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Test Cost Reduction

Decline in silicon manufacturing costs & High integration of LSI

¥

Percentage of test cost : increase

¥

Importance of test cost reduction by shortening test time

10°

& --g-- Silicon manufacturing
10" e - . Test equipment depreciation

1072 \u-._
103 : : : : . .“n\
10

7 e s s s~y

-6
& 1982 1988 1994 2000 2006 2012

Cost per transistor (cents)




6/41

Outline

Research Background

Multi-tone Signal

Simulation Result for Several Algorithms
Analysis of Commonality of

Four Algorithms

Conclusion



sin(3wt) sin(wt)
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What is Multi-tone Signal?

7141

Sum of multiple tone signals with different frequencies

N
s(t) = z Apsin(wgt + 6y)
k=1
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Frequency Response Measurement

Probe signal

Output

(Blsin(wlt + cpl)\
BzSin((l)zt + (pz)
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Use of Multi-tone Signals

Aisin(wqt + 0;) B;sin(w,t + ‘P1)\
Aysin(w;yt + 6,) M Linear system |QUPUL B sin(w,t + ,)
— (Filter, etc.) o
Aysin(wyt + 0y) Bysin(wyt + @y)
v \
Single-tone signal Multi-tone signal
@ SNR:Good @ Test time: Short

@ Test time:Long @ Amplitude of each tone signal: Small
= SNR:Bad — Test accuracy:Low
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Use of Multi-tone Signals

Aisin(wqt + 0;) B;sin(w,t + (P1)\
Aysin(w;yt + 6,) M Linear system |QUPUL B sin(w,t + ,)
— (Filter, etc.) o
Aysin(wyt + 0y) Bysin(wyt + @y)
v \
Single-tone signal Multi-tone signal
@ SNR:Good @ Test time: Short

@ Test time:Long @ Amplitude of each tone signal: Small
= SNR:Bad — Test accuracy:Low

v

Improve by crest factor reduction®
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What Is Crest Factor (CF)?

Crest Factor|dB] = 20log4, [

Maximum amplitude
effective value

Crest factor (CF) reduction=Amplitude of each tone signal: Large

¥

Improve SNR for multi-tone signals s
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Factors for Worsening SNR

When testing a wideband signal device

The number of tones (N) : Increase

-

Maximum amplitude of multi-tone signal : Increase

Not designed to handle

» Intermodulation distortion (IMD) occurs
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In-phase tone signal

For IMD reduction IMD :intermodulation distortion
Generates multi-tone signal within a fixed voltage range

abuel abe)on

In-phase tone signal  Absolute value of multi-tone: Large

Crest factor (CF):Large

¥

Amplification for each tone:Small = SNR:Low
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Phase Shift of Each Tone

abuels abe)on

<

Crest factor (CF): Reduction

-

Amplification for each tone:Large

¥

Improved SNR R
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In-phase Multi-tone Signal

_ N :number of tones
Basic 21 T :resolution of 1 cycle

N
t
equation : S(t) =G Z cos( 7]?{ * Ok 0, :All 0
= G = 1/A,,,, :Amplitude of
each tone
T=8192 N=1024 CF=33[dB] G=9.8x10"*
1

o
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Random Phase Multi-tone Signal Signal

N N :number of tones

Basic 27 fit T :resolution of 1 cycle

equation : $(t) =€ ; cos(——*0k) | g, -random number

G = 1/A,,4 : AMmplitude of
each tone

T=8192 N=1024 CF=16[dB] G=6.6x 1073
1

0 2000 4.0'00 6000 8000
Time



Relationship between N and CF
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Number of tones N:Large — Crest factor:Large

¥

SNR deterioration in wideband test
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Crest Factor Reduction Algorithm

N

Basic 21 fyt N : number of tones

equation - s(t) =G IZ cos( T + Ok T : resolution of 1 cycle
=1

Newman Phase Oy = %(k —1)?
Kitayoshi Phase O = %k(k +1)
Schroeder Phase Ok = —%k(k - 1)
Narahashi Phase 0 = % (k—1)(k—2)
Amplitude ¢
1 3 4 K N

1

1
OV £1 f2 f3 fa fk fn Frequency[Hz]
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Newman Phase Waveform

( )
21 fi t Normalize the amplitude to 1

m
T
. o . 2
s(t) =G 2 cos(——+5 k=D | ¢-1/4__ = Amplitude of
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Relationship between N and CF

[a %)
i

—o— Newman
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log,N
Zero phase-Random phase : CF increases with N
Four algorithms : CF reduction

¥

Improve SNR by algorithm
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Comparison of Four Algorithms

---@-- Kitayoshi

Narahashi

Crest Factor [dB]

6 *,
. /\ Converges to
' 45dB —e&— Newman
5 \\ ' —e&— Schroeder
4 6 8 10 12
logz N

CF reduction effect is almost equal

¥

Analyze similarity of four algorithms
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Four Algorithms

I3

Newman Phase 0 = N (k — 1)

! ) I
Kitayoshi Phase 0 = Nk(k + 1)

T
Schroeder Phase 0 = _Nk(k —1)
i T

Narahashi Phase 0, = N1 (k—1)(k—2)

Derivation of Narahashi Phase

-

Analysis of commonality of four algorithms
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Derivation of Narahashi Phase

Derivation of PAPR (Crest Factor)

PEP max[EP(t)]

PAPR = P =T Nz - = max |1+ ZZZH cos(2n(l — k)Afyt + 6, — 6;)

Py (t) : Fluctuation from the average power

N-1 Af,: Frequency spacing

Py(t) z cos(2m - 1-Afot + Ory1 — %) between adjacent complex tones
0, : Initial phase of each complex tone

1st summation term
N-2

+ Z cos(2m - 2 - Afot + 0510 — O) + - Hcos(2m - (N — 1) - Afpyt + Oy — 91j

Nth summation term
2nd summation term

¥

Determine 0, where the 1st summation term becomes zero
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Vector Diagram of 1st Summation Term

N-1

1st summation term = SZICOS(ZH *1-Afot + 61 — Ok)
k=1
Vg (1)
For example, when N=6 11‘11
A
/— l _:(( )
92 o Ql
(£ e
. A
0, — 05
U.;(t‘)
l'j(()
—A 6 — 6,
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Angle Formed by Each Vector ¢,

Im
r'y
A
— V(L)
0; — 0
[ R
*ne
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{64 — 03} —
{63 — 6;}
v,(t)
[.75.([)
_A {Hr; — 0.;.) e

1604 — 03]

[ The angle formed by each vector : ®x = (Ok41 — k) — (O — Or—1) ],
)
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Symmetrical Polyphase AC Circuit

Angles formed by vectors are equal

¥

Sum of the instantaneous values » alwavs zero
of symmetrical polyphase AC circuit y
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Set 1st Summation Term to Zero

'Vz(t) o — 2T . 2T
0, — 0, “” Number of vectors ~ N — 1

¥

Re 15t summation term: zero

. |
7 cos(2m-1-Afyt + 01 — O)

v ()

{05 — 0,4} —
{0, — 03}
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Basic equation of Narahashi phase

[
N -1

(k =1k —2)

Narahashi Phase O

2T 2T

D = (Ok+1 = Oi) — (O = Op—1) P = Number of vectors " N-1

2T
N-—-1

{0p11 — Ok} — {0k — 01} =

\ Solving for 6,

0, = (k—1)0, — (k — 2)0, +

Narahashi phase

Basic equation of
N-—-1

(k=Dk=2) J
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Narahashi Phase

Basic equationof (k—1)(k—2)
Narahashi phase O = (k=18 = (k=2)0; + N —1 n
‘ 6, =0, =0
[ . (k=1 (k-2) ]
R =
k 1 2 3 4 5 6
14 114 T w
O 0 0 =2 | =6 |12 e—=420
mw nw 4 T
\pk 0 N__l-2 N-—14 N—1.6 N_18
2 2 2 2m
P N-1 | N-1 N-1 N-1 R
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Newman Phase

(k —1)?
k= N rn
k 1 2 3 4 5 6
O 0 % %-4 %-9 E-16 25
14 w 4 4
P N N3 N° N N
2n 2m 2n 21
P N v N ]

Matches Narahashi phase

¥

What is the difference between the initial phase equations? >y
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Difference between Narahashi and Newman

Basic equation of the Narahashi phase:

(k —D(k-2)
T
N

0, =(k—-1)0,— (k—2)0, +
I Solving for k

T, 31 21
Op = k*+ | =+ 0, — 01 [k + | =0+ 26, - (D

Newman Phase:
(k- 1)?

VIA
k=™ N

N

@

L R Ny
TN N

I Comparing the coefficients between ) and @

[91 =0,0, =% ] Simply changing the setting values of 8, and 6,
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Kitayoshi Phase

s
=—k(k+1
Ok N(+)

Matches Narahashi phase and Newman phase
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Difference between Narahashi and Kitayoshi

Basic equation of the Narahashi phase:

(k=1Dk=2)

O =(k—-—1)0, — (k—2)0, + N

I Solving for k

N N N

T 31T 2T
9k= k2+<__+92—91>k+<__82+201>@

Kitayoshi Phase:
_r _ 2
Hk—Nk(k+1)—Nk + 5k ©)

Comparing the coefficients between ) and @

[ 6, =—,0, = 6N_”] Simply changing the setting values of 8, and 6,
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Schroeder Phase

T
szﬁk(k_l)

k 1 2 3 4 5 6
VA VA VA VA VA

Oy 0 5 il 12 —.20 ~ 30

T T VA VA
i N2 Nt | wne N e | g

T T VA [

Matches Narahashi phase and Newman phase and Kitayoshi phase
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Difference between Narahashi and Schroeder

Basic equation of the Narahashi phase:

(k=1Dk=2)

O =(k—-—1)0, — (k—2)0, + N

I Solving for k

N N N

T 31T 2T
9k= k2+<__+92—91>k+<__82+201>@

Schroeder Phase:
k- =tk g
0, Nk(k 1) Nk Nk 2)

I Comparing the coefficients between ) and @

[ 6,=0,0, = ZW”] Simply changing the setting values of 6, and 9,
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Unification of Initial Phase Setting Equations

Basic equation of
Narahashi phase

T (k — 1)2
91=0,62=N q Newman phase: 0, = T

(k=D =2)

1O =(k—1)0, — (k—2)0, + N

2 6 : : T
0, = idd 0, = Wn q Kitayoshi phase: 6, = Nk(k + 1)

2 T
0,=0,0, = Wn q Schroeder phase: 8y = Nk(k - 1)

Equation can be unified by Similarity of

think of 1st and 2nd phases as “initial values” | ¥ cF reduction effect
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Conclusion

® |n algorithms for reducing CF,
we can unify the four algorithms
by analyzing the second derivative of 6,.

® Proper multi-tone signal generation
algorithms can reduce CF.
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Q&A

Q. Would you please explain more details
about the improvement of SNR In
your research?
How to evaluate the improvement of SNR
In the practical measurements?
Do you plain to extend the research
In future work?

A. Reduce the crest factor.



