Chapter 1 Introduction

1.1 Introduction

Recently, the rapidly growing in communication and digital video systems
creates a need for inexpensive mixed-signal circuits such as high speed and high
resolution of analog-to-digital converters (ADCs) and digital-to-analog converters

DACs . Testing mixed signal ICs is known to be a difficult and expansive task.
The problem is aggravated by the recent trend of integrating mixed-signal cores in a
large digital environment to achieve system-on-a-chip integration. Mixing such
circuits leads to ad-hoc and nonstandard test strategies and results in complex and
expensive mixed-signal automatic test equipment (ATE). Mixed-signal Built-In Self
Test (BIST) approach can potentially reduce test time and cost.

Data converters are typical mixed-signal circuits that bridge the gap between
analog and digital signals. Most ADCs, such as successive approximation and flash
converters, still suffer from fabrication such that inaccuracy and poor linearity of the
internal components, thus reducing the overall resolution of converters. For a
delta-sigma ADC, it easily gets high resolution by using feedback and oversampling.
Its analog part is a switched capacitor circuit, i.e. a circuit working the discrete time
domain. Therefore, it is suitable to be used as the interface circuit between the analog

sampling input circuit and the succeeding digital processor.



1.2 The Characteristics of Delta-Sigma Modulation

A delta-sigma ADC is presented in Fig.1.1. It consists of two sub-circuits: one is
the analog part which is composed of switched capacitors, operational amplifiers and
a 1-bit ADC, which is a comparator; and the other is the digital part which acts as a
digital decimator, which includes the digital low-pass filter and the down-sampling
circuit. The output signal of one bit ADC is a PCM code which contains the

information transferred in the form of the density of codes.

COMP
+

3
F]/o & Digital Decimator,|——<—] OUTPUT
2

Fig.1.1 Block diagram of a delta-sigma ADC

A delta-sigma modulator is commonly known as a noise shaping modulator due to

their quantization noise associated with a differential function. The order of the

modulator is determined by the differential function order. A higher-order modulator

has a higher differential function order, which yields more suppression on the in-band

quantization noise. Not only higher-order modulator has high resolution SNR , but

also a higher over-sampling has a high resolution SNR



Fig.1.2 shows the z-transfer function of first order delta-sigma modulator including

the quantization noise E;(z).
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Fig.1.2 The block diagram of the first order delta-sigma modulator including the
quantization noise source
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In the figure, the input X;(z) passes through-the ¢ircuit, after a unit delay, to be the
output Y;(z) without any distortion. The quantization noise E;(z), is multiplied by a
noise-shaping operation (1-Z™). Therefore, the quantization noise E,(z) is attenuated.
Let the sampling rate be f;, the passband be f, and the over-sampling ratio OSR  be

defined as fy/2. If OSR>>1, SNR will be large, i.e., the resolution of the ADC is

increased.

Y, (2)=X,(2)Z7' +E(2)(1-Z7") 1.1
ingal = S(z) = &) _ 71

Singal =S(z) = X(2) Z

Noise = Nl(z)z%z(l_zl)
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In general, for a higher order (nth order) delta-sigma modulator:
Sn(Z)Xn(Z)+(1—Z_I)n En(z):Cn(Z)Yn(Z) 1.5

where Sy(z) is the signal transfer function and C,(z) is the output correction function.

n_max 4
T

SNR, ... = 6.02N +1.73—1010g(2n+1j+(2n+1)1010g(OSR) 1.6

A higher-order modulator has a-higher SNR."“Eq. 1.6

1.3 Review of Delta-Sigma Modulator Diagnosis and DFT

There are many diagnosis techniques for analog and digital circuits respectively.
Several BIST schemes for DAC and ADC were proposed 1,2,3 .In 4,56 ,these
authors utilize delta-sigma modulator as signal generation to test analogy circuit.
Nevertheless, there are not many papers which proposed self-test for delta-sigma
modulator. In 7 , the author utilized the on-chip delta-sigma DAC for sine wave
generation and digital signal processing DSP techniques to do data analysis.

However, the technique needs both on-chip ADC and DAC, and formidable
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computation, which is not always possible. In 8 , the ADC which based on

oscillation-test method under test is put into an oscillator and the system oscillates

between two pre-established codes by the aid of some small additional circuits in the

feedback loop. However, these techniques used the characteristics of the transfer

function, such as the offset error, gain error, DNL, and INL, as signatures. These

parameters are not easy to be measured for a delta-sigma ADC because its output

signal is PCM codes.

1.4 Outline of This Thesis

In this paper, we propose and demonstratea very easy and fast method to diagnose

a delta-sigma modulator based on the‘integrator output voltage. We also propose an

application and demonstrate a very simple method which utilizes a delta sigma

modulator to test DAC code edges. For this method, since no extra circuit is needed,

the delta sigma modulator’s performance is not affected. Also we only compute

output numbers of logic 1 and logic 0, respectively. Then DAC code edges would be

found easily.

This thesis is organized as follows: Chapter 2 presents the proposed test scheme

and related analyses. Chapter 3 presents our designed method and the simulation

results of process. Chapter 4 presents our proposed application of the delta-sigma



modulation for testing DAC code edges and presents the simulation results. In chapter

5, conclusions are given.




Chapter 2 Proposed Scheme for Delta-Sigma Modulator

2.1 Faults in Delta-Sigma Modulator

Fig.2.1 is the diagram of a first order delta-sigma ADC. The digital decimator
which composes of a low-pass filter and a down-sampling circuit, transfers the one bit
stream signal to the output. It is digital and the transformation is a pure digital
operation. It’s testing is relatively easy. Hence we will only discuss the faults in

delta-sigma modulator.
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Fig.2.1 Diagram of a first order delta-sigma ADC
In Fig.2.1, the discrete time integrator is activated by two voltage sources, namely,
one is the input signal and the other is the feedback signal of the digital output, where
G and G, represent the forward and feedback gain respectively. Generally, the HIGH
level of the output digital signal is Vi and the LOW level is —V,.s. Thus, each
increment of the discrete integrator output is either the positive quantization error

Ap  Eq.2.1 orthe negative quantization error An  Eq. 2.2 , as shown Fig.2.2.

Ap=G X +GV, 2.1



An=G X -GV, 2.2
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Fig.2.2 The discrete integrator output
We can apply a DC=0 test pattern to diagnose this circuit. Since the over-sampling
frequency is much faster than the test pattern and the quantization error for each

sampling is only one state A Eq. 2.3

2.3

2.1.1 Fault Case

The faults we diagnose are faults in the operational amplifiers, the forward and
the feedback gains which are determined by capacitor ratios of switched-capacitor
sub-circuits of the delta-sigma modulator. They are discussed as follows:

Casel  Faults in the comparator.

These faults will cause the output digital signal stuck at either the HIGH or LOW
level.
Case2 Short and open in the circuit.

These faults will also cause the output digital signal stuck at either the HIGH or



LOW level.
Case3 Faults in the operational amplifier.
These faults will cause an offset at the input of the amplifier. 9
Case4 Faults in the switched capacitors.
The capacitor ratios deviate from the nominal value. That is, the forward and

feedback gain, G, and G,, are different from nominal values.

2.2 Added Circuits for Diagnosis for Delta-Sigma Modulator

In order to diagnose the faults mentioned above, we add extra circuits to the
original modulator circuit as shown in-Figure 2:3. They are discharge switches,
Si....Sy, in the integrating path of each stage, a-test ontput pin, Viesport at the output of
the operational amplifier, and multiplexers; mux11 mux12 ... muxnl muxn2 which are

to control forward and feedback paths respectively in test mode.
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Fig. 2.3 The added extra circuits in the delta-sigma modulator



2.3 Delta-Sigma Modulator Diagnosis

The diagnosis for faults in the modulator is discussed as follows:

The faults in the operational amplifiers will cause an offset in the amplifier’s input.

To test this type of faults, all the input voltages of the amplifier are set to “ground”.

The offset voltage will be accumulated to the integrator’s output and causes the output

to stuck at either the HIGH or LOW which can be measured at Viepor. For the

switched-capacitor faults, they will cause

difference from the good capacitor ratio.

This can be measured also at the Vigpor. The operational amplifiers and

switched-capacitor sub-circuits can‘be diagnosed.stage by stage. The diagnosis steps

are described in the following by taking a second stage modulator as an example in

Figure 2.4.
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Fig. 2.4 The diagnosis of faults of a second order delta-sigma modulator
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Stepl  Discharge all charges stored in integrating capacitors by setting Si=1, i=1~n.

Step2  Set mux,l and mux,2 feedback path to ground as shown in Fig. 2.5 to
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Fig. 2.5 Diagnosis for the second stage

Step3  Set mux;,1 to feedback path and mux,2 to ground as shown Fig. 2.6 and go to
Stepl. We can have

testport (t) z |:

+C 1
Cb : Voffsetz:| (k - Ej +Voffset2 2.6
At t=1/2 clock
C C,+C
Vtestport2 = C_Zvref + Cb . Voffset2 Voffset2 27

11

24

2.5



] Vtestport

<] OUTPUT

}_‘_/
A
}_‘_/
A

.wl .,

U148A

INV

Fig. 2.6 Diagnosis for the second stage

Step4 Set mux;1 to ground and mux;2 to feedback path as shown Fig. 2.7 and go to

Stepl. We can have

testport (t) Z |: 2 . 8
At t=1/2 clock
C C,+C
Vtestport 3 = C_4Vref R e— : Voffsetz Voffsetz 2 9
b b

Vtestport
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Fig. 2.7 Diagnosis the second stage
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From the three equations 2.5,2.7,2.9 , we can obtain Ve, C3/Cp and Cu/Cyp, of

asin Eq’s 2.10 (2.11)and (2.12

V — Vtestport1 2 10
- 1+ Vtestpon 2 +Vt65tport 3- 2Vtestp0rt 1
Vref
& — Vtestport 2 _Vtestport1 )11
Cb ref
& — VtGStPOFt 3 _Vtestport 1 51
Cb ref

Then we can start to diagnose for the first stage:

StepS  Set mux; 1, mux;2 and muxy2 to ground as.shown Fig. 2.8 and go to Stepl. We

can have

a

L(C +C
\ l(t) = Z(%Voﬁsm] (k + 1) offset!
k=0

! C, C,+C, .1
Vtestport (t) = z |:V 1( )_ C Voffsetz :| u ( - Ej +Voffset2 2.13
1=

b b

At t=1/2 clock

V,

testport

C b b

a

C +C, C, C +C,
4 ( Voffsetl Voffsetl] C C Voffsetz Voffsetz 214
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Fig. 2.8 Diagnosis for the first stage

Step6  Set mux; 1 to feedback path, mux;2 and mux,2 to ground as shown in Fig. 2.9

and go to Stepl. We can have

L(C C +C
V l(t) = Z[C_lvref C i Voffsetl] (k p, 1) offset1
k=0 a

a

C, C +C, o1
testport (t) z {V 1( ) ¢ Voffsetz :l u ( ]- Ej +Voffset2 2.15
b b
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Fig. 2.9 Diagnosis for the first stage
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Step7 Set mux;2 to feedback path, mux;1 and mux,2 to ground as shown Fig. 2.10

and go to stepl. We have

- C C +C
\Y l(t) = Z[C_zvref C 2 Voffsetlj (k + 1) offset1
k=0 a

a

! .C, C+C .1
Vtestport (t) = Z{VI(J)C_3+ 3C : Voffsetz:|u (J _Ej +Voffset2 2.17
=0

b b

At t=1/2 clock
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Fig. 2.10 Diagnosis for the first stage

Step8 Continue the above steps if there are more stages until all stage are diagnosed.
With Eq’s 2.14  (2.16) and (2.18 , we can obtain Vret1, C1/C, and C,/Ca as
shown in Eq’s 2.19 ( 2.20) and ( 2.21 . Therefore we can diagnose all faults,

including single fault and double faults.
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offset1 offset1
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offset2
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C.+C C
[V 4- gvoffsem _VoffsetZ j >

1+ v C—j (Viesport + Viesport 6 = Viesport 4)
(vmmm 4 03;04 VA Jvref
V. = 2.19
i V., ((3:1 + (Vigsport 3+ Viesport 6 = Vigspor 4
g_; - \ig_:(vtestpm 5 —Vigapor 4) 2.20
% =ég—:(%wpm—Vtestpon4) 2.21

2.4 Possible Problems of the DFT Scheme

There are some problems which.meed to be considered for this DFT scheme. One

problem is, for the switch capacitor circuit; the ‘clock feedthrough is an important

issue. Since there are added extra switches in our proposed DFT scheme, the clock

feedthrough is also a problem which needs to be considered. Another problem is for

the operational amplifier, the gain needs to be high in order to suppress harmonic

distortion caused by the opamp nonlinearity if any. The next chapter will propose

some methods to reduce error.
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Chapter 3 Design of the Delta-Sigma Modulator and

Simulation Results

In this chapter, a second order delta-sigma modulator is designed and simulation
results are presented.

3.1 Delta-Sigma Modulator Design
3.1.1 Switches

When a MOS switch is ON  clk=1 , it operates in the triode region, while it MOS
turns FF  clk=0 , the charge injection error occurs due to two mechanisms as shown
Fig.3.1. The first mechanism is dueito channel charges which flow out of the channel
region of the MOS to the drain ‘and to the source-junction. It will cause an error

voltage at the load capacitor Chpeq shown as'Eq. - 3.1

Qu CoxWL(Vgs —Vin) _ CoVLVpp —Vin Vi)

A =—=
QCh0|d 2 2 2
Avout — Acg(lhold - _ CoxWL(VDD _Vin _th) 3.1
Ch0|d 2Ch0|d

The second mechanism is due to the overlap capacitance between the gate and the

junction. The charges in this overlapped capacitance will also cause an error voltage

on the load capacitor Cpoq shownas Eq. 3.2

Avout — AVChoId — QChoId — AVcIkCov
Cooi  Cov +Choia

Avout - _ Cov (VDD _VSS) - _ CoxWLov (VDD _VSS) 3.2
Cov + Chold Cov + Chold

Hence, the total error voltage is:
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AV

Charge Injection Error

clk
clk=1->clk=0
hverlap Capacitor Charge
Cov l Cov
Vin
Cov
I {—¢ |
clk T Vout

Fig3.1 Charge injection emjg"r"on the MOS switch transistor

To minimize charge injection error, we add a dummy switch, as shown Fig. 3.2
10 , where the channel widths of M3 and M4 are taken as one-half of that of M1
and M2 respectively and the clock of M1 and M2 changes slightly after that of M3
and M4 respectively. The clock arrangement guarantees that the canceling charges of

M3 and M4 do not escape through M1 and M2 respectively when they are still ON.
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3.1.2 Clock

clk clkb

E M2 M4
VCC VCC

—IRee TS
« M1 « M3 out
Vsﬂlf Vss 111 T Chold

MbreakN MbreakN ?0

clkb clk

Fig. 3.2 A dummy CMOS switch for charge injection cancellation

The switch capacitors are controlled by two phase clocks, as shown Fig.3.3.

Because Clockl and Clock2 may cause overlap, the output will cause error. The

improved method Fig.3.4 shows a.simple digital circuit that is capable of generating

the desired clocks

Vin

11

which:avoid overlapping:

Fig.3.3 Switch capacitor

U157A U160A U161A U162A
2 N
1 1 2 1 2 1 2
%) <IClock1
- 54102
U159 74L.S504 74L.S04 74L.S04
74LS
N
U158A U163A U164A U165A
2
1 1 2 1 2 1 2
3 <—IClock2
54102
74LS04 74LS04 74LS04
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Fig.3.4 A clock generator which can generate the non-overlapped clocks



3.1.3 Operational amplifier

The operational amplifier is most important component in the design of the
sigma-delta modulator. In practice, this gain needs to be high in order to suppress the
harmonic distortion caused by opamp nonlinearities 11,12 . A practical CMOS

version of the two-stage opamp is shown in Fig. 3.5.

VCC_BAR VCC_BAR VCC_BAR VCC_BAR
M8 é M9

A v i) 7
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R1
vcd BAR CC_BAR
cq C_| MWV

M10 M11

- L
| |- Vin1 T = —<"Jvin2
M1 M2

-+ o

& 5
: I@

Fig. 3.5 A CMOS realization of a two-stage amplifier

3.1.4 Comparator

The purpose of the comparator is to quantize a signal and provide the output of the

modulator. This output is fed to 1-bit DAC, which converts digital signal to the analog

signal in the feedback modulator loop. We combine opamp with a D-type flip-flop

(DFF) to realize the comparator in our design.
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3.2 Simulation Results

In our design shown Fig.2.4, the capacitor sizes are C;=0.4pF, C,=0.8pF, Ca=4pF,
Cs=1.5pF, C4=0.3pF, Cg=3pF respectively and the sampling frequency feuox= IMHz
and the comparator output reference voltage is +1.8 V. The UMC 0.18 library cells
were used to implement the circuit. to simulate. The whole circuit was simulated. An

error ratio is defined as:

Define:error ratio 2 (capacitor _ rat'o)dia_gnosis - (CépaCItOF _ratio)
- (capacitor _ ratio)

el 100% 3.4

ideal

The simulation results for the good circuit are presented in Table 3.1 and those for
the faulty circuits, where faults were injected intentionally, are presented in Table 3.2
and Table 3.3 for each fault respectively."In Table 3:1, Ideal means that the original
ideal values for capacitors, real is the values obtained through the diagnosis procedure,

and Error Ratio is that obtained from Eq. (3.4).

Ratio Ideal Real error_ratio
Ci/C, 0.1 0.09978 -0.221
C,/C, 0.2 0.19955 -0.226
C5/Cy 0.5 0.49836 -0.328
C4/Cy 0.1 0.09971 -0.286

C=4pF Cy=3pF C;=04pF C,=0.8pF C;=1.5pF C,=0.3pF #V_ =+1.8V

ref

Table3.1 Simulation results for the good modulator
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3.2.1 Case 1 : Single Fault

Table 3.2 shows the diagnosis results through simulation for injected single faults.

For each column, it lists the injected faults; and for each row, it lists the simulated

Error Ratio values for each capacitance ratio or Vet under each injected fault. For

example, we inject a C; +20% fault and the simulated Error Ratio value obtained for

C,/C, by using the diagnosis procedure is 19.73% and for other capacitance ratios are

less than 0.3%. By observing the values, we can then tell that the fault is that occurs at

C,/C,. For operational amplifier 1, we injected an Offsetl=10mV fault. The simulated

result on Vet 18 9.64 mV and thatfor Ve218.0.039 mV. We can tell that the fault

occurs at operational amplifier I with a magnitude 0f-9.84mV which is approximately

10 mV. The error is equal to 1.6

and the other offset error are in the tolerance

bound (+ 5%).
error_ratio | C11+20% | C;+20% | C3+20% | C4+20% | C,+20% | Cpt20% |Vosrset1=10mV | Voierr=-10mV
Ci/C, 19.73 -0.229 |-0.204 |-0.221 |-16.84 |-0.231 -0.222 -0.222
Cy/C, -0.23 19.72  |-0.209 |-0.226 |-16.85 |-0.235 -0.227 -0.227
Gi/Cy -0.328 |-0.328 19.56  [-0.332 |-0.328 |-16.92 -0.328 -0.326
C4/Cy -0.286 |-0.286 |-0.304 |19.65 |-0.286 |[-16.89 -0.286 0.285
Voffset! 9.84mV -0.227mV
Voftset2 0.039mV -10.06mV

Table3.2 Analysis results for single fault cases
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3.2.2 Case 2: Multiple Faults (Double Faults)

This procedure can diagnose for multiple faults. In experiments, we injected double

faults to demonstrate this and the results are shown in Table 3.3A-E. In the table, for

instance, we inject C; +20% and C, +20% faults and the Error Ratio obtained through

simulation for this diagnosis procedure are C;/C, = 19.72% and C,/C, = 19.71%

respectively and all other capacitor ratios are within a tolerance bound (+ 5%).

error_ratio | C;+20% Ci+20% Ci1+20% Crt20% Crt20% | C3+20%
C,1+20% C5+20% C41+20% C3+20% C4+20% | C41t20%
Ci/C, 19.72 19.56 19.73 -0.212 -0.229 -0.204
Cy/C, 19.71 -0.213 -0.229 19.74 19.72 -0.209
Gi/Cy -0.328 19:56 -0332 19.56 -0.332 19.56
C4/Cy -0.286 -0.304 19.65 -0.304 19.65 19.63
Table3.3A Analysis results for multiple faults cases
error_ratio Cat20% Cat20% Cp+20% Cp+20% Cat20%
C5+20% C41+20% Ci1+20% Cy1+20% Cp+20%
Ci/C, -16.83 -16.84 19.72 -0. 239 -16.85
C,/C, -16.83 -16.85 -0.239 19.71 -16.85
Cs5/Cy 19.56 -0.332 -16.92 -16.92 -16.92
C4/Cy -0.304 19.65 -16.89 -16.89 -16.89

Table3.3B Analysis results for multiple faults cases
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error_ratio | C;+20% Cyr+20% C3+20% C4+20% Cat20%
Vottseti=10mV | Vosteet:=10mV | Vosreen =10mV | Viogret=10mV | Vigreen=10mV
Ci/C, 19.73 -0.23 -0.205 -0.222 -16.84
C,/C, -0.231 19.72 -0.21 -0.226 -16.85
Cs/Cy -0.328 -0.328 19.56 -0.332 -0.238
C4/Cy -0.286 -0.286 -0.304 19.56 -0.286
Voffsetl 9.84mV 9.84mV 9.86mV 9.84mV 9.84mV
Voftset2 -0.039mV -0.039mV -0.039mV -0.038mV -0.039mV
Table3.3C Analysis results for multiple faults cases
error_ratio| Cy+20% C11+20% C,t20% C31+20% C4t20%
Votrsett=10mV | Vyen= -10mV | Viygren= -10mV | Viren= -10mV | Vigpien= -10mV
Ci/C, -0.232 19.73 -0.23 -0.206 -0.221
C,/C, -0.236 -0.23% 19.72 -0.211 -0.227
G5/Cy -16.92 -0:326 -0:326 19.57 -0.33
C4/Cy -16.89 -0.285 -0.285 -0.303 19.65
Voffset] 9.84mV -0.223mV -0:219mV -0.2mV -0.226mV
Voffset2 -0.032mV -10.06mV -10.06mV -10.06mV -10.06mV
Table3.3D Analysis results for multiple faults cases
error_ratio C,1+20% Cp1t20% Vofrseti=10mV
Vottserz= -10mV Vottserz= -10mV Vottsetz= -10mV
Ci/C, -16.84 -0.232 -0.224
Cy/C, -16.85 -0.236 -0.228
Ci/Cy -0.326 -16.91 -0.326
C4/Cy -0.285 -16.89 -0.285
Voffset] -0.28mV -0.215mV 9.79mV
Voffset2 -10.06mV -10.05mV -10.06mV

Table3.3E Analysis results for multiple faults cases
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3.2.3 Monte Carlo Simulation

When the error component C,; increases by 20% and the other component
parameters were allowed to vary with a 36 = + 5% tolerance, the results through the
Monte Carlo simulation are shown in Fig.3.6, where the vertical axis is C;/Ca error
ratio and the horizontal axis is Ca deviation for 100 points. These error ratios have

shown narrow band. Therefore this diagnosis method is very accurate.
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B

Fig. 3.6 C,+20% and the other devices vary with a 36 = + 5% tolerance

25



Chapter 4 Application of Delta-Sigma Modulator for DAC

Code Edge Measurement

Most analog tests rely on specification based test, which requires arbitrary
waveform generators (AWG) and digitizers in an ATE. During the past several years,
many paper used the delta-sigma modulator as sinusoidal generation to test ADC or
analog circuits 5, 6, 7, 14, 15, 16

In this chapter we propose a method for measurement for code edges of a DAC by
using the delta-sigma modulator. The technique is composed of inserting the 2-to-1
de-multiplexer as one bit DAC with theioutput of the DAC-under-test connected to its
input in the delta-sigma modulator oscillating-loop. And during testing, the input of
the delta-sigma modulator is applied'a zero input. Then, the delta-sigma modulator
PDM output is used as the test output. The method does not require any added extract
switch or circuit in the delta-sigma modulator, so it does not affect performance of the
delta-sigma modulator. We only count the numbers of logic 1 and logic 0 of the
delta-sigma modulator output, respectively to derive the DAC code edges. Parameters

such as INL error, DNL error, offset error and gain error the DAC can be measured.

DNL(I) :Vout(I +1) _Vout(l)_VLSB LSB 4.1
VLSB

Vout (I) _Vref (I) LS

LSB

INL(i) = B 42
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INL(i)=§DNL(k)+C 43

k=0

= VOUt |o....o 4.4

off
VLSB

Egain = [ VOUt
VLSB

1...1_\%““.0}_(2“ _1> 4.5

4.1 The Idea of the DAC Measurement

For a delta-sigma modulator, the quantization noise E;(z) dues to ADC and the
integrator non-idealities can be suppressed by noise shaping 1.1 . However,
delta-sigma modulation suffers from the non-ideal DAC, denoted as Epac, since it can
not be suppressed neither by over-sampling nor by.noise shaping of the modulator.
Fig 4.1 shows a block diagram-of the modulator including this effect, where a noise
source, Epac, is added at the output ‘of the DAC. The output Y;(z) is then able to be
expressed as:

Y, (2)=X,(2)Z7" —Eppe (DZ7'+E(D)(1-27") 4.6

E (2)

>Y,(2)

A

Epac(2)

Fig. 4.1 Block diagram of a first order delta-sigma modulator with the equivalent
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noise caused by DAC non-ideality included

The main idea for this measurement scheme is that a DAC-under-test is put to be
the DAC in the above circuit and the input X;(z) is set to be zero. Then Eq. 4.6
becomes:

Y, (2)=-Ep 27 +E (2)1-27") 4.7

It means that by quantifying the PDM output of Y(z) over a long period (i.e. Z ~1),
we can accurately measure the mean value of Epac. We can use a counter to count the
bit stream of the modulator PDM output over a long period and the long averaging
period results in high measurement accuracy. Then DAC code edges, offset error,
DNL error, INL error and gain: error can be directly measured by evaluating the
output digital bit stream 16

Fig.4.2 shows a first order delta-sigma modulator. The output of the
DAC-under-test is connected to one of two inputs of the 2-to-1 multiplexer whose

control pin is connected to the output of the modulator. In the normal mode, the input

of the operational amplifier gets the value of £V, according to the output of the

ref
modulator so that the modulator works as a normal modulator. In the test mode, the
input delta-sigma modulator is zeroed and the input of the 2-to-1 multiplexer is

connected to the output of the DAC-under-test as shown in Fig. 4.3 to measure the

code edge voltage of the DAC-under-test. If we are to measure the DAC negative
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code edges, we connect it to the negative input of the 2-to-1 multiplexer with +Vie¢
connected to the other multiplexer input as shown in Fig.4.3; if we are to measure the
DAC positive code edges, we connect it to the positive input of the 2-to-1 multiplexer
with -Vir connected to the other multiplexer input as shown in Fig.4.4. The 1/0
counter evaluates numbers of “1” (N1) and “0” (NO) of the PDM bit stream over a

period of time T,. Then, we use the following Eq’s to derive the code edge voltages:

Cb

c3 |
2 OPAMP2

INPUT - ] N

‘ 2,
+{

—_]

<1 -Vref

inl

out 2 1
control
in2

multiplexer

<1 Vref
Fig.4.2 Block diagram of a first order delta-sigma modulation working in the normal
mode

NV, 254 NIV, S5+ (N0+ N1 S Soerror =0 4.8
C C C

b b b
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C, C, +C,
SNOV, 22+ NIV 2 (NO+ N e mac ——terror =0 4.9

b b b

NIV (NO+ Nl)error[C3 +C4j

4.10
v NO NO C,
NOV,s (NO+NDerror( C,+C,
ur = - 4.11
N1 N1 C,

, where the error includes the operational amplifier’s offset and the distortion caused
by the non-ideality in circuits such as sample-and-hold.
Once code edges are obtained, the DNL error, INL error, offset error and gain error

can be derived by Eq’s 4.1 , (4.3),(4.4) and (4.5 , respectively.

49

OPAMP2

3
qut 1/0 counter|
% put, [t 22— N1NO
2
oV

w_yi

V=V(nhegative bit)

f CUT (DAC)

control ! } 1

in2
multiplexer
Vref

Fig. 4.3 The modulator set-up to measure the DAC negative code edges
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A
W
A

w_yi

out
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%/O counte{ ) g? 90

P
i

Cc4 =

i
!

444J<::] -Vref
inl

out P | 1
control

|
V=V(positive bit)
multiplexer
CUT (DAC)

Fig. 4.4 The modulator to measure the DAC positive code edges

4.2 Error Analysis via Simulation
In the proposed delta-sigma modulator-measuring ¢ircuit of the above chapter, there
are some error sources which may ‘affect the ‘measurement accuracy of the circuit.
Those error sources include those discussed in Chapter 3 in switches, comparator, and
operational amplifier. In this chapter, we do an analysis on the measurement error of
the proposed circuit via SPICE simulation. The simulation is done by considering the
process variation on the device parameters on switches, comparator and operational
amplifiers.
A first order delta-sigma modulator measurement circuit was first designed in the
same way as that described in chapter 3 with the capacitor sizes: Cs=1pF, C4=1pF,

Cp=4pF, and +V,s = +1 V. The sampling frequency fuo= IMHz, the comparator
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output reference voltage is +1.8 V.

First, Fig.4.5 shows the simulated output of the delta-sigma modulator over the

time period T,=6u and the output of the integrator of the circuit. In the figure, N1 =1

and NO = 5, the code edge measured is 200 mV by Eq 4.11

AvanWayes ¥-3004 03 i 011 al) )
Dwnan Dvaels Bisdow  Mesiue  Confipsabon ook Lty

| el rea] 2| | ] 2] =2 vp] 22| ] Yol 2 | R,
= _ Output of delta-sigma modulator

D0 8 e

Output of integrator

o T 4w
Tiawe' Q) CTIME)

Fig.4.5 Simulated outputs of the delta-sigma modulator and the integrator

Figure 4.6 shows the simulation results of the measurement error versus the

measured voltage of the DAC. The measurement error is defined in Eq.  4.12  as the

difference between the simulated measured value of the circuit and the applied value

of the output of the DAC-under-test. With the error obtained, we can define the

maximum number of bits, which is defined in Eq. (4.13), of the DAC-under-test that

this circuit can measure. In the figure, we can see as the measured input varies from

-500mV to -1mV, the error increases linearly from -0.749mV to 1.14mV. The main

error comes from the circuit sample-and-hold. For Fig.4.7 shows the same plot but
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with the input voltage varying from ImV to 500mV and the error decreasing also
linearly from 0.709mV to -1.12mV. The derived maximum number of bits for this
circuit is 8 bits for the DAC code edges between -500mV and 500mV.

Measurement Error = Vmeasurement - Veut 4.12

V,

DAC _Full _Swing 4 13
max_ measurement [Vp, (i +1)—Vp, ()]

Define : nbits _ resolution=2" <

Deign Toemk:  Hisdow Hmsn Ik Tolp
PREE EEREERE P

e Bt ol rvhyonmctos delngns
1im
mﬂl; 'l
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B8 58 8 8¢

Heazam: (kal

- § B

o
. -
0w /
4
i //
700 /
-
N ;,;l — —— e —— I;I...c;“.h.n.ri’".f.l‘l’:);kl....&;I........m;‘ ...............................

Fig.4.6 Simulated measurement error plotted with respect to the applied input from

the DAC-under-test between -500mV and -1mV
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Fig.4.7 Simulated measurement error plotted with respect to the applied input from

the DAC-undqr.n-'t'é's{ betwééi’i 1mV and 500mV

EISARR
When the device parameters _'W‘ére allowed to vary ?gvith a 3o =+ 10% tolerance, the
. . _ g b “"ll

results are shown in Fig.4.8A-(l3'..-j.Th"é‘s'Lc:' ﬁgures show that the variation on capacitor
values almost does not affect resohition. ”"fhe sample-and-hold error causes the
difference between the variation curves and normal curve. When the capacitor value
increases, the sample-and-hold error decreases; when the capacitor value decreases,
the sample-and-hold error increases. In general, the error is very small. This fact can

be seen from Eq’s 4.10,4.11 that the capacitor parameter does not affect the numbers

of NO and N1 when the error is zero.
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Fig.4.9 shows the result forf"thc case tilat:"'Wh_en the operational amplifier has an

offset error. The offset error ca-ﬁs:e.s, thé éurve shlft This shows that the operational

L& 1Lk

amplifier offset obviously affects resolution. According to Eq’s 4.8,4.9 , when the
circuit input is zero in the normal mode, we can obtain Eq 4.14 . We can find the

offset value by observing N1 and NO from the output of the PCM code.

NO C, NI  C,

error = ref — ref
NO+NIC,+C, NO+NIC, +C,

4.14
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Fig.4.10 and Fig.4.11 show ’the same plﬂts as those of Fig. 4.6 and Fig 4.7
' Pl

respectively for the post simulaﬁ'éﬁ,f%éifltg"vfl(;?"th‘e‘;ifﬁplemented circuit. In Fig.4.10,

FEP
L i L
'R ]

the error varies from 0.264mV to -0.631mV linearly and in Fig.4.11, it varies from
-0.115mV to 0.255mV. This data shows that the implemented circuit can achieve a 9

bits resolution for the DAC code edges between -500mV and 500mV.
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DAC-under-test between 1V and 500mV for post layout simulation
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To apply this circuit to measure the LSB of a higher resolution DAC, we need to

put an amplifier in front of the input of the inputs of the multiplexer of the circuit as

shown in Fig 4.12A & B. This expand the range of the input of the test circuit, thus

effectively increase the resolution of this measurement circuit.

C3

Pl
L L
7

3
tput, [I70 T
06” put, 170 counterl; — n1no
2
0

V=V(negative bit)

I 1Gain=A: <[] CUT (DAC)

}_‘_/
A

in1
out 12 1
& control r -
. =

- in2: | ‘ ;‘ 3 .
muleiplexer - ]
= Vref ‘

Fig.4. 12A Improve the ‘;éircuﬁit resolution

“T

t
%/0 counter| , Q? ?o

i
) !

Cc4 =

it
0

control
in2 V=V(positive bit)

multiplexer _
16ain=A; ——<_] CUT (DAC)

Fig.4.12B Improve the circuit resolution
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Chapter 5 Conclusion

In this thesis, we present a new test method to diagnose faults in the delta-sigma
modulator and present an application of the delta-sigma modulator circuit as a code
edge measurement circuit for DAC. For the diagnosis method, it can diagnoses the
stuck-at HIGH or LOW faults at the output of the comparator and the faults at
switched-capacitors and operational amplifiers. It needs a few extra added circuits
including four multiplexers and two switches. It has a very high accuracy to determine
operation amplifier offsets and capacitor ratios. Also, it can not only test single fault
but also test multiple faults.-The case study ‘which diagnoses a second order
delta-sigma modulator for this technique has shown-that it is useful and gives the high
resolution to identify errors on capacitor ratio of the delta-sigma modulator circuit.

For the application of delta-sigma modulator in DAC code edge measurement, it
uses delta-sigma modulation property to accurately measure a DC voltage level which
could be the output of a DAC-under-test. It uses a 2-to-1 multiplexer to replace the
one bit DAC in the feedback loop of the delta-sigma modulator and applies the output
of the DAC-under-test to one of two inputs of the 2-to-1 multiplexer while connecting
the output of the modulator circuit to the control pin of the 2-to-1 multiplexer. It does

not require any extract additional switch or circuit, so the original performance of
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delta-sigma modulator is preserved. Also, its circuitry is only a first order delta-sigma

modulator. Therefore the area overhead is small. Since the test method is capable of

measuring code edges, all other static parameters such as offset error, gain error, INL

error and DNL error of the DAC-under-test can be derived. Experimental results on

an implemented circuit of this measuring modulator circuit with UMCO.18 technology

show that can give this measuring circuit a 9-bits resolution for the DAC code edge

measurement between -500mV and 500mV. This can be improved by connecting an

amplifier stage at the output of the DAC-under-test. Also, this measuring circuit can

be built in an SOC chip to serve as an on-chip measuring circuit for measuring any

voltage levels of modules on the chip.
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