20204E6 A30H ()

i SREAKORATLIE F100ESE

7307 K550 SAEHESEH 3

INMREF R

MEXZXRERBEIZF EFIFHREM

koba@gunma-u.ac.jp

TRNSHE

€A pdfI7MILEZ V2 A—FLTIZSLY,

Hi 7 - SE = R

HHLIIMb AALTLIZEWY,

https://kobaweb.ei.st.gunma-u.ac.jp/lecture/lecture.html



2020 6 A6 H
Virtual Conference ELTCHESNT-2 DD EEF=IZSM

VLSI Test Symposium 2020 & European Test Symposium 2020

BEXZE IWMEX
@ VLSI Test Symposium (VTS) 2020
4 BIZXKE San Diego M CHEFEDZDEBERIEVIILABOKRTTETAH-TLE
OT—23 EAA—RYMEE{ET S Virtual Conference 12755, CODIRR T TIHEA %L
ZILI=DTHAIH ., RRIFKREEHRERMNH T,
https://tttc-vts.org/public_html/new/2020/

'

f
- .
- ol e d |

TEST RELIABILITY AND SECURITY CHALLENGES IN VLSI SYSTEM

Bll—FEE4EL—BICTietylave zr—HF+r4X L=,
IPO2 - Innovative Test Practices in Asia

Presenters: Takeshi lwasaki (ASAHI KASEI MICRODEVICES
Corp.), Masao Aso (PRIVATECH Inc.), Smith Lai (MediaTek)

Organizer: Haruo Kobayashi (Gunma University) and Kazumi
Hatayama (EVALUTO Corporation)
This IP session highlights three innovative test practices in Asia, which include a testing
solution for the millimeter- wave (76- to 81- GHz) without expensive instruments an on-chip
delay measurement method for in-field test and a power control method of at-speed scan

test for IR violation reduction. These would be useful for automotive and loT application
device testing.
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Dear VTS attendee,

It is one month since the opening of VTS 2020, the first virtual edition of the IEEE VLSI Test
Symposium. Thanks to the strong dedication and support of all of you, we can now say that the
conference was a success despite the difficult worldwide situation. Attendees are constantly

accessing the on-line content with thousands of videos views and downloads of papers.

(i)

Thanks again for the support to our conference.

Best regards

VTS2020 Program Co-Chairs
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Program co-chairs
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Welcome from the VTS 2020 General co-
chairs

THANSS TO ALL VOLUNTEERS
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"track mode

Vout=cos (ot) cos (wt) +cos (ot+n/2) cos(wt+n/2)
=cos? (ot) +sin? (wt)
=] (—%Eof®

"hold mode

Vout= cos (wt) cos(ot,) +sin(wt)sin(wt,)
=cos (w (t—t,) )
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track-and-hold[B] g& H3
"track mode
Vout=sin(ot+4n/3) {sin(wt) —sin(wt+2n/3)}
+sin(wt) {sin(wt +27/3) — sin(ot+4n/3)}
+sin(wt+27/3) {sin(wt +4n/3) — sin(wt)}

=) (—E0fE)
"hold mode
Vout=sin(ot+4mn/3){sin(wt,) —sin(wt,+27/3)}
+sin(omt) {sin(mt, +27/3) — sin(wt,+4n/3)}
+sin(ot+2n/3) {sin(wt, +4n/3) — sin(wt,)}

343

= Tsm(a)(t t,))

X trigger time:t,
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(=Rl )

Vout= cos(mt) cos{mty) +sin{wt)sin{ot,)

cos(m(1—1,))
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Research Goal 4

Generating low-distortion sinewaves
for ADC linearity testing
using low-cost AWG

Conventional method Proposed method

------------------------------------------------------------------------------------------------------------------------------------------------------------
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Signal Generation with AWG 6

AWG ( Arbitrary Waveform Generator ) = DSP + DAC

AWG

> ADC

Analog
signal

DSP generates digital signal.# DAC converts it to analog signal.

Single-tone and two-tone analog signals for ADC testing

¥

DAC has nonlinearity




Spurious Components due to DAC Nonlinearity 7

A
>_
5
s
)

[\ °
(@)
9

. DAC
Digital input X Analog input Y Digital input )(>

Ideal DAC output Y=a,X

Actual DAC output Y=2a,X +[a,X?+|a; X3+ a, X - - ‘ | | .
HD2 HD3  HD4 fi, 2f,, 3fi, 4f f

DAC Nonlinearity ‘ |Spuriouscomponent5|




Use Differential Signals to Cancel Even Harmonics s

...... Y1
Y=a, X +a, X? ‘ | | |
+a, X3+, X+ i > f i
f > f fin me 3.fin 41‘in grove A\ 2 T ——
- S I LU L »
X=Asin(2xf, t)
> DAC AY=Y1-Y2
>
P N PP P . : f
1?2 g, 2, 3, 4,
[ an | Ee—
2f | 4f,,

Use differential signals to cancel even harmonics.

el

Next focus on removing third-order harmonics



Third-order Nonlinearity Distortion Components o

Single-tone input HD - - -Harmonic Distortion

Two-tone input

IM3

IM3 components are difficult to remove with analog filter



ADC Linearity Test (Single-tone Input) 10

""" A Analog LPF
&«
\
1
\
\
\
\
1
AWG L 3¢ Y=aX+bX3 J-—»f
- = fin 3fin fin 3f.
e |-
Analog Input Digital output

Proposed method relaxes requirements for analog LPF

8-

Use simple analog LPF to remove HD3 (& higher harmonics)

-

ADC distortion can be measured & tested accurately.




Communication Application ADC Test (Two-tone Input) 11

Communication = Narrow band, high frequency

Y=aX + bX3

| | f
AWG R
N 2 N
= ~ N &
J Analog Input

Communication
ADC

Digital output

IM3 (2f,-f,,2f,-f,) components in input signal are

- within signal band

- difficult to remove by analog BPF.



Communication Application ADC Test (Two-tone Input) 12

Communication =Narrow band, high frequency

>

AWG

Y=aX + bX3

p . N —
B : Communication N N
>
ADC
Analog Input

Digital output

2f -,

Use proposed method to cancel IM3 in analog input.

o

ADC distortion (IM3) can be measured & tested accurately.
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Conventional Single-tone Generation

Y=aX + bX3
> f
DSP fir DAC .
X=Asin(2xf,t) / Y=a A ssin(2xf t) + b (Asin(2xf. t))3
20
fin

0
m -20

S,
> -40

mHD3 g I

appears £
-80
-100

0 0.1 0.2 0.3 0.4 0.5

Normalized Frequency f/fs



Conventional Two-tone Generation 1

Y=ax+bx3 I || Il,f
ST T S Y
> f N N & &
DSP fi 1 DAC ‘
X=Asin2xf t+ y
Bsin2xf,t

B IM3 appears
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Proposed Method 17

Din

Y=aX+b X3
\ Output Y

DSP

o —L

DAC ) >

ck

Din=X,

Din=X,

Interleave X,. X, by one clock and generate Din

N g

Feed Din to DAC

¥

v’ Requires only DSP
program change
v’ Spurious components

Cancel distortion components of output Y are far from signal band
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Principle of Proposed Method 19

Y=a X+ b X3
Input Din \ Output Y
DSP DAC ) >
k i

C

Ck_g : : _|
XXX

Din=Asin(2xf, t+n/6) Din=Asin(2xnf t~71/6)

Input Din Output Y

=)

R LN
& .
2 >
. g
.

i fin
Distortion around fs/2 I



Proposed Method (Single-tone) 20

Input Din
Y=a X+ b X3 -
\ .
{ 1
> f v )
T fs/2f \ f iy
p N 3fin

DSP DAC
? i / Output Y
ck

Ckg : : _‘
XXX X

Din=Asin(2xf, ttn/6) Din=Asin(2xf t=m/6)

Din =0.87Asin2xf, t + 0.5Acos2m(1/2fs-f. )t

\

Fundamental f,, power reduction by 1.25dB |




Simulation Condition (Single tone) =

I Y=a X +b X3
T - 1
in fS/2-fin \ Y
DSP. | o DAC / g
ck
ck

L LD L LT
XX X XX

Din=X, Din=X,

Input signal X1 sin(2nf. t+11/6)
Input signal X2 sin(2nf. t-11/6)
15t coeff. a(DAC) 1.0

3"d coeff. b(DAC) -0.005
Input freq. fin 51

Sampling freq. fs 1024




20log|Y|[dB]

Output Power Spectrum (Single-tone Input) 22

20

3f;

.
N
.
.

---------------------
wut®

LI
.....
L]
L4
*
*

0.1

Normalized Frequency flfs T

0.2

2
e
-
e
0 3 ..
. ay

......... 0'4

o
>
.
.
.
____ 005
nu®

Spurious due to interleave
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Proposed Method (Two-tone signal) 2

l/"\ o Pank Pialy
: | 1 i 1 1 )
TN I IO AR I T
>1: ) ‘\ li\ J \
AL WO IRV P t— < A2 4 ..*f
A3 & Y=aX+b X3 Nk
~ = I - NN N
n 9 v v Y— Y— Y Y
DSP DAC >
D

s " ./

Din= Asin(2xf, t+n/6) Din= Asin(2xf, t=m/6)
+Bsin(2nf, t=71/6) +Bsin(2xf, t+r/6)




Simulation Condition (Two tone) =

H I I I L Y=aX+bX3
T
2 2 9 & \ Y
DSP _ DAC >
_?_ Din ? /
ck
ck |
XX X XX
Din=X, Din=X,
Input signal X1 sin(2nf t+m/6)+sin(2nf,t-1/6)
Input signal X2 sin(2nf,t-m/6)+ sin(2nf,t+m/6)
15t coeff. a(DAC) 1
3"d coeff. b(DAC) -0.005
Input freq. f1 51
Input freq. 2 81
Sampling freq. fs 1024




. l.....0:3.----..-...---ll

[aplIAlBoj0Z

~
Py (b-112)-2/5}
+ ! |
- }-2/S)
p c
- 1-2/S}
QL ("y2)-2/B)
c
o "eers)
|
® (“Hh2)-a/s)
_M (M+42)-2/s)
~ °)e12/S)
&
- Rits
w "+42
C1, H
1442
e l
o Ity
T
S
m Wz
® e
a¥ !
) g .
- 1-112
o
=
nw & © 8 8 S 8
1 1 ! o |

Spurious due to interleave

0.2
Normalized Frequency flfs

0.1



Contents

* Proposed Test Method
- Single-tone Generation

- Two-tone Generation
- Algorithm Generalization

27




Algorithm Generalization 28

FundaAmentaI
HD2
HI23
Hl%4 HD5
D6 p7
l ‘ ‘ HD8
I f
1:in 2fin 31:in 4'fin 5fin 6fin 7fin 8fin

1) HD2 cancellation
@ HD2 & HD3 cancellation
@ HD3, HD5 & HD7 cancellation



HD2 Cancellation 29

Fundamental
A
HI23
Hl%4 HD5
D6 p7
HD2 l ‘ ‘ HD8
1:in 2fin 3fin 4fin 5fin 6fin 7fin 8fin

2-way interleave cancels HD2

X1=A5in(2nfint+n/4) X2=ASin(2ﬂ:fint'TE/4)



HD2, HD3 Cancellation 30

Fundamental
A
H|24 HD5
D6 p7
HD2  HD3 l ‘ ‘ HDS
1:in 2fin 31:in 4fin 5fin 6fin 7fin 8fin

4-way interleave cancels HD2 & HD3

X1=Asin(2xnf, t-n/4-1/6) X2=Asin(2nf, t-/4+71/6)

X3=Asin(2nf, t+mn/4-1/6)  X4=Asin(2nf, t+n/4+7n/6)



Even Harmonic Cancellation 31

Differential structure cancels HD2-HD4-HD6-HD8
fundamental

A
HD3
[ ]
HD5
HD2 HD4 HD6 HT HD8

f. 2f, 3f, 4f. of of; 4™ 8f,



HD3, HD5, HD7 cancellation 32

Differential structure cancels HD2-HD4-HD6-HDS8
Fundamental
A Proposed method cancels HD3-HDS5-HD7

HD2 HD3 HD4 HDS HD6 HD7 HD38

8-interleave cancels HD3, HD5 & HD7
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Experimental Verification 34

Input Din

Y=aX+b X3

DSP

ck ?-

\ Output Y
AC >

)

ck

-

Din=Asin(2xf, t+n/6)

Din=Asin(2xnf, t~7/6)

@® Only DSP algorithm change in conventional AWG
@® Single-tone generation with HD3 cancellation



Experiment Instrumentation

AWG
(Agilent 33120A)

Max. Sampling
frequency (Hz)

Resolution (bit)

Linearity

_ Spectrum Analyzer
(HP ESA-L1500A)

Frequency range (Hz) | 9k~1.5G

Max amplitude (Vpp) | 19.8

35




Experiment Condition

Conventional

DSP

DAC

Proposed

DAC

-

input  X=Asin(2nft)

-

NS




Experiment Results (fs= 10MHz, Input amplitude 1.3Vpp) 37

Conventional Proposed

Fundamental

(1MHz) :6.31dBm 5.12dBm

reduction

-76.5dBm
(Noise floor level)

HD3 (3MHz) :-65dBm




HD3 power level [dB]

Experimental Results: HD3 (fs=10MHz)

—&— HD3 (Conventional) /

—@— HD3 (Proposed)
|

-

P—

Noise floor level

/

v

/
|

7

Fundamental component power level [dBm]

8 9

10
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Experimental Results: HD3 reduction (fs=10MHz) 39

16
=) -
S
= 8 —e— Fundamental B
- —a— HD3
©
&)
| .
| -
g 4
@)
0 O

—— & > >— ———
0 ' .' l .
6 7 8 9 10

Fundamental component power level [dBm]



Conclusions 10

Low-distortion signal generation with AWG
Single-tone: HD3 cancellation

Two-tone: IM3 cancellation

Algorithm generalization

Only program change

No hardware change.

No need for AWG nonlinearity identification
@ Theoretical analysis, simulation and experiment
all verify the effectiveness of the proposed method

¥

Low-cost, high-quality testing of ADC is possible




Appendix New Concept Proposal =«

* Proposed signal generation method ‘
- Distortion components close to signal band are reduced

- Distortion components far from signal band may appear.
Distortion-shaping

Similar to but different from noise-shaping

20log|Y|[dB]
|
N

-60

-80
3f,

Normalized frequency f/fs
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**** Peter SARSON K ****

It was July 2016 in Spain where we published and presented a small paper on distortion
shaping based on some work | had done from seeing you present at ITC in Seattle. For
some reason you offered to help me do my PH.D. For the next year you helped me to
write papers based on my research and showed me the correct way to present my data
in a written form. In parallel you helped me form some kind of document out of all
disconnected papers to form some form of coherent document that became the initial
form of my dissertation. Again, | have no idea how, you convinced 5 professors to judge
my work and allow me to come to Japan to present my work. | came and politely | was
informed | needed to do some more work, you showed me how to perform simulations
correctly and how to document them with block and flow diagrams. | carried out some
work | always had wanted to do that | knew would work in principle but | had never had
the chance to do. Using simulation. | showed that ATE equipment could possibly be
improved and showed how its lifetime could be extended.

Having presented more papers on this, produced more journals and updated my
dissertation to reflect all of this | finally came to Japan again in 2018. I’'m now a doctor
and | have you to solely thank for your encouragement and stoicism in getting me through
this process.

Regards
Peter Sarson PH.D SMIEEE
TRERNE>NTTHD,
Fumitaka Abe, Yutaro Kobayashi, Kenji Sawada, Keisuke Kato, Osamu Kobayashi, Haruo Kobayashi,
“Low-Distortion Signal Generation for ADC Testing, "IEEE International Test Conference, Seattle, WA (Oct. 2014).
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