Analog Circuit Testing

* Test Problems
 Basic Components / Parameters

e Test Methods
— DSP Based
— Design for Test
— Built-in Self-Test
— Algorithmic Method
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Test Problems

Continuous signals in analog circuits
Fault models

Device parameters

Test time

Test effectiveness (fault coverage)
Test cost
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Typical Analog Components

Operational amplifiers
Integrators

DAC & ADC
Phase lock loops
Filters
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Operational Amplifiers

Property

ldeal op-amp
1.voltage-controlled voltage source

. 4 2.1nfinite voltage gain
— Y 3Z.infinite input impedance
O—= |
4.zero output impedance
v, O——* 5.infinite bandwidth
0 AV V)G.no offset voltage
V, O —> a Vb o
1,=0 7.infinite CMRR
O ~ O
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Property of real op-amp

1.finite gain(practical op-amps AL0%~ 10%)
2.finite linear range(Vpyp>V,>GND)

3.offset voltage

— Input offset voltage V . IS defined as the differential
iInput voltage needed to restore V=0

— for MOS op-amps, V ¢« IS about 5~15mv
for BJT op-amps, V . 1S about 1~2mv

Mixed/analog-signal testing.5



Property of real op-amp(con’t)

4.Common Mode Rejection Ration(CMRR)

— The CMRR measure how much the op-amp can suppress
common-mode signals at its input

| (Va +Vb)
— Common-mode input voltage V,, .= 2

in.c—
Differential-mode input voltage Vina=Va-Vy
Differential gain A=V, / V,, 4
Common-mode gain A.=V, /V,,

CMRR= (A /A,) or 20log,,(A4/A.) IndB (Typically 60~80dB)

_I_
B v o

- 4 (@ I
Vin.c @ OVO Vb +V

- - Q Q O
Common-mode input Differential-mode input
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Property of real op-amp(con’t)

o5.Frequency Response

— Limited bandwidth(typically, 100MHz unity-gain
bandwidth)

— Galin decreases at high frequencies , because
a.stray capacitances
b.finite carrier mobilities
6.Slew Rate(typically,for MOS op-amps,1~50V/us)
— The maximum rate of output change dV /dt
7.Nonzero Output Resistance
— Typically,0.1~5kQ

— Large Ro will limit frequency response when a
capacitor is connected to its output
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Characteristics of Op-Amps

property ideal Practical(typical)

Open-loop gain Infinite | Very high(A=102~10%)

Open-loop bandwidth Infinite | Dominant pole (
100MHz unity-gain
bandwidth)

Common-mode rejection Infinite | High(60~80dB)

ratio Infinite | High(>100MQ)

Input resistance 7ero Low(0.1~5kQ)

Output resistance 7ero Low(<0.51A)

Input current Zero | Low(<10mV,<0.2nA)
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Operational-amplifier architectures

The two-stage architecture

Va_ Level shifting Output —
Differential input Differential-to-single-ended Butter | \/
V amp|lfler Stage I— 0
b Gain stage

Differential amp provides:
— high input impedance
- large CMRR
— low offset voltage
— high gain
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Operational-amplifier architectures(con’t)

Second block provides:
— level shift
— added gain
— differential-to-single-ended conversion

Output stage provides:

— low output impedance
— large driving capability
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741 OPAMP (BJT)

—O+VC¢
I)Ql4
T\l l) Q13A Q15
Q12 Q9 Qo8
/l Ql:‘g b < o Oarput
el 27 & |
Input Input
> Q1 02 Q18 Q21
CIE 40 k2
39k9% < I\Q20
+Veeo ‘F_%Q‘é:‘;
Q16
~ 017
Q11
/ Q22 Q24
50k 100 & %’l:l
1 )| SOKQ_ o Ve
L | 1 N
Bias network Differential CC-C|:E ain  Level |shift |
i g Output stage
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TWO-STAGE CMOS OPAMP

Q4 12 G QL
25 :ll—é—-“: 25 Vin O'll: 300 300 :“'o Vin Vout
| $-o
C
100 :||—‘—| 25 Qie I ||C !
Qs Qi I
Rb{ 300 500
150 ;_I Llwo II_ :E
Vss Q:‘ @
Bias circuitry leferentlal -input Common-source Output
first stage second stage buffer

Mixed/analog-signal testing.12



Active-RC Integrator

I .
| vo(t) =-——| vi(t)at
. () CR.([ (D
| )|
g - vo 1
+ OV_ — 10 ;
o, RO, et SR

- — — )
Miller or inverting integrator
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Frequency response of the integrator

Yo
Vi| s

-6dB/octave

0 »  w(log scale)
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Switched-capacitor Integrator
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Switched-capacitor Integrator(con’t)

c, .
1
” )
VI@ C, . i I . -
— — — 2
During ¢, During @,

_Req: TC/C2
—Time constant=C,; R,= (T.C,)/C,
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Switched-capacitor Integrator(con’t)

Advantage:
c, —Time constant=(T.C,)/C, can be
)] well controlled in an IC process

(The accuracy of capacitor ratios

— In MOS technology can be

controlled to within 0.1%)

Disadvantage:

— It IS sensitive to stray capacitances
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Stray-insensitive switched-capacitor

Integrator
C, C,
| \|
fBl C, ?12 : fBl C, jtl 8
L — L — ] N R i & >
C?" i C?" ke
Noninverting switched- Inverting switched-
capacitor integrator capacitor integrator
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A/D Converters

Successive approximation
Integrating
Flash

Sigma-delta
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Successive Approximation(l) Csen

Reasonably quick conversion
time
Moderate circuit complexity

Basic ideal: Binary search to
determine the closest digital
word

Signed Input: within
Output: offset-binary coding
Ex : 2bit offset-binary code

'

Sample V_,V,,,=0,i=1

Number |-2 -1 0 1

code 00 01 |10 11

Yes
v l
b, =1 b, =0
Voiu = Voru +V""f/+l Vora = Voo _g/"%ﬂé
|
v
i > i+1
iz N
Yes
Stop
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Successive Approximation(ll)

« DAC-based successive approximation

— Internal DAC typically determines the accuracy and
sped of the SA ADC.

— sample/hold is required so that input does not charge
during the conversion time.

é—» S/H Successive-approximation
n register (SAR) and control —
logic

(o

Zq
N

4 A 4 4

V' om /
L \ D/A converter =
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Integrating (or Dual-Slope ADC) ()

e high-accuracy data conversion on very slow-
moving signals

* Very low offset error, Very low gain error, Highly
linear

« Small amount of circuitry required

S2

C1 —ogl
g STRY § comparator ——oD2
—W— ¥ Control obs

oMref] ‘I_D—» logic <» Counter
1 L BRI o Y

) Clock T A
(o,
fok=1/Tci
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Integrating (or Dual-Slope ADC) (I

Phase | Phase Il

VX

| .
Time

T2 (Three values of three inputs)
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Integrating (or Dual-Slope ADC) (llI)

« Basic ideal : Conversion is performed in two phases
— Phase |
« fixed time interval of length T, T,=2NT,
where T, Is the period for one clock cycle

e S,is connected to -V,, such that Vx ramps up proportional to
the magnitude of V,,

» At the end of phase |,
— Phase |l

At the beginning, counter is reset, S, is connected to V
resulting in a constant slope for the decaying voltage at Vx

* The counter simply counts until Vx is less than zero,and get T2
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Flash (1)

* Very-high-speed approach
e Large area and power hungry

— 2N comparators

— 2N reference voltages, V,;, V,,, ....,generated by a
resistor string

 The invert gain must be large enough to amplify
(Vi,-V,) to V,, and V, of its succeeding latches.
Usually, gain=25~100 for 8-bit resolution.
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Flash (I

Example: 8-bit A/D

Vref
PVin Overrange
R/2 =
- 7
R \Vr7 — [
R g—vrs ] (2M-1) to
R Vvr5 [ N >
Vra — [ _ .
R vr3 I encoder N bit Digital Outpu
R r
R/2 V2 oy — [
Comparators
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Flash (lI1)

e Issues in Designing Flash ADC
— Large input capacitive load

 large number of comparators connected to Vin, and requires a
strong and power hungry buffer

 often limit the speed
— Resistor string bowing
 errors are greatest at the center node of the resistor string

« considerable improvement obtained forcing the center tap
voltage to be correct. (More voltage references)

— Comparator Latch-to-Track delay

« especially when a small input signal of the opposite polarity
from the previous period is present

* minimized by keeping the time constants of the internal nodes
of the latch as small as possible.
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Flash (1V)

e Issues in Designing Flash ADC
— Signal and/or clock delay

« Even very small differences in the arrival of clock or input
signals at the different comparators can cause errors.

o Ex:8bit 250MHz ADC, if clock skew between comparators
greater than 5ps, the converter will have more than 1 LSB
error.

— Substrate and power supply noise

e 7.8mV of noise injection would cause a 1L.SB error for an 8-bit
convertor with V =2V

ref
— Bubble error

 error due to comparator metastability, noise, cross talk, limited
bandwidth, ...,etc.

— Flashback

» caused by latched comparators when they are switched from
track to latch mode.
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Sigma-delta(l)

 Block diagram of a X /\ A/D converter

Sigma-Delta
modulator

-—
Digital

-
Analog

ODlglaI Out

Analog
input -
S/H

A

Anti-aliasing filter
(SC filter)

H(Z)

quantization

o[ N

IDigit decimation filter
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Sigma-Delta(ll)

 Block diagram of a X /\ D/A converter

modulator & DAC ADC)

I
High speed ™ Digital : Analog
: clock
Nyquist rate | :
. _ |
. N+K bit M-bit
i N-bit I
N -bit 1 Digital y Sigma-Delta || Relaxed Analog
°7L Register 7 Interpolation 7 Modulator [ Smoothing — output
PCM Eilter : Filter
(FIR) (muiltiple-feedback | (SCF + RC Filter)
I
I
I
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Sigma-Delta(lll)

E(D"2

e Oversampling and guantization noise

L . LSB® 1
Quantization noise E° =
_ 12 Fs
e Oversampling and Anti-filter | |
52 82 _fp fb fs/2 fs'/2 >
Want
| 7~ N
ts/2 s

No Oversampling

N : /nti—Filter needed
-
L AY

ts/2 fs Oversampling and

“ilter needed
| /N

fs/2 s NTs-1s/2
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(r Single- \
loop, 1-bit
low-order

Advantage:
«Stability
eSimple circuit
emaximum
useful input
range

Drawbacks:
ehigh value of
M needed
ePresence of
noise patterns

\ /

~

>

Single-loop, 1-
bit, high-order
vantages:

eLarge SNR for
low M

eSmaller noise
pattern.

Drawbacks:
eConditional
stability
eUseful input
range smaller
than full-scale

range
eneed of low-gal
Integrators

High-order
cascade

i

)

eLarge SNR for
low M
eGuaranteed
stability
eMaximum
useful input
range

Drawbacks:
eSensitivity to
circuit
imperfections

eLarger
K:omplexity of

: D)

A[ Multi-bit ]

eLarge SNR for
very low M
eBetter
stability
eSmaller noise
patterns

Drawbacks:
*More complex
digital and
analog

circuitry

the digital part

eSensitivity to

linearity
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Sigma-Delta(lV)

e Structure
— Single-loop high-order modulators
» Feedforward (FF) modulator
« Multiple-feedback (MF) modulator
— Cascade modulators(MASH: Multi-stage noise shaping )
o Stability
— High order(> 3 order) : non stable and little input level
— Make sure stable:
» Proper selection of scaling coefficient

» Taking advantage of the bounded nature of signals at
Integrator output, or including limiters

» Global resetting of the integrator when an unstable operation
IS detected
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D/A Converters

 Weighted resistors
* Fixed references
o Multiple
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Weighted resistors

An appropriate set of signals that are all selected in a
binary fashion

The binary array of signals might be voltages,
changes, or currents

DAC

— Binary-weighted resistor DAC

— Reduced-resistance-ratio ladders

— R-2R-based DAC

— charge-redistribution switched-capacitor DAC
— current-mode DAC
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Binary-Weighted Resistor

Rf
AVAAY,
r l r l r | F Jf}_,_o\fout
i - % - < | - - _bl_bz_b3_
2R 4R SR §16R Vout — RFVref( R 4Rp S8R
R
= (_F I/re )Bm
Vref R 7

 Does not require many resistor or switches

 Disadvantages
— Resistor ratio and current ratio are on the order of
— monotonicity is not guaranteed
— prone to glitches
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Reduced-resistance-ratio ladders

Reduce the large resistor ratios in a binary-weighted array

Introduce a series resistor to scale signals in portions of
the array V,=-1/4 V

An additional 4R was added such that resistance seen to
the right of the 3R equals R.

One-forwith the resistance ratio compared to the binary-
weighted case

Current ratio has remained unchanged Rf
=>Switches must be scaled in size e
r ] F ] l_:l F:_I >rov°“t
2R §4R §2R_ §4R 4;
AVAVAY,
b BF; ’—>Va=1/4(—Vref)
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R-2R-based DAC

Smaller size and better accuracy than a binary-

sized approach

— resistance ratio of only 2

Current ratio is still large
=>|arge ratio of switch sizes g

o

IR

o]

[l

SR SR

-Vref I

AAAY
R

1/4

Vout

out -1

ref (—) Z 7
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Charge-redistribution
Switched-Capacitor DAC

 Replace R into switch and capacitor in previous
DAC

* Insensitive to OPAMP input-offset voltage, 1/f
noise, and finite amplifier gain

« An additional sign bit can be realized by
Interchanging the clock phases(shown in
parentheses)
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Current-Mode DACl L gﬁgf

O e e (s

High-speed I
Switch current to output or to ground

The output current is converted to a voltage through
Re

A major limitation during high-speed
operation->Glitches

Glitch disturbance can be reduced by

— limiting the bandwidth (placing a capacitor across Rg)

 This method slows down the circuit.

— using a sample and hold on the output signal to a
thermometer code.

— modifying some or all of the digital word from a binary code

to athermometer code.(most popular method.)
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Fixed references(Decoder-based DAC)

« Most straight forward approach

— Create 2Nreference signals and pass the appropriate
signal to the output

e Resistor string
* Folded resistor-string
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Resistor string

R {‘;
 Example 1: a 3-bit " i%jﬁ
DAC with ’ L J .
transmission-gate, " ﬁ ﬁ jﬁ g
tree-like decoder F e
 Time-constant = " ;jiz

=

SR, Cy+2¢ 3R Cy+ s [
...... +N o 3RtrCtI‘ R ﬁs' ﬁz ilL

=N(N+1)/2 *3 R,C, -
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Resistor string

 Example 2: a 3-bit
DAC with digital
decoding

e Time-constant =
Rtr‘zNCtr

R

R

Vref

3tol
decoder

14T

v

iz

|

] :B/out
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Folded resistor-string

{Vref

e Reduce the amount of
digital decoding e

 Reduce large
capacitive loading b°o—

e Decoding Is very

2 to 1 of 4 decoder

Word lines

‘ = —=2
2

similar to that for a
digital memory

ﬂ'ﬂu
J;mﬁi«&]

FII- fjl- PI- PI—

2N resistors
(all equal sizes)

4_Blt lines

(L.

2 to 1 of 4 decoder

Output line

I

b, b,
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Multiple

Requires only 2*2N?resistors

Monotonic if OPAMPS have
matched, voltage-insensitive
offset voltages.

For high speed, OPAMPS must
be fast.

For high resolution, OPAMPS
must be low noise.

The matching requirements of
the second resistor string are
not nearly as severe as those for
the first string.

— The second resistor string is used
to decode only lower-order bits

L~

S~

) @om
\9_

- J
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Parameters of ADC &DAC

Resolution & accuracy

A/D conversion time & D/A settling time

Rise & fall time

Signal to noise ratio

Dynamic Range

Harmonic distortion & Intermodulation distortion

Mixed/analog-signal testing.46



Parameters of ADC &DAC

Differential nonlinearity (DNL)
Integral nonlinearity (INL)
Gain and offset errors
Monotoicity

Missing codes

Slew rate

Overshoot
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Resolution & Accuracy

e Resolution

— the number of distinct analog levels corresponding to different digital
words. i.e. N-bit resolution implies distinct analog levels.

— Resolution is not necessarily an indication of the accuracy of the

converter, but instead it usually refers to the number of digital input or
output bits.

« Accuracy
— Absolute accuracy

 the difference between the expected and actual and transfer
responses

 Includes offset, gain and linearity errors
— Relative accuracy
 the accuracy of offset and gain errors have been removed

« a 12-bit accuracy implies that the converter’s error is less than the
(full-scale/21?)
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A/D Conversion Time, D/A Settling Time

« A/D conversion time & sampling Rate

— The conversion time is the time taken for the converter to
complete a single measurement including acquisition time for the
Input signal.

— the sampling rate is the speed at which sampling can be
continuously converted and is typically the inverse of the
conversion time.

 DJ/A Settling Time

— the settling time is defined as the time it takes for the converter to
within some specified amount of final value(usually 0.5LSB).

— The sampling rate is the rate at which sample can be

continuously converted and is typically the inverse of the settling
time.

« Both A/D and D/A converter have limited accuracy
when their sampling instance are ill defined.
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Rise & Fall Time (1)

e Cause sampling jitter & glitch
— Sampling jitter vin

« This error is result of the effective ligeal
sampling time changing from one /
sampling instance to the next and

becomes more pronounced for
high-speed signals. /4

* When high-speed signals are being tactualé §§
sampled, the input signal changes A et
T—E.ampling jitt

rapidly, resulting in small amounts
of aperture uncertainly causing the
held voltage to be significantly
different from the ideal held voltage
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Rise & Fall Time (1)
— Glitch

» Glitches are a major limitation during high-speed operation for
converter that have digital logic

» Glitches area mainly the result of different delay occurring
when switching different signals.

* The glitch disturbance can be reduced by limiting the
bandwidth

* In DAC, thermometer-based converter does have advantages
over its binary counterpart, such as low DNL errors,

guaranteed monotonicity, and reduced glitching noise
Rf

|~\N\/—
- e

|1+Iﬁ 174 1/8

11

12
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Signal to Noise Ratio(SNR) (I)

 The signal to noise ratio(SNR) value (in dB) of a
signal node in a system is defined as

SNR=10
=10
=20

09
09

09

'signal power/noise power]
:sz(rms) / Vzn(rms)]
.Vx(rms) / Vn(rms)]

where V, . IS @ normalized signal of a node in a
circuit, V,,me) IS @ Normalized noise power
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Signal to Noise Ratio(SNR) (I

e IfV, Is asawtooth of heght V, (or a random signal
unlformly distributed between 0 and V,),and noise
only quantization noise VQ(rm)—VLSB/fLe

SNR= ZOIOg [Vx(rms) / VQ(rms)]
:ZOIOg [(Vref(rms)/\/E ) / (VLSB(rms,)/\/E )]
=20log(2V) = 6.02 N dB

e If V, Is asinusoidal waveform between 0 and V,;

SNR=20log [Vms) / Voms)
=20log(, ¥, 2V) = 6.02N + 1.76 dB
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SNR

Dynamic Range(DR) (I)

PSNH

N

0dB
 Two different definitions: l—»1 DR

1. The ratio of maximum amplitude input sinusoidal to
minimum amplitude input sinusoidal.
e maximum input: input with PSNR or maximum
allowable input.
e minimum input : input with SNR=0.
2. Effective number of bit using the equation
PSNR=6.02Neff+1.76dB where 1 is commonly

used.

» \in
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A Neff (or PSNR)

Dynamic Range(DR) (I1) O-Sbit.-___},\

(or 3dBH)

> fin
e DAC Full power bandwidth
analog output measured using spectrum analyzer
« ADC

digital output analyzer using Fast Fourier
Transform(FFT).

 Dynamic Range is function of the frequency of the
sinusoidal input
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Harmonic Distortion & Intermodulation
Distortion

e Nonlinear Distortion

 For the application of a certain device(amplifier or
mixer ...... )

— One of the series term provides the desired output

— The remaining term produce undesired spurious signals which
correspond to conversion loss & signal distortion

e If input vi=Acosw,t =»Single tone test (only HD)
output vo: vo=k1vi+k2vi*+k3vis+......
Then, Vo=ky, +k,v' +kyv’ +...
=k, Acoswit +k, A’ cos’ wit + k, A’ cos’ wit +...
=k, Acoswt +k, A (% + % cos2wit) +k, A’ (% cos wit + % cos3wt)
= %szz +(k A+ %k3A3)cos wit +%k2A2 cos 2wt +%k3A3 cos 3wt
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Harmonic Distortion & Intermodulation

Distortion
If Input vi: vi=A(cosw,t +cosw,t) =» Two-tone test
output vo: vo=k0+k1vi+k2vic+k3vis+......
Then,

—_ 2 3
Vo=k,+kv, +k,v, +k,v; +...

=k, +kA  wt+ wit +k,A  wt+  owit Pk AT wt+ owt C+..

=k, +k,A’°

+k, A2 owomw, t+k, AT w w, o R

+ k1A+/k3A3 wit + k1A+/k3A3 w,t LW,

+/k2A2 wlt+/kA wt 1
+/kA w1t+/kA wt .
+/kA W, —w t+/kA w —w t | :

+/kA w, +w t+/kA w +w, t Lt +
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Integral Nonlinearity (INL)

 [INL error is defined to be the deviation from a
straight line, after both the offset and gain error
have been removed.

— A conservative measure of nonlinearity is to use the
endpoints of the converter’s transfer response to
define the straight.

— An alternate define is to find the best -fit straight line
such that the maximum difference (or perhaps the
mean squared error) is minimized.
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Differential Nonlinearity(DNL)

 DNL is defined as the variation in analog step
sizes away from 1LSB (typically, once gain and
offset error have been removed).

e an ideal converter has it’s maximum DNL of O for
all digital values, where as a converter with a
maximum DNL of 0.5 LSB has its step size
varying from 0.5LSB to 1.5LSB.
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Gain and Offset Errors(l)

e Gain Error:

— Galin error Is the difference at the full-scale value
between the ideal and actual when the offset error has
been reduced to zero.

— DAC
. : _ Vout _ Vout (AN _
Egain(DAC)=( VLSB11.. 1 VLSB O...)O (27 -1)
— ADC , ,
. 1...1 0...01
* Egain(ADC)=( Viss T Vish ) - (2N - 2)
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Gain and Offset Errors(ll)

e QOffset Error
— DAC

 offset error is the output that occurs for the input code that
should produce zero output .

* EOff(DAc):V /V LSBJO0..... 0

out

— ADC
 Offset error is the deviation of V , ,, from 1/2LSB

e Eoff,..= V%01 _1/21 SB
ADC) "y B
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Monotonicity

Monotonicity mean the output always increase as the
Input increases.

A monotonic D/A , the slope of the D/A converter’s
transfer response is of only one sign.

If the maximum DNL error is less than 1LSB, then a
D/A converter is guaranteed to be monotonic.
However, many monotonic converter may have a
maximum DNL greater than 1 LSB.

Similarly,a converter is guaranteed to be monotonic if
the maximum INL is less than 0.5LSB.
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Missing Codes

e Although monotonicity is appropriate for D/A
converters, the equation term for A/D converter is
missing codes.

 An Q/D converter is guaranteed not to have any
missing codes If the maximum DNL Error Is less
than 1LSB or if the maximum INL error is less
than 0.5LSB.
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Slew rate

e The slew rate is the maximum rate at which the
output changes when input signal are large

« Additional slewing time greatly increase the
distortion and also increase the transient time
during slew rate limiting(which occurs often for
opamps used in switched-capacitor applications).

* |In non-oversampled D/A converter the largest
distortion mostly occurs at the high frequency end
of the frequency band.This distortion results from
the finite slew rate of output amplifiers.
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Overshoot

* |n some designs, the output voltage of the
sample-and-hold can show an overshoot at the
moment the slew operation in amplifiers Is
finished and the signal level comes within the

linear operation rate.

* This overshoot can be caused by a limited overall
system stability introduced by a maximization of
the bandwidth.
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Phase Lock Loop

Used in two ways
— Demodulator-follow phase or frequency modulation
— Track a carrier or synchronizing signal

Narrowband filters to recover signals

Synchronizing digital transmissions in
communications

Frequency synthesizers,multipliers and dividers
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Phase lock loop

o Structure :phase detector,charge pump,
filter,VCO

reference clock (fiy, )

Fhase Oetector

Choroe Fump

Filter = Y20
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Demodulator(1)

frequency demodulation :wo tracks the input frequency wi
as it varies according to the modulation.
Vc is proportional to wo,therefore,Vc is demodulated signal

¥, ¥,
e PD d £ S VCO Yo

{wy)

Wide bandwidth so
wy tracks oy
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— In this application,

Ve

—= PD

(B}
!

= Vg

vCO

Narrow bandwidth so

¢, averages §;

Demodulator(2)

e Phase demodulation:

sits at the average of
— Vd is the demodulate%output fa
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Track a carrier or synchronize
signal

e Synchronize signal

clock
clock
chip
PLL |« clock pad Tock
clock pad cTock A 4
C
G o
ock route
fgfﬁg >< data out ><
data out
g I 1 Ao l
T =t v =
I
output output pad
pad
d et d pad d<:1k-|-d‘pad
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Narrowband filters to recover
signals

« Aclock signal vo is to be synchronized to a digital data
signal vi

e The clock could have been recovered with a narrow-band

filter
Vilew) &

“nnann o

E

ammnnnnonnn. |

el

o=
Ly
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Narrowband filters to recover
signals

« The low-pass filter is first or second order

« The low-pass filter is to remove the second term
at twice the frequency of the input signal

Low-pass
v | filter
’” V;ﬂd H Output
ZP(S) KP voltage
—n
KSC V 4
VCO
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Narrowband filters to recover
signals

When the system is in Iock(cp =(),the output of the filter is
also equal to zero

The increase in the low-pass filter’s output will cause the
VCO'’s frequency to increase until it is the same as that of
the input signal ,which will keep the two signals in
synchronism

Vg =KV Ve = KyE,E,. sin( wt)cos( wt — P ,)

mn osc

V :KME f‘”" [sin( @ ,) +sin( 2wt — @ )]

pd

V =K, K, "’12 2sin( P ) ,chz Is the input to VCO

cntl Ip
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Frequency synthesizers,
multipliers and dividers

1/n
Ffb L

U

—»

Dp?aste 5 Charge | [ riter | vco
etector pump T

—
reference in
clock(F;,)

clock

chip
PLL <—D clock pad clockl |

output pad

dclk+dpad
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DFT for PLL using IEEE 1149.1

A DFT strategy to test embedded Charge-Pump

Phase Locked Loops In systems incorporating
poundary scan

 DFT allows the verification of the operating

frequency range of the CP-PLL while the system
IS In test mode

e This Is achieved with a minimal degradation in
PLL performance
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Frof

Proposed DFT Circuit

DFT BLOCK \

CHARGE-PUMP

FILTER

o
upP 2
=
_|
Pref @)
T
Current
PHASE
source
DETECTOR] ——
)
Nref s
3
O
DOWN I

__ANALO
SN
BS CELL
TMS
I
.I__p T™MS VOLTAGE
a CONTROLLED p—e—
F OSCILLATOR
a
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Proposed Test Strategy

e By providing an additional test pin for an analog
test signal, and by the use of an IEEE 1149.1
scan register to shift in voltage values and
disable VCO feedback, we can characterize the

VCO by sampling its dynamic delay

* This allows us to verify the operating frequency
range of the PLL without performing any
frequency measurements
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Test Procedure

1. When system is in test mode: TMS is high

2. Set ANALOG to sweep Vc through in specific
steps

3. Set Vc
4. Shift in voltage input to Vin through Sin line

5. Measure delay Tdyn at the output Fout of the
PLL

6. Repeat steps 3, 4, 5, to sweep frequency
range
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VCO

It has a square wave frequency output VCOout which
IS a function of a varying input control voltage Vc

The VCO can be treated as an open loop circuit with
feedback provided externally

The output frequency of VCOis -1
2(Tdyn)
. | i
Vi :
: DC Transfer block = >
Tdyn=f(Vc) VCOout
—’ Delay :

Vc
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Parameters of PLL

Capture range
Tracking range
Frequency settling time
Frequency overshoot
Frequency rise time
Jitter
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Capture range

 The maximum difference between the input
signal’s frequency and the oscillator’s free-
running frequency where lock can eventually
be attained is defined as the capture range

* This frequency is on the order of the pole
frequency of the low-pass filter
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Tracking range(lock range)

« Oncelock is attained,as long as the input signal’s frequency
changes only slowly it will remain in lock over arange that is

much larger than the capture range
« This range is calculated as follows:

E E

Vot = KKy =225 = K K

cntl—max

Wer = i]<osc[<lp]< pd

« The PLL will track the input signal as long as the frequency of the
input signal does not exceed this range

Ip™™ pd
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Frequency settling time(1)

fr — fo

g }r"c {CP A LPF = VCOI+= . When PD change ratio
B vT « The output frequency will
i PD |< change to a target

) UN frequency

VCO:Voltage Controlled Oscillator PD : Pragrammable Divider ~— ® | N@ QUtPUt VOltage of

RD : Reference Divider PC  : Phase Comparator VCO OUtpUt frequency

CP : Charge Pump LPF : Low Pass Filter

rises toward to objective
value
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Voltage

Frequency settling time(2)

Frequency:
acquisition time

VCO | |

control | ,.r/

voltage |sd

L
i
B

CC :}utpM Lrn'n :
SR 60 v Ch2 SV R Y

=y

g g S

Ve AL

Reset point of
RD, PD and CC

+

Time

 Frequency acquisition

time is the Frequency
settling time
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Voltage

Frequency overshoot

Yoo b & :L,,w‘?”"“
control ,),M’ :
voltage fst”

' 1‘|um leov k2 S.ed

- : 1
L/ vg.hu'm's Cha 2ov

1md

ol

&=

; ;fa

Time

Frequency overshoot is
shown in the left figure

Frequency rise time iIs
the 10%~90% of settling

time
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Jitter(sampling time uncertainty)

e To quantify this sampling time uncertainty as
Known as aperture |itter

v
V. =L sin( 2Mf, )

2 *An 8-bit full-scale
AV 250MHz converter,
—1 =NV, it's sampling time
At .
s uncertainty under
At < Viss - : °PS
I_I]FinVref 2N I_Iﬁ
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Digital signal processing

Low cost test solution
Flexible

Simplified instrument set
Simplified command set
Advanced CPU/DSP cores
Domain transformation
Statistic method
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DSP based testing

My e

HSF [.“ur! = 9
—:l- DAC —'D—
Digitsl Tnterface ~+-1 PLL& Timing Gen.
A
|
Drigitad Signals Timing

Analog
Impet

Analog
Cutput

AWG(Arbitrary Waveform
Generators) is basically a DAC

Waveform digitizer is a ADC

It can used in many purpose:
spectrum analysis,scope viewing ,
voltage measurement etc.

It is a low cost solution compared to
ATE and a more flexible design

It needs pre/post-processing circuit,
so speed is reduced-undersampling
the signal and signal compression is
needed
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DSP based testing(example)

Y

X1 card-cage K

wavelorm

f Chﬁillg }f Clock

system T

el

]
»

AWG bl Bl —_’:—\’
- | | " I
LR MR

! [

Clock &

coalrad

VXI card-cage generate phase-
lock clocking to AWG and
HP82000 (good central
clocking)

HP82000 provides all of the
timing and control signals for
the ADC

AWG provides a sine-wave for
the analog input of the ADC
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DSP methods

e Histogram
— Gain,offset,INL,DNL

e Fourier transform

— SNR,SNR+D,peak harmonic,total harmonic, coherence, non-
coherence

 Time-frequency domain(modulation)
— Capture &tracking range
— Frequency rise , fall , overshoot , settling time , jitter
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Histogram methods(1)

* The signal generator is not externally
controlled

« Digital data recorder:analyze the data and
calculate device errors

Sioms] ADC Digita!
generator = nder :> data
test recorder
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Digital Cukput

Histogram methods(2)

* Resulting tally count of a converter with

111
110
101
140
all
Q14
0ad1

Qad

linearity errors

Total
£t for
gach cesle

Expected
ca for
gach cade
If no armer

I I | I l I I [ o
=

' 14 38 1/2 58 %14 78 FS 1,
Analog [nput

A

=N
00l 010 011 100 101 110 Code number
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Fourier transform(FFT testing)

e Similar to histogram test method

 Many of the concerns for the histogram test
are also converters for FFT testing

signal
cenerator

o

ADC
undet
test

y data

Digital

collector

Mixed/analog-signal testing.93



Fourier transform(2)

« Result of transforming a pure sine wave with
an ideal converter

ol

Amplitude 4

input
sirusHed

Fundamental
frequancy

Quantizatipn noise

LR e

f
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Fourier transform(3)

* [lllustration of quantization  Results of transforming a
nﬁmse pure sine wave with a
S converter with nonlinearity

- 7 Amplitude
£ oo - i
o b ! d
E ) A Fundamental
o L
8 p1g = /]
A Hammanics
opl —| —< | Auantizatian
//' Mg jse
oo #r-” R A N (N N T S f/
L3 1 318 12 mE 4 118 FS Vo, e e -
Analog |nput Frequency
1172 LSE /l/l/ Quantization
12 LEE : : b
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Testable design approaches

* Design for test
e BIST
« Algorithmic
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Design for test

Controllability/ Observability

Isolation

Sample/ hold

COS (Control and Observation Structure)
Analog Scan

IEEE 1149.4
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Cotrollability/Observability

o Controllability

The ability to apply a specific signal value to each
node in a circuit by setting values on the circuit
Inputs.

e Observability

The ability to determine the signal value at any node
In a circuit by controlling the circuit’s inputs and
observing its outputs .
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Isolation/Sampling

« For complex of mixed-signal devices, the functional
blocks can be isolated for testability.

* In analog circuit, capacitors form the memory cell.
The values of the signal can be sampled and held.
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Ain

Isolation

Voltage
Follower

Target
Stage

Target
Stage

- Voltage Aout
Follower [—%

Target
Stage
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Sample/Hold

S/H

Ain___/ > /

Aout

I
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Control and Observation Structure (COS)

CUT
Test
Point
Input Olltpllt
—%l Sub-circuit —|-- - Sub-circuit >
N
Ain \L Aout
Sin COS Sout
S/H Circuit—
:I: Bus
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Examples of COSs

Ain\ S} Aout
Ain Aout “ 2 | S3 .
Y /. N L_r
S1 Aext _~S6 Bus

S3/

S2 / S/H | |
T~ |sout ST SS( SIH

i Si - S
T S5 ', in + out

Bus I

S4 /

(b)
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Al(l / \AOllt
/Sl | V4
S2(
Aex ,_Bus
t S5
S/H S4
S3 ¢ S
Sin > Sout
Cu|
I ©

Examples of COSs

Ail\l Y \Aout
V4 Sl V4
Bus
/ S/H
S2 ) Sout

\ v

Sin + S3 S4
CHJ_ /
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Operations of COSs

No| Data path | Operation Function No.| Operation (Concurrent)

1 | AinoAout| Normal | Normal operation mode 8 |ConSample(Normal, Sample)

2 | AinBus | Monitor | AC signal observation 9 | ConMonitor(Normal, Monitor)

3 | Bus»Aout| Control | AC signal application 10 |ConScan-in(Normal, Scan-in)

4 | Ain-Sin | Sample |[DC signal observation 11 | ConScan-out(Normal, Scan-out)
5 | Sout-Bus | Scan-out 12 | ConApSout(Apply, Scan-out)

6 | Sout-Aout] Apply DC signal application 13 |ConCntSin(Control, Scan-in)

7 [ Bus-Sin | Scan-in 14 |ConSamMon(Sample, Monitor)
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Scan-in/Scan-out

e A chain of capacitors and voltage-follower buffers
form an analog shift register.

 The test input signal can be scanned in from
Input pins to the internal nodes and the test
results can be scanned out from the internal
nodes to output pins.
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Scan-out

Circuit Under Test
(CUT)

Test S -
input

/ .Y
\
IS

Sy

,._Test
output

M
nH
e
kp v

nH
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IEEE std. 1149.4

 Providing a mechanism for interconnect testing of a
board with analog, digital , and mixed-signal chips.

e |C test either in isolated or in surface mounted.
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Structure of an 1149.4 chip

Analog
Boundary
Module \r|_
(ABM) ,— —vn
.—
Analog B — VL
— VH Circuit /O Pins
Internal test > | o
bus (AB 1/2) | — VL Digital
Boundary
ﬁnalog Test { ATI ._ Test Bus Module
ccess Port AT2 B— Interface (DBM)
(ATAP) Cireui
rcuit \
TDI m— Boundary-scan
Test Access TDO l— path
Port (TAP) TMS B— Test Controller
(As in IEEE Std. TCK B

1149.1) TRST;I—
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Test Bus Interface Circuilt

VH VL
Analog
function
Core pin
disconnect SB SB2
Internal analog . AB1
test bus T AB2
Test Bus AT
Interface

Circuit

— " AT2

Mixed/analog-signal testing.110



BIST

A/D & D/A pairs
Oscillation-loop based

On chip stimuli generation
Output analysis
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A/D & D/A Pairs

Normal
Mode Test Mode
Ain D/A e D/A
Digital Digital
Cirguit Circuit
l H Analyzer > Pass/Fail
Aout ¢ D/A - D/A F Din
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Requirements

* Only for specific circuit including A/D and D/A
converters

 DAC resolution must be higher than that of ADC
(usually = 2 bits)
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Oscillation-loop Based for OP amp.

o A fault in the circuit will either prevent the circuit from
oscillating or alter the oscillation frequency.

 Feedback circuitry is added to the CUT in test mode
such that the resulting circuit is an oscillator.

 The oscillation frequency is determined by circuit
parameters such as the gain of the op amp and unity
gain frequency.
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Oscillation-based Test

o

Ain R1

R2

<HH

C1

C2
\
/ A out

R4

R3
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On Chip Stimuli Generation

 Digital frequency Synthesis
* Delta-Sigma Oscillators
« Fixed-length periodic bit stream
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Digital frequency Synthesis

Counter

Frequency

control
word

Z-l

f(n)
>

‘N?—'

DAC
ROM |
DS 1-bit . LP lo
o n . | P |, analog
@ oL @ mod DAC| i filter ; signal
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Delta-Sigma Oscillators

DS | X(z) LP analog
LP > Silter ' signal
<+— -k

MUX
4k
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Fixed-length periodic bit stream

load/generate

data

input

lowpass filter

-1

h,

analog signal
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Output Analysis
* Voltage/Current Comparator

 Frequency Counter
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Voltage Comparator

Vrefmax \ N

v e v
\ }1
e
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Current Comparator

Window Current

i VDD Comparator
o i | |
| ] | |
i W/L W/L
i =1/2 =3/2
i v I ref
N E L 1/2 1 fef L 321 pof
h Differential i ’?— D
ILSB - V/I converter-2 i {>C /F{?
INL i > / Ssh cmp
V-_+ Differential t‘:
- ——>—@
il =1 v/I converter-1 i =
! test
! @
g | | |
; | | |
; Vs

Pass
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Frequency Counter

reference voltage 1 —

counter 1 s
reference voltage 2 — ’|(‘ flip-flops)
CUT v
counter 2 s
( flip-flops)
2b
clock i

Proposed BIST scheme

reference voltage 1

AN
7

time

reference voltage 2

Example of reference voltages
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Algorithmic method

Based on the state equations of a system
Using the check-sum method

Capable of testing, diagnosis, and error
correction

Apply to various technologies
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State Equation of a Linear System

O )0 O
0O 0 O
DZS)D ]2
000 OO0
0 - 0O= 0O
o Yo ot
000 O
0 0O O
0. 90 O

or g

n2

O
O
[]

S

\&
S

ialiali
m il P

[]
S
v [

N’
(0 O O O O O O

]

&%)
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Check-sum Method

e Many analog circuits can be expressed as a
state-variable system

e Changes in the state can be computed using
matrix-vector multiplications.

* Multiple checksum vector can be used to
Increase the error detection capabillity , and/or for
error correction.
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Expanded State Equation

Add one state variable

Ox(s) 0 @ «q

[] []
sz(s ) [ %2 dy)
O OO oo O

0 _ 0 O
o Y ogd H

OO0 dg 0O
L] 0 O
Dxn(s) D @n an2

%m (S)E B/ Y

0 04da,
U 0o a,,
0 0
[ 0
O
0 ogda,
00 dy,

Ox (s) O
o ¢ O O
OI:I]]xz(S)D %D
My O 0
] ¢ O O
L] DEH“(S)
[% U oo
2505
O[I]]x”T(S)D i
Of,. () HBH
5 s o

where |y y, O00y]=la a, O O0Oa)s 4
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Signal Flow Graph of a
Current Detection Scheme

e= Z‘” s —irx - +,B——0 must hold if no faults exist.
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Expanded State Equation

Add two state variables

0 x,(s) O
Ox,(s) 0 L&, a, U O Ua, O O% S()E P, O
[l 0 0O X, \S [
sz(S)D f2r 92 U ta, 0 0@ 25 [ %?ZD
0 00 oo 0O O 0O 0O ol O E 000
[l 0 0O [ L]
o YU o_gt U U U0 E% J 0, otoupe)
0 OO 00 0O DDD%(D)EDDDS
[] O O x,(s []
[]%*n (S)D W 9 U o O A 0 O@ S L %HD

[l (s L []
n+1(S)D %’ v, bbby 0 OWH;()D éBlD
Bcn+2(S)D ¥n Vo U O Oy, 0 Oilxnu(s)D B0

5 s o
It can be show that 82(S) 2. if faults directly affect xl.(S)

81(5) alz
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Fault Diagnosis and Error Correction Architecture

— STATE VARIABLE SYSTEM -
u y
— —input DEMUX control

. =1
ERROR DET—t*T1
'
1 | —— [ e ? DECODE
ERROR DET|—«—/T5 ;
€,
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State Equations of an OTA System

A fifth-order low-pass Chebyshev filter using OTA

It)=AV(t)+Bu(t)

3(0)0 Gg, g, 00 0 L
%(r)% E-gm 0 g, 0 0 S

t)C=0 0 0 0 U
%%()DD g, 0 g, -
w00 00 0 g, 0 g,

e
3

enletml=ltul=
NN
o O O O
DDI:II:I:EIIZII:II:I
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Test Structure of the filter

Voltage Circuit under test (filter) ¢y rent

V-to-1 \ B\ | Curents fetch
Converters Curent Comparatorsl( > from the Fiter
[ [] J( [ []

OR Gate

!

e(t)

The architecture for testable low-pass OTA-C filter.
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