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Research Objective

Objective
® Development of
a highly linear digital-to-analog converter (DAC)

En) —{ DAC /\,/
Analog

Digital

Our Approach
® DAC layout technique
to cancel systematic mismatch effects

among unit current cells.

-Layout based on Magic and Latin Squares
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Segment Type DAC Configuration

6/42

] v' Binary (Lower bits)
Lower bit: l}lna?.r',.lr Wy
________ ; - Small circuit
% @%) - Large glitch

Upper bit: unary

- Large mismatch effect &

Large nonlinearity

%ESI ------ %38'%)& v Unary (Upper bits)

Segmented DAC

[ Focus !! i
2017/11/5

Large circuit

Small glitch

Small mismatch effect &
modest linearity




7142

Segment Type DAC (7-bit case)

ex.1l

In case digital input =4

(0000100)

Lower bit: binary

—

ex.2
In case digital input =12

Vout = 4IRFp

R

|

S ¢

Upper bit: unary

2017/11/5

(0001100)

|->
ouT
+

Lower bit: binary

—

Voue = 12IRp

Re

5

UppeTr bit: u_nqry _

!

>
+
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Unary DAC Features

* Identical current sources * Large circuits

« Small glitch - Decoder

* Inherent monotonicity - Many switches and
current sources

DECODER

S1|S2 |83 |54

S5 | 56 | ST | S8

DECODER

S9 |S10|S11|S12

S13[1514(S515(S16

2017/11/5



Unary DAC Current Cells Layout

v 7bit DA Converter

(0001100) | ==pp-

Lower bit: binary ‘

9/42

Vout — 121RF

|
\

\] |
> ¢ ¢

Upper bit: unary

| |
81 81 | 8I
'
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S13

S3

S14

S15

S16

Unit current cell (unary)



Cell Layout and Systematic Mismatch

® Semiconductor devices have
systematic mismatches
® Changing the unit cell layout order
mmm) Cancellation of systematic mismatch effects
® \We propose magic and Latin squares algorithms

Error

A

regular algorithm Linear error

—X

2017/11/5

~3 » Din
_%

magic square algorithm

A

10/42

1 [15]114 1| 4
121 6| 719
8 10| 11| 5
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Variation in Circuit Element Characteristics

€ Systematic variations

=

v Voltage drop

09ZIS Y,

v/ Thickness of Linear g
OX|de f|lm error § 13 10 1900
v Doping )
v’ Mechanical :
stress |
uadratic o
v Temperature Q

error

0.00

distribution
v In wafer plane -

-0.50

UOIJBLIBA U} JO dZIS Y,

-1.00

X

m-1.00--0.50 = -0.50-0.00 0.00-0.50 0.50-1.00

Joint Error (Sum of both)
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Systematic Variation Model

Linear Error 7
Joint Errors

g(x,y) =g;*cosO@ xx+ g; *sinf vy
Quadratic Error gi(x,y) = g(x,y) +g4(x,y)

4

eq(x,¥) = gq * (x* +y*) — a,

= 1.00
8§  0.50 S

= 5

a 0.00

5 -0.50 9 11 13 45

=}

=

X

2017/11/5 ®-0.50-0.00 m0.00-0.50 0.50-1.00
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What Is Magic Square ?

 Classical mathematics
* Origin from Chinese academia
« “Constant sum” characteristics

« Varieties of magic squares .
3 X 3 Magic Square

2 9 4
7 5 3
6 1 8

2017/11/5
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Magic Square Features

good balance
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Row, Column, Diagonal

Constant Sum
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Magic Square for Layout Algorithm

v Concentric Magic Square

Even if one side Is removed from the outside,
It does not lose compatibility

Numbers are
InN symmetrical positions

' expected

Effective for cancellation of
systematic variation effects

2017/11/5




Magic Square for 16x16 Cell Layout

€ Concentric Magic Square

8-bit unit current source cells
by combining 8-th order squares
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A: Magic square

B: 45 ° counterclockwise

rotation
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16x16 Cell Layout Detalls

€ Concentric Magic Square

. 59| 5| 4 |62(63| 1| 8|58/58/56/10|11(53|52|14| 6
® algorlthm 9 |18]17/49|50(42(19|56| 8 | 19|45 21|22 |41|47|57
55/20|28|33(29(40|45|10| 1 |42|40|26|27|37|23 64
54|44 |38|31(35|26|21|11|63/50|29|35|34|32|15| 2
12(43/39|30|34|27/22|53|62|49/33|31/30/36/16/ 3
A1 B1 13(24|25(36|3237|41|52| 4 |17|28|38|39|25|48 61
51|46/48|16(15(23|47|14| 5 | 18/20|44 (43| 24| 46|60
7160(61| 3|2 (64|57 6|59| 9 |55/54|12|13|51| 7
Bz A2 58/56/10|11(53|52|14| 6 |59 5 | 4 |62(63| 1 | 8 |58
8 19|45 21|22|41(47|57| 9 |18/17/49|50|42|19|56
1 142(40/26/27|37|23 64|55|20|28|33|29|40 45|10
63|50|29|35|34|32|15| 2 |54|44|38|31|35|26|21/ 11
62|49|33|31|30|36|16| 3 |12|43|39|30|34|27|22|53
17/28/38(39|25/48|61|13|24|25|36|32 37 41|52
18/20|44|43|24 4660|5146 48|16|15/23 /47|14
2017/11/5 59| 9 |55/54/12(13|51| 7|7 |60|61| 3|2 |64(57|6
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16x16 Cell Layout Detalls

€ Concentric Magic Square

59| 5| 4 62|63| 1 % |58|58|56 1/53/52|14) 6
® Unit cell 9 |18/17/49|50|42|19|56| 8 | 19]45|21122|41|47|57
selection algorithm 55|20/ 28| 33| 29|40 /45|10| 1 42|40/ 26|2\37| 23 64
54|44/38/31/35/26 21| 11|63)50 2935|343 15| 2

12/43/39 30| 34|27 22|53(62 |49 33|31|30/34 \16| 3
13| 24| 25/36/32|37|41/52| 4 |17]28|38/39 25 18|61
51|46|48|16]15/23 /47| 14| 5 | 18|20/ 44|43| 2/ 6 60
Al | B1 7160/61) 3| 2 64|57 6|59 9 |5554/12]| 517
58/56/10/11|53|52|14 6 |59| 5 | 4 |62/63| 1 | 8 |58
8 |19/45|21/22/41|47|57| 9 |18/17|49 /5042|1956
B2 | A2 142|40|26|27|37|23|64|55|20|28|33/29(40 /45 10
63/50/29/35|34|32 /15| 2 |54|4438|31/35|26| 21|11
62/49/33/31|30/36|16 3 |12]43/39|30|34|27 22|53
17/28/38/39|25|48|61|13|24 |25 36|32|37| 41|52
18/20|44/43|24|46/60|51|46 48|16 /15|23|47|14
01711/ 59| 9 |55/54/12|13/51 7| 7|60/61| 3|2 64 57 6
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16x16 Cell Layout Detalls

€ Concentric Magic Square

59| 5 | 4 |62]63| 1 %0 |58|58| 56 1OI1|53|52|14) 6
® Unit cell 9 |18)17/49|50/42|19/56| 8 | 19|45/ 21722 |41|47 |57
selection algorithm |5/20/28/33/29 40 45/0 1 |42/40|26| 2N37|23 |64
54|44/38/31/35/26 21/ 6350 29/35/34 /4% 15| 2

12|43] 39303427 |24 /3]62|49 33|31|30 3¢ \16] 3
Al | BT 13| 24| 25/36/32|37 |41 52| 4 |17|28|38/39 25 18|61
51|46|48|16] 15|23 47\14| 5 | 18|20/ 44|43|2/ 6 60
7160/61) 3| 2 64|57 859 9 |55/54/12]| &1 7
B2 | A2 53|56 10|11/53|52|14] 6 Y. 5 | 4 |62/63] 1 | 8 |58
8 |19/45|21|22|41|47 57| 9 42/1956
1|42/ 40/26|27|37|23|64|55 20| 28| 33|29 40 4510
63|50 29|35/ 34| 32| 15| 2 |54 44 38|31/35/26|21 11
62/49/33|31/30/36|16| 3 |12/43/39|30/34|27|22 |53
4 |17)28|38|39| 25 48 61|13 /24| 25|36 32|37|41|52
5 | 18|20 44|43| 24|46 6051|4648 /16|15 23| 47|14
- 59| 9 |55/54|12|1351| 7|7 60 61/ 3| 2 64|57 6
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16x16 Cell Layout Detalls

€ Concentric Magic Square

59| 5 | 4 |62]63| 1 %6 |58|58| 56 TOW1|53|52|14) 6
® Unit cell 9 18/17/49 8 |19]45| 21722 |41/ 47|57
selection algorithm ~ |%5/20 22733 2940 45/ 1 42|40/ 26| 2\37 23 |64
54|44|38/31/35/26 21/ 6350 2935 34|30 15| 2

174339303427 |24 /3|62|49 33|31|30 3¢ \16] 3
Al | B1 /3]24|25/36/32|37 |41 b2| 4 |17|28/38/39| 25 18|61
51|46|48|16] 15|23/ 47\14| 5 | 18|20/ 44|43| 2/ 660
|7 160/61) 3| 2 |64]57| /59 9 |55/54/12]| &1 7
Bz Az 56|10|11|53|52/14| 6 5|4 62 1|8/58
19| 45|21|22|41 47|57 | 9 42|19 56
1 |42|40|26|27|37 23 |64|55 20|28 33|29 |40/ 45|10
63|50 29|35/ 34| 32| 15| 2 |54 44 38|31/35/26|21 11
62/49/33|31/30/36|16| 3 |12/43/39|30/34|27|22 |53
4 |17)28|38|39| 25 48 61|13 /24| 25|36 32|37|41|52
5 |18/20|44 43|24 4660|5146 /48| 16|15|23|47 14
- 59| 9 |55/54|12|1351| 7|7 60 61/ 3| 2 64|57 6
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16x16 Cell Layout Detalls

€ Concentric Magic Square

59| 5| 4 /62|63 1 %6 |58|58|56 1/53/52|14| 6

® Unit cell 9 18]17|49 8 |19]45| 21722 |41 47|57

: : 55|20 | 29%33|29|40 45391 1 [42/40|26|2\37 23|64
selection algorithm 3 N3

54|44138/31/35/26/21/ [63/50/29/35/34 3% 15| 2

174339/ 30| 34 27 24 /3|62/49/33|31/30| 3¢ \16] 3

A1 B1 /324253632374{241728383925 861

51|46|48|16] 15|23/ 47\14| 5 | 18|20/ 44|43| 2/ 6|60

\760613,{2457 59| 9 |55/54|12]| 51| 7
B2 | A? 5610 11| ‘52| 14| 6 [%4.5 4 6263/ 1 | 8 |58
19|45 21|22\ Y |47/57| 9 42/19/56
1 |48.40/26| 27| 7123 |64|55 20|28 33|29|40|45|10
635 ’32|15| 2 |54) 44|38 |31|35|26| 21|11
62/49(33|31/30/36 16| 3 |12 43|39 /30| 34|27 22|53
4 |17|28|38|39|25|48|61|13|24|25|36| 32|37 41|52

0 (18(20/44|43/24/46/60(51|46|48/16|15|23|47 |14
2017/11/5 999 |55/54|12|13|51 7|7 |60/61 3|2 |64/57|6
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16x16 Cell Layout Detalls

€ Concentric Magic Square

_ 59 62|63] 1 |8 58|58 56/ 10]11]53]52] 14| 6
® Unit cell 18]1749 50 42| 19|56 I8N 19 45 21|22 41|47 |57

SeleCt|On algonthm 95/20/28|33/29/40 45|10 1 {42|40|26|27|37|23|64
94(44138|31/35/26|21|11(63|50|2935|34|32 15.

12143/39/30|34|27|22(53|62/49/33|31/30/36|16| 3
A1 B1 13|24/25/36/32|37|41|52 W8N 17| 28|38|39| 25|48 |61
51|46|48(16|15/2347|14/W6W 18|20 |44 |43 24| 46|60
Bl 60 61| 3 2 64/57| 6 |50 90 5554/ 12| 1351
B2 | A? 58|56|10|11(53|52|14| 6 |59 62|63 1 '8 58
W8 19|45/ 21|22 41|47 |57 |08l 18] 17 49|50 42 19|56
1 142)40|26|27|37|23|64|55|20|28|33|29/40 /4510
6350|29|35/3432| 15121 54|44 38 31| 35| 26|21 11
62/49/33(31/30/36/16| 8 |12/43|39(30|34 27| 22|53

17/28/38/39|25(48|61|13|24

18|20 |44 43| 24|46/60|5146
2017/11/5 29 55154/12{13|51 -60
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16x16 Cell Layout Detalls

€ Concentric Magic Square

® algorithm
] 59| 62/63| 1 58|58|56/10|11/53|52|14| 6
1 IN Al 18/1749 /50| 42|19 56 |18 19 45| 21|22 | 41|47 |57

55/20/28/33/29/40 45|10| 1 |42/40/26/27|37 |23 64

1 In A2 54|44]38 3135/ 26|21/ 11]63 50 29|35/34/32 152
A‘I B‘I 12143 /39|30 34|27 22 53(62)49|33/31/30 36 16] 3
1 |n Bl 13/24 25|36 32|37 41 52 [l 17|28 38|39 25 48|61
51/46|48| 16 15/23 47 14 |8l 18120 44|43 24 46 60

1in B2 60 618 |18 64 57 6 |59 8l 5554 12 13 51
In 5610|1153 /52 14| 6 |59 6263 1 18] 58

2in Al B2 | A2

.

19/45/21|22 41|47 |57 18/17/49/50 42|19 |56
1142|140 26\27|37|23|64|55/20|28|33/29/40|45|10
63/50(29|35/34 /32|15 54/44|38/31|35/26 21|11
62/49/33|31/30|36|16| 3 [12/43|39/30|34|27|22|53

[ ]
[ ]
- 17]28/38/39] 2548 61[13] 24| 253632 37 41]52
1023. 256 In B1 18/20|44]43] 2446 60|51/ 46 48] 16 15/ 23[47 14
1024. 256 in B2 59 8l 55 54| 12| 13 51 60|61/ 3 |21 64|57 6

Sl e A

Represent pseudo-random switching
while taking care of center and corners

2017/11/5
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Simulation Results (linear error case)

€ Concentric Magic Square
v" Linear Error (Current Cell Systematic Mismatch)

—_ . —_— o
g(x,y) =g;*cos@+«x+ g; *sinf xy 6 = 30
45.00
Maximum value
35.00 concentric magic
square:2.10
25.00 Conventional:42.11
Random Walk:3.31
15.00
_ 5.00 - Concgntric
= magic square
= -5.00 Conventional
-15.00 Random Walk
-25.00
-35.00
45.00

2017/11/5 Din
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Simulation Results (quadratic error case)

€ Concentric Magic Square

v Quadratic Error (Current Cell Systematic Mismatch)

. 2 2 — 1 An = O
eq(1,y) = gg * (x* +y?) — aq Ja = %o
15.00 Maximum value
concentric magic
10.00 square:3.02

Conventional:9.74
Random Walk:0.88
5.00
0.00 R T Cragic square
200 Toc tional
’SOO onvenuiona
Random Walk
-10.00

-15.00

INL

Din
2017/11/5
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Simulation Results (joint error case)

€ Concentric Magic Square

v' Joint Error

Linear > Quadratic case

2017/11/5

§ 100
ks
S 050
; 13
e
£ 0.00 ﬁ
) 1 3 5 4 1
>
= -0.50 9 11 13 ¢
(&)
=
= X
m-0.50-0.00 m0.00-0.50 0.50-1.00
35.00 Maximum va lue
cccccc tric magic
25.00 square:2.55
C tional:33.15
15.00 Random Walk:2.68
5 5.00 '
= { ) - Concentric
-5.00 magic square
-15.00 Conventional
Random Walk
-25.00
-35.00

Din
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Simulation Results (joint error case)

€ Concentric Magic Square
v Joint Error

Linear > Quadratic case

\ 4

Magic square Is better

2017/11/5

§ 100
ks |
S 050
; 13
e
£ 0.00 ﬁ
) 1 3 5 4 1
>
= -0.50 9 11 13 ¢
(&)
=
= X
m-0.50-0.00 m0.00-0.50 0.50-1.00
35.00 Maximum va lue
cccccc tric magic
25.00 square:2.55
C ntional:33.15
15.00 Random Walk:2.68
5 5.00
< y —» Concentric
-5.00 magic square
-15.00 Conventional
Random Walk
-25.00
-35.00

Din
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Simulation Results (joint error case)

€ Concentric Magic Square
v"Joint Error

IS 1.00
©
G 0.50
Linear < Quadratic case s £
= 0.00
7 >
ﬁ -0.50 9 11 13 15
)
2 X
|_
| -0.50-0.00 m 0.00-0.50 0.50-1.00
30.00 Maximum value
Concentric magic
20.00 square:2.27
Conventional:22.89
10.00 Random walk:1.83
=2 - Concentric
- magic square
10.00 Conventional

Random Walk

-
o

Din

2017/11/5
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Simulation Results (joint error case)

€ Concentric Magic Square
v"Joint Error

Linear < Quadratic case

¥

Random Walk iIs better

|s the magic square
suitable for temporary
variation?

2017/11/5

IS 1.00
©
> y
)
< 0.00 ?
7 >
ﬁ -0.50 9 11 13 15
)
2 X
|_
| -0.50-0.00 m 0.00-0.50 0.50-1.00
Maximum value
Concentric magic
, square:2.27
Conventional:22.89
10 Random walk:1.83
- - Concen tric

magic square
Conventional

Random Walk
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What Is Latin Square ?

® n X n array filled with n different symbols

® Each symbols occurring exactly once in each row

and column

Example :
1 2|1 3] 4

A B | C
3|1 4] 1] 2
C|A|B 43|21
B | C| A 2 1| 4] 3
3 X 3 Latin square 4 x 4 Latin square

Leonhard Euler(1707-1783)
Swiss mathematician, physicist

2017/11/5
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Latin Square for Layout Algorithm

I [ 2 T w [T a3aJu1] ¢ Jn2] 5 3] & [na] 7 [ns] & [n-s]z]
1 | 2 |18 | 3 3 4 a | 3 [1a|le | 12 |7 11 8 [10] 9
2 | 3| 2| 4| 16 3 s | 6 [1a| 7| 13 | = 12 g [11]10
3 | 4| 2| 3 1 5 |1 | 7 13| & | 14 | g 13 | 10 1212
R ERE: 2 7 1 2 |ag | a | 13 [ 10 14| 11 [23]12
5 e | 2| 7 3 z 2 5 1 2o 18 [ 21| 15 12 [14]13
s | 7] 3| = 4 g 3 w | 2 J21] 1 12 | 16 | 13 [135]14
7l a ] e | s 3 0 | 4 11 | 3 |12] 2 13 | 1 14 |18 ] 13
s |l a | 7w s 11 | 3 12 [ 4 |213] 3 14 | 2 N EE
g || &8 | 11] 7 12 | & 13 | 5 | 14| 4 15 | 3 6 [ 2] 1
0 |11 5 |12 8 13 | 7T 14 | & |13] 3 15 | 4 ERE
11 |12 [ ]3] s 14 | & 15 | 7 18] & 1 5 S ERE
12 [ 13 [ 12| 1a | 20 |25 @ 5 | &2 | 1 7 2 : 3 [ 3] 4
13 |14 [ 1225 21 [ 10| 2 5 | 2 ] 3 7 1 & |3
14 |15 [ 13| 18] 12 |11 | 2 [0 3 g 1 Z 5 [ 718
15 [ 18 [ 12| 1 | 13 > 1z | 3 11| e 10 | 3 5 R
6 | 1 [ 13] 2 | 14 3 | 13| 4 |2z 3] 12 | & 10 R ERE

Considering a “complete Latin square”; for even n
put the numbers | through n in the first row in the following order :
1,2,n, 3,n-1,...., n/2+2, n/2+1.



Simulation Conditions

® 8-bit unary DAC
- Static performance (INL)
- Dynamic performance (SFDR)

® Compared three methods
- Complete Latin Square
- Common Centroid
- Unary Layout
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- Current sources have average value of 1.0

- Random number between -1 < mismatch < +1 (uniform distribution)

2017/11/5
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Simulation Results (INL)

€ Standard Latin square layout algorithm

Linear Error

. Maximum
liner error Latin Square: 1.68

5 Common Centroid:4.17
unary Layout: 18.4

0 i . A /’\ rd WA, A-\/'\vﬁ‘\- e e L
L= WAV A WA S S Y 2 :
L\ 2™ 500

-5

-10

15 — Latin Square
— Common Centroid
—— Unary Layout

0 y Lay

o

-10

-15

Quadratic error

Quadratic Error

36/42

Maximum

Latin Square: 1.68
Common Centroid:4.17
unary Layout: 18.4
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Simulation Results (SFDR)

Ul

o
w
o

fin = 42.5dB "HD2 = 27.7dB fin=a2.3d8. -HD2 = 26.9dB
0 *HD3 = 23.3dB 40 *HD3 = 23.1dB
— SFDR = 14.8dB —
530 / HD2 % 30 /an
K] -
- ()
-
10 10

o
o

— O = W 4 O 4 O 4 O 4 O A O
N ™~ O ™S = 00 = N 00 N 1N O
N A NN M N S
frequency [MHz] frequency [MHz]
Reqgular layout .
J y Common centroid
50 . -
fin = 42.1dB HD2 = 22.8dB
40 [-°°°°°°=°°°° *HD3 = 26.6dB
T 30 SFDR = 19.3dB
E ______________________________
3 20
0 WWWWW SFDR improved !
0
"RRSIEIEEEE8TEE S

2017/11/5 frequency [MHz] Latin square



38/42

Summary

® Conclusion
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Conclusion

® Unary DAC linearity improvement
- Unit current cell systematic mismatch effects
cancellation
- Unit current cell layout algorithm
based on magic square and Latin square

® Simulation validation
- INL improvement
- SFDR improvement
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Final Statement
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Classical mathematics can contribute
modern technology.
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