abc N

D // """ TV
i Pcl1/2/3/4
1 _’
i | Triangle L, Pb1/2/3/4
I Wave Analyzer —
: >
: Pal/2/3/4
' mode s1/s2/s3/s4 —>
E BIST circuits

Fig. 4-9, BIST circuits and ADC circuits

From previous section, we want to gather statistics and calculate probability Pa and Pb
and Pc. The signals s1, s2, s3 and s4 are the input signals of the Analyzer. There are four
Comparison Circuits in Analyzer in Fig. 4-9. Comparison Circuits is shown in Fig. 4-10. The

signals s1, s2, s3 and s4 are sent into the Comparison Circuits and the Comparison Circuits
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compares the signals with 150 mV and -150 mV. The output signals of compl and comp?2 are
sent into logic circuits. Then, the logic circuits transfers the output signals of compl and

comp2 to Pa and Pb and Pc. The relation of si and Pa and Pb and Pc is shown in Table 4-4.

150 mV
Pc
— —>
s1/s2/s3/s4
— Pb
. >
logic
L »
Pa
_> _>
-150 mV
Fig..4-10, Comparison Circuits
Table 4-4,.L ogic funetion of analyzer
Input : si compl | comp2 Pa Pb Pc Logic circuits
+400 ~+150mV |1 1 0 0 1 Pc=compl*comp2
+150 ~ -150 mV 0 1 0 1 0 Pb=com1’*comp2
-150 ~ -400 mV 0 0 1 0 0 Pa=( compl+comp2)’

As triangle wave generator, we use a simple circuits shown in Fig. 4-11. The circuits has
operational amplifier, resistor, capacitor, switch, comparator and S-R latch. It uses resistor and
capacitor to charge and discharge. There are two states in Fig. 4-11. First, Vout+ is charged to
the voltage of Vr+ and Vout- is discharged to the voltage of Vr- at the same time. Second,

\Vout+ is discharged to the voltage of Vr- and Vout- is charged to the voltage of Vr+ at the
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same time For example, if Vout+ is charged to reach the value of Vr+ and Vout- is discharged
to reach the value of Vr-, S-R latch send signals to swl and sw2. Then Vout+ become to

discharge and Vout- become to charge.

\Vout+
Vi 7 v — compl
|\ r \ < > /
7 i _> N SR latch
N _—
r_
comp2
V_S\NJZ_ | i+ I p —> —
r- | —
‘ \out-

Fig. 4-11, Triangle wave generator

The simulation of triangle wave generator is shown in Fig. 4-12. One signals is Vout+

and another is Vout-. The full rang is in 0.7 mV and 1.1 mV.

”1

800m

G00m -

151 20m 251 . 350 a0u 4

3
0 CTTRAEY

Fig. 4-12, Simulation of triangle wave generator
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Chapter 5

Experimental Results and Layout

5.1 Simulation Results of ADC

In the section, we show the simulation of ADC. We generate a ramp signal of input to the
input of pipeline ADC. And, we send 50 MHz clock. Then, we use matlab to calculate DNL
and INL from digital output code.. The ramp signal is shown in Fig. 5-1. The digital output
codes are shown in Fig. 5-2. The relation of real output value and digital output code are as
(48). The real output value is decrease.from.255to 0.-Every value must emerge from 255 to 0

one time.

Output = out7*128 + out6* 64 + out5*32 + out4*16
+0ut3*8+out2*4 +outl*2+ out0*1. (48)

800m

700m

B00m

S00m

400m

300m

200m

100m

T T T T T T T T T T T T
o 5000 1u 1.5u 2u 2.5n 3u 35n an 4.5 S 55u

Tirnn Ainh STTRATS

Fig. 5-1, Ramp signals
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ont?

Catd

outs

Zmtd

out3

Otz

Jutl

outl

to 0.

T T T T T T T T T T T T
1] Z00n 1a 151 2 5 k)8 250 4u 45m Su 550

Fig. 5-2, Digital output codes

We send a slow ramp signals‘to the pipeline ADC. The output value decreases from 255

Every value must occur ten:times ideally. We use“matlab to calculate DNL and INL from

digital output code. DNL is shown in Fig. 5:3-IDNL is shown in Fig. 5-4

0.8

0.6 H

0.4 -

! T ! 1
1] 50 100 150 200 250

Fig. 5-3, DNL
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1] 50 100 150 200

Fig. 5-4, INL

The characters of ADC are shown in Tables-1.

Table 5-1;Characters.of ADC

Supply Voltage 1.8V
Resolution 8 bit
Sampling rate 50 MS/s
I/P dynamic range 0.8V (p-p)

1LSB 3.125 mV
DNL 0.8 LSB
INL 0.8 LSB

Offset error 0.7 LSB
Gain error 0.8 LSB
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5.2 Simulation Results of BIST

In the section, we simulate the result that offset error or gain error happen in one stage.
For example, we suppose that stage 1 has offset error (k mV) and other stages are ideal. We
calculate probability of Pal’ and Pb1’ and Pc1’. Then, we use Table 4-3 to calculate it’s offset
error and compare it with our suppose.

Therefore, there are seven simulations. Offset error of stage 1 is shown in Table 5-2.
Offset error of stage 2 is shown in Table 5-3. Offset error of stage 3 is shown in Table 5-4.
Offset error of stage 4 is shown in Table 5-5. Gain error of stage 1 is shown in Table 5-6. Gain

error of stage 2 is shown in Table 5-7. Gain error of stage 3 is shown in Table 5-8.

Table 5-2, Compare offset error of stage 1

K mV Offset we suppose | 2 4 6 8 10

Offset for probability 2.0313 4.0625 5.9375 7.9688 10
Table 5-3, Compare offset error of stage 2

K mV Offset we suppose | 2 4 6 8 10

Offset for probability 1.875 3.75 6.25 8.125 10
Table 5-4, Compare offset error of stage 3

K mV Offset we suppose | 4 8 12 16 20

Offset for probability 5 7.5 12.5 15 20
Table 5-5, Compare offset error of stage 4

K mV Offset we suppose | 20 40 60 80 100

Offset for probability 20 40 60 80 100
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Table 5-6, Compare gain error of stage 1

a gain error we suppose 0.2 0.4 0.6 0.8

a gain error for probability | 0.19214 0.40367 0.5933 0.8
Table 5-7, Compare gain error of stage 2

a gain error we suppose 0.2 0.4 0.6 0.8

a gain error for probability | 0.21053 0.36364 0.61538 0.8
Table 5-8, Compare gain error of stage 3

a gain error we suppose 0.2 0.4 0.6 0.8

a gain error for probability | 0.28571 0.28571 0.61538 0.8

From Table 5-2 ~5-8, the offset error._that we suppose and the offset error that calculate

from probability are very approximate. They‘have a:little difference which are because of

sample point not enough.
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5.3 Compare Simulation of BIST and ADC

We send a slow ramp signals to the 50 MHz pipeline ADC. First, we gather statistics
which are signals of S/H, signals of DAC, signals of residue amplifier from each stage. Then
we can calculate offset error and gain error of each stage, called it actual offset error and gain
error.

Second, we gather statistical values Pai, Pbi and Pci from each stage. We can use Table
4-3 to calculate offset error and gain error called it probability offset error and gain error.

Probability of APaiand APbiand APci from each stage are shown in Table 5-9.

Table 5-9, APaiand A Pbi and+A Pci from each stage

A Pi Probability About offset error About gain error
APal -0.15625 % -0.11719

APDb1 0.078125 % 0.078125
APcl 0.078125 % 0.11719

APa2 0.15625 % 0.097656

APDb2 -0.11719 % -0.11719
APc2 -0.039063 % -0.097656

APa3 0.15625 % 0.17578

APb3 0.039063 % 0.039063
APc3 -0.19531 % -0.17578

APa4 0.41016 % 0.35156

APb4 -0.11719 % -0.11719
APc4 -0.29297 % -0.35156
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Use Table 4-2, we can separate A Probability from offset error and gain error. Then, we
can calculate offset error and gain error from probability. Therefore, we compare actual offset
error and gain error with probability offset error and gain error. It is shown in Table 5-10 and

5-11.

Table 5-10, Compare actual offset error and probability offset error

Stage 1 Stage 2 Stage 3 Stage 41

Probability offset error | 0:9375 MV |-044643 mV |-072581 mV |-14173 mV

Actual offset error 0.80327 mV |-0.15892 mV |-0.41373 mV |[-12126 mV

Table 5-11, Compare actual gain error and probability gain error

Stage 1 Stage 2 Stage 3
Probability gain error -0.019082 0.025793 -0.0084122
Actual gain error -0.013811 -0.013792 -0.1282

The difference of actual offset error from and probability offset error is less then 0.3 mV.
We can accept this value.

The difference of actual gain error from and probability gain error from stage 1 is about
0.006. The difference actual gain error from and probability gain error from stage 2 is about
0.039. But the difference of actual gain error from and probability gain error from stage 3 is

about 0.12. This larger error could be introduced by accumulative of previous two stages.
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5.4 Layout Consideration

5.4.1 Capacitor Array

In S/H circuits and residue amplifier circuits, we need high accuracy capacitor. We use

MIM structure to realize the capacitor. It is shown in Fig 5-5.

M6

Via56

M5

Fig 5-5,MIM capacitor

5.4.2 Consideration Operational Amplifier

Operational amplifier is very sensitive the mismatch of size. Therefore, the differential

pair must layout transistor matching. It is shown in Fig. 5-6.

Fig. 5-6, Differential pair layout
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5.4.3 Layout and Pad

The simple graph of layout is shown in Fig.5-7. We place ADC circuits on the left side.
Clock generator, digital error correction and BIST circuits are on the right side. The area of
layout is 2000u*1400u. There are 30 pads, six of input, twenty of output, two of gnd and two

of vdd. They are in Table 5-12. The layout is shown in Fig.5-8.

gndl vddl In+

IR E—B E—B L] our
Vr+D D out6

Vir- D Stage 1 b D outd
pc4 I:I I:I out4
Digital
pb4 D Stage® Correction D out3
pad D D out2
Stage 3 BIST
pc3 D D outl

pb3 ] Stage 4 [ ] outo
pa3 [_|
D N o I O O o B B e

pb2 pa2 pcl pbl pal gnd2 vdd2

mode

Fig. 5-7, Simple graph of layout
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Table 5-12, Pad of layout

6 input lin+, In-, clkin, mode, Vref+, Vref-.

20 output Out7 ,0ut 6 ,0ut 5 ,0ut 4
Out 3 ,0ut 2 ,0ut 1 ,0ut0,
pal ,pbl ,pcl, pa2, pb2, pc2,

pa3 ,pb3, pc3, pa4, pb4,pcd

4 vdd/gnd vddl, gndl, vdd2, gnd2

Fig.5-8, Layout of chip

1000 1439 7880
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This paper is propose a built-in self-test to test the pipeline ADC. We design a 8-bit, 50
MS/s pipeline ADC first. The DNL of ADC is 0.8LSB and INL of ADC is 0.7LSB. Second,
we bring up new a approach about,BIST circuits te. test pipeline ADC. We use probability to
gather statistical values to test offset error and.gain, error in each stage. The chip of ADC and
BIST circuits is realize by TSMC 0.18 um.1p6M. The simulation result of BIST can meet our

requirement.

6.2 Future Work

For the analysis of BIST circuits, we can calculate probability to calculate offset error
and gain error in each stage. We suggest the follower can calculate probability to calculate the
DNL and INL of ADC to use the BIST architecture. Improve the analysis for BIST and get

better performance.
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