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Design of Experiments

Set of guidelines for designing, conducting and analyzing
experiments for system optimization

Foundations of DOE were laid by Sir. R.A. Fisher in early 1920s
(Analysis of Farm data, output as good as input).

Concepts of Orthogonal arrays were introduced by Taguchi in
|950s. (Formalized the whole analysis)

DOE has revolutionized quality control/reliability in all fields of
science and technology (Toyota was one of the early adopter, most
semiconductor companies use the method).



Problem definition

(A) Oxide Thickness

(B) Doping \

(C) Anneal temp.

(D) Junction depth ———

-

(E) Gate Overlap /

(F) Halo implant

(G) Supply voltage

\.

MOSFET

—> Drain current

4

Could be car, farm, airport

/ parameter optimization for a single
objective function



Philosophical shift with DOE

Before Fisher ...
4 )

£ , - Statisticians/
xperimentalis .
pert Results Theorists/Expt
determine what
, collaborate to

S EAEIS D S interpret results

\_ J \_ )
After Fisher ...

. L )
Statisticians/ Statisticians/
Theorists/Expt Results Theorists/Expt
plan what collaborate to

experiments to do interpret results
\ P Y N P Y,

Output cannot be greater than input .....



Definition of terms

Factor Level Run/trial/replicate
Tox 1,2,3 nm (2 nm, 10" cm3, 4 pum),
Doping 106, 107 ¢cm-3
Lch 2,3,4 um

e | factor, 3 level, 4 replicate experiment

e 2 factor, 2 level, 3 replicate experiment

8 factor, 2 leve

, | rep

Icate experiment




Analogy to puzzles: Many factors, 2 levels

Graeco-Latin Squares

Land type ....A,B,C,D
Fertilizer ... a,b,c,d

Aa |Bc |Cd |Db
Bb |Ad |Dc |Ca
Cc |(Da |Ab |Bd
Dd |Cb |Aa |Ac

Balance and statistical content

Soduku
2 7 4 9

5 |6 9 |2
| 7
5 4 8 2

2 6
8 3 7 4
9 |

8 |I 2 |3

4 9 5 8
30 filled cells vs. 81 cells

3 /2 [6 [7 /8 [4 J1 [9 |5
7 (8 [s [6 [1 [9 [2 |4 [3
1 |9 [4 |2 [5 [3 [8 |6 |7
5 |1 [7 |4 [6 [8 [9 [3 |2
4 (3 |2 |5 (9 |I |6 (7 |8
8 |6 (9 |3 |2 (7 |5 |I |4
9 |5 |3 (8 (7 |6 |4 (2 |I
6 |7 (8 (I |4 (2 |3 |5 (9
2 |4 1 19 (3 |5 |7 (8 |6
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7 Factor, 2 level: One factor at a time

A B C D E F G Output
Run | || | I I I I I 10
Run 2|2 | I I I I I |5
Run 3|2 2 I | I | I 12
Run 4|2 I 2 I I I I 9
Run 5|2 I | 2 | I | |8
Run 6 |2 I | 2 2 | I 19
Run 7|2 I I 2 2 2 I |7
Run 8 |2 I I 2 2 | 2 | 3
Final |2 | | 2 2 | | 19

Simple, widely used, but non-optimum solutions




7 Factor, 2 Level: Full factorial analysis

B, B, B B,
C, C, C, C, C, C, c1 C,
G, | R-1(10) R-2 (15) R-3(12)

G, R-4 (9)

G, R-5 (18)

G, R-6 (19)
G, R-8 (13)
G, R-7 (17)

Single parameter method is a fractional non-optimal factorial
method: After A2 win, will never visit Al.After B2 loss, will
never visit B2. Same for C2 Column, etc.

Levellactor — 27 — 128



The problem with one-at-a-time approach

Oxide thickness

NL

20 Response surface
g Orthogonal sampling

Channel doping
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Uncorrelated main effect
(forward/backward)

4 factors for simplicity

Level | Level 2
A 0 2
B 0 -6
C 0 4
D 0 2

Full factorial (Only A)

AI A2

BI BZ BI BZ

D, | o | o 2 | 2
C

D,| 0 | o 2 | 2

D, | o | o 2 | 2
C2

D,| 0 | o 2 | 2

Full factorial (A and B)

AI AZ

BI BZ BI BZ

Dl o | -6 | 2 | 4
G

D,| 0 | -6 | 2 | -4

Dl o | -6 | 2 | 4
CZ

D,| 0 | -6 | 2 | -4

Level | Level 2 L2-LI
A -2 0 2
B 2 -4 -6
C -3 | 4
D 0 -2 2

Full factorial (A, B, C and D)

AI AZ
B| BZ B| B2

D, 0 | 6 N2 4
C, '

p,ll 2| 8 [[o | -6 ]

o, %Z 1 2 (ls [ o
CZ

Dl 2 | 4 |]4 2 ]

Full factorial (A, B and C)

> 4

AI AZ

BI BZ BI BZ

Dl o | -6 | 2 4
C

D,| 0 | -6 | 2 | -4

D | 4| 2| 6 | 0
CZ

D,| 4 | 2| 6 | o




Taguchi orthogonal array (L8 array)

R-|
R-2
R-3
R-4
R-5
R-6
R-7
R-8 2 I I I
|) Check to see that for every factor, e.g. A, the rest of factors are
fully randomized, e.g. every column sums to same number.
2) Does it remind you of Soduku?
3) For smaller system (4 factors, 2 levels), choose the first four
columns, ignore the remaining 3 — still need 8 experiments. For
other systems, see ...

http://www.freequality.org/sites/www_freequality org/documents/tools/Tagarray files/tamatrix.htm

B C E F
I I I I
I I 2 2
2 2 I 2
2 2 2 I
I 2 2 I
I 2 I 2
2 I 2 2

N I—(N— [N —|N|—|O

N —|— [N |— [N =0

NN —|—[——[>



http://www.freequality.org/sites/www_freequality_org/documents/tools/Tagarray_files/tamatrix.htm

Orthogonal measurements
(uncorrelated)

R-3

R-5

R-7

R-8

R-6

E,

R-4

R-2

Y, =(RI+R3+R2+R4)/4 Y_,=(R3+R4+R5+R6)/4

If the system optimizes for (Al B2 C2 D2 E2 FI G2)
Y=Yt (YA Ym) H (Ve Ym) F (Yoo Ym) (Yoo  Ym)* o (Y- V)

Yi=(Ya Yt Y + Yt .. Y6 1Y)/ 14
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Uncorrelated main effect
(forward/backward)

4 parameters for simplicity

Full factorial (Only A)

AI A2

BI BZ BI BZ

D, | o | o 2 | 2
C

D,| 0 | o 2 | 2

D, | o | o 2 | 2
C2

D,| 0 [ o 2 | 2

Full factorial (A and B)

A, A,

BI BZ BI BZ

Dl o | -6 | 2 | 4
G

D,| 0 | -6 | 2 | -4

Dl o | -6 | 2 | 4
CZ

D,| 0 | -6 | 2 | -4

Level | Level 2 Level | Level 2 L2-L1I
A 0 2 A -2 0 2
B 0 3 B 2 -4 -6
C 0 4 C -3 | 4
D 0 2 D 0 -2 2

Full factorial (A, B, C and D)

A, A,
B, | B, | B | B,
D, 0 | 6 N2 4
C, '
p,ll 2| 8 [[o | -6 ]
o, %Z 1 2 (ls [ o
CZ
Dl 2 | 4 |]4 2 ]

Full factorial (A, B and C)

> 4

AI AZ

BI BZ BI BZ

Dl o | -6 | 2 4
C

D,| 0 | -6 | 2 | -4

D | 4| 2| 6 | 0
CZ

D,| 4 | 2| 6 | o




Correlated effect & level factor

4 parameters for simplicity ... Full factorial (A,B,C,D)
Level | | Level 2 A A,
A 0 2 B, |B | B [B
B 0 +6 c D |0 | 6|2 |-4
C 0 4 "I D, 2] 4| 0|-6
D 0 -2 D, |4 |10]| 6|0
BifA 0 -6 C, D, 218 j//-i

A2+ B2(GivenA2) +C2+D2

e.g.A B ,=(0-2+4+2)/4=1
How do | establish correlation among variables!?

Define Level factors A _B_=(A B), Define A_B.=(A B),



Correlated effect & level factor

Pair Corr ...... Corr, = Z AB, (~1)D

i,j=1,2
A, A, . . 1\ (i+j+k)
15 5 Te Third order ... Corr,g. = j;uABjCk( 1)
Do |6 |2]= R
<o Fourth order ... Corr,,., = B.C,D_ (-D+i+m
D, | -2 ] 4 0 6 ABCD—_Z A i~k
D, |4 |1w0]s o i,j k. p=1.2
G,
D, {L2) 8 | 4 |-

Corryg = ZABJ' (_1)(i+j) =AB -AB,-AB +AB,=-12

]

Corr,. =Y AC,(-)"V =0
]

Corry, = > AD;(-1)"*V =0
0y

AB =1, AB,=7 Corrye =2 BC;(-1)*"V =0
AB, =3, AB, =-3

Example of pair correlation:

Corry, = > BD,(-D)"V =0
¥

Corry, = > C,D; (1) =0

]

A is correlated to B ... There are no other pair correlation



Correlated effect & level factor

AI A2 H . .
B, [B | B [B Pair Corr ...... Corryg = > AB, ()
D, | o] 6 | 2| -4 ey
CI > 2 0 C I — (i+j+k)
: Third order ... Corr. = > AB,C (-1)
Of B B LN L i i k=12
2 - & : : 2 F th ord C = B.C.D 1 (i+j+k+p)
ourth order ... Corr,gp = Z AB.C,D,(-1)
i,j.k,p=12

Third order correlation: .
Cortee = >, AB,C (-1 =AB,C, - AB,C,....

i,j k=12

AB, Cy =-1,AB, € =-5,etc. _ 1. (15) 4 (1) = (=5) + (+3) = (49) — (=1) + (+5) = 0

Corfygep = AﬁBjCkDp(_l)(”jJrk) = AB,C,D, -AB,C,D,...=0

i,j,k,p=1,2

No third or fourth order correlation ....



How to fix for correlation

4 parameters for simplicity ... Y all B interaction
Level | Level 2 _ A,C,D
A : . Corrected =B, - B, — 5
B 0 +6
c 0 4 =2-2-(-12/2)=+6
D 0 -2
B given A 0 -6

Z all A interaction

B,C,D
A, A, Corrected = A, — A — >
B| B2 B| B2 0 A (. _
c[ofofe[2]4 =0-4-(-12/2)=+2
"D, 2[4 |06
C2 Dl 4 10 6 0 CorrAB — Z A1 Bj (_1)(i+j) —_12
D, | 2|8 | 4|22 N

Only (AB) pair correlation found, no other correlation ....



Aside: correlation linear graph

A Ay (col 1,A)
B, B, B, B, col 4,C)
c, g' ‘; j 3 : (col 4,D)
| -
c LD 4 10| 6 |0 (col 3,AB) ‘
*IpD,| 2| 8| 4|2

(col 2,B)

Only (AB) pair correlation found, no other correlation ....



Main effect and interactions

(col I,A)

(col 4,C)

O (ol 4D)
(col 3,AB) O

xB

R- |
R-2
R-3
R-4
R-5
R-6
R-7
R-8

(AB)=I| means A,B,=1, (AB), =A,B,
Expanded basis set and orthogonal vector set ....

C
I
2
I
2
I
2
I

(col 2,B)

A D
I I
I 2
2 I
2 2
2 2
2 I
I 2
I I

B
I
I
2
2
I
I
2
2

NI |(—|—|—|— >

2

(AB) is a dummy column, without it the C and D would have different
arrangements ...

Still need L8 array (4-7), other two-level arrays L4 (1-3) and L12(8-11)



Analysis of data

AxB
I

Y=I,n[<Y>

A
R-1 11
R-2 ||
R-3 ||
R-4|1
R-5(2
2

2

2

R-6
R-7
R-8

B
I
I
2
2
I
I
2
2

C
I
2
I
2
I
2
I
2

—[N[—= NN |—= (N —|O

—_——IN[(NN|N|—

(1) Calculate SNR SNR = _10XI09(Z.: I/N)

(2) Analysis of variance SS; =85, +355; +....+ 85 5.+ SS¢
Fo=[SS,/(a—1)]/[SSe /ab(n—1)]

= Vi
SSAE; on




Conclusions

Design of experiment is a powerful technique universally used in
industry and in large scale field trials.

Taguchi/Fisher methods replace the older one-factor-at-a-time
experiments with experiments based on orthogonal arrays; In this
approach, only the effect of main factors remain; others are
cancelled.

Understanding and analyzing correlation is important in design of
experiments. Unless the correlation is well understood and
incorporated through dummy variables, the analysis may lead to
faulty conclusions.
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1.

2.

Review Questions

What role did Fisher play in developing the design of experiment?

If you have 3 variables at two levels, what Taguchi array would you choose?
How does one find correlation among variables in Full factorial method?
What is the role of linear graphs in Taguchi method?

In what ways Fisher philosophy of change the ways experiments are done?
Is there a down side of such analysis?

What is dummy variable? What does dummy variable to do in DOE?

Can you have 3" or higher order correlation, if you do not have second
order correlation?

Alam ECE 695A )8
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