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OUTLINE

® Research Objective

® Current Steering DAC
® \What is Magic Square ?
® Proposed Algorithm

® Simulation Results

® Conclusion
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OUTLINE

® Research Objective
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OUTLINE

® Current Steering DAC
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Circuit and Features of Unary Current-Steering DAC

Ildentical current sources  Large circuits
Small glitch - Decoder
Inherent monotonicity - Many switches and

High speed current sources

Binary code input

By +ev.-.. B;
4 ﬁvcw + ) * ‘

Row Address Decoder
R Vout
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8/43

Operation of Current Steering DAC (1)

ou

Vad
o +

R,  Vvout

SW7 swa Current cell
dl? éP ét)lz IG —1 output
1 A

Digital input =1, 1 current source.

Vour = Rphh
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Operation of Current Steering DAC (2)

Vout

ou
A

Vaa

R,  Vvout

) SW7 } SW6 olsw2 o

q\)lﬁlq{?g:l G:) IZICDTII , _F

2

Digital input =1, 1 current source.
“ = 2, 2 current sources. Vout = R (I1+13)
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Operation of Current Steering DAC (3)

Vdd

R,  Vvout

‘l’ 7 Q FW6 QISW2 o 1

®=1Q (D =1 (D=1

v —

Digital input =1, 1 current source.

= 2 , 2 current sources.

=/ , 7 current sources.

ou
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’
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7
_F
7
’
“ > D

7

in

Vour = Rp(I1+Ip + -+ 1)

Lh=hL=—-=l=1I;

g

DAC is perfectly linear
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Conventional Unary DAC Decoder

@Thermometer-code
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® Digital binary input (0010)

Operation of Unary DAC Decoder

Example 1

=) Thermometer code (0000 0000 0000 0011)
=) 2 current cells turn on.

Binary code input

Decoder

Address

B3 BZ Bl BO SWigSWiy o0

I
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Operation of Unary DAC Decoder

Example 2

® Digital binary input (0011)
=) Thermometer code (0000 0000 0000 0111)
=) 3 current cells turn on.

Binary code input

Decoder

Address

B; B, By By SWysSw,, °*°

To Current Source

o1

T

SW, SW,SW, SW,

I

I
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OUTLINE

® \What is Magic Square ?



15/43

What is Magic Square(B&J5 BE) ?
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What is Magic Square ?

® Classical mathematics

® Origin from Chinese academia
® “Constant sum” characteristics
® Varieties of magic squares

H & B W 3x3 &5 fE
o= Tl
d:.."' o) % -—o—ojo-—o—. | 3 5 7
N AR w@tﬁ%ﬁf@gm
3 Tk ¥ LTEAEXAL
i ]
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Features of Magic Square

2 | ]_;0)/ i 34

[T
).

16+5+9+4=34

e Constant Sum

- Row, column, diagonal

16+10+7+1=34

» J&& 5[ is Good balance
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OUTLINE

® Proposed Algorithm
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Unit Current Source Mismatch Problem

Vaa +
ﬁ R, Vout
/J) SW7 } SWe6 } SW2 } SW1

17 = I6 IZ Il

Bmatch
T 1 1

-___‘_J__I ______ v---f5F--+3-4- average - Ideal

— Mismatch effect

In practice, current sources have mismatches.
mm) DAC becomes non-linear.




Possibility of Using Magic Square

® Semiconductor devices have

random and systematic mismatches

® Changing the switching order
mm) Cancellation of mismatch effects

® \We propose magic square algorithm

A

Error
A

normal algorithm
—X

_%\' "o <

magic square algorithm

A A—T K]

A
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Inspired New Algorithm

® Unit current source selection-order change algorithm
- Mismatch effect cancellation

I, I,

I | Is | I

I9 IlO Ill
I13 Il5

______

1 .
=67 1o
8 |10[11] 5
13| 32|16

No.

1. Measure the order
ldeal I, =1 —___| [ | of unit current cells
2. Align them virtually
In magic square
Is Iys Iy I, 1 I3 le I I 3. Select current cells
12 3 4 5 6 - 1415 16
=T Vaa
O +
RL Vout
i i '
w16 SW14 w6 W5 SW2 Jw1
[
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Proposed DAC Non-linearity Calibration Algorithm

()

Input test code & measurement

'

'

Sorted current cells

'

Align current sources 1n magic square

'

Save new magic square switching
sequence address

(END)

'
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Input Test Code & Measurement

1st Step CPU

Input test code l,

Unary-DAC

Current comparator

J Z—

Order of current source values
Circuit

® CPU => input test code to unary-DAC cells
® Measurement circuit => order of current source values




Proposed Algorithm 24/43
Measure Order of Current Cells

1st Step

® Measure the order of current cell values
by a current comparator.
® Not need accurate value measurement.

4-bit case

Current cell Original Current Source

average ——————— e e e o —— - o e e .- S

Lig | 1ia | 115 | L1 L L, I3 I, Iz Ig Lia Lis g
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Unit Current Source Sortin

2"d step

Unary-DAC

Measurement
Circuit

Sort and store the measured order of the unit current cell
values into memory.




Proposed Algorithm 26/43

Unit Current Source Sorting

2"d step

® Sort current source cells ascendingly.
® Store their information of cells number and value

Into memory.
Sorted Current Source
S N g
AVETAJE = o oo o o ---.:.:‘_.._e.‘_'_—..-__--__- -
— . /l * -
-— o o 0
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Current Source Sorting Based on I\/Iagic Sguare

3'd step CPU  €—

Unary-DAC

®Re-sort of current source values based on magic square
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Current Source Sorting Based on I\/Iagic Square (1)

3'd step

® Re-sorted of current source values based on magic square
® Store its info in decoder look-up table

Is I, g

switching order

Is Lis I} Iy, Iy I3 le I ILig
IS Lis | Lie A3 3 12 [16]no 1 23 4 5 6 - 14 15 16
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Current Source Sorting Based on Magic Square (2

® Digital binary input (0001)
=) 1 current cells turn on

1 115(14] 4

No. 2 3 4 5 6 -+ 14 15 16
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Current Source Sorting Based on I\/Iagic Sguare gSz

® Digital binary input (0010)
m) 2 current cells turn on

113 114 115 116 Is Lis Iy Ly 1a I3 Ie I Iis
No. 2 3 4 5 6 - 14 15 16
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Current Source Sorting Based on Magic Square (4

® Digital binary input (0011)
m) 3 current cells turn on

I13 I14 Il5 I16 Is Lis Iy I, Iy I Io 1, I
No. 2 3 4 5 6 .- 15 16
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Current Source Sorting Based on I\/Iagic Sguare g52

® Digital binary input (0100)
m) 4 current cells turn on
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Proposed Algorithm LUT-Magic Square Decoder

: Programmable
|

Digital input Unary-DAC

Analog output

High-linearity

e

Store switching sequence based on magic square
Into programmable decoder.
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Proposed Algorithm LUT-Magic Square Decoder

® Magic square switching

sequence is stored in decoder

® Cancel mismatch effect

1 .14 I, L | I,

1216|719 I | I | I | Lg

13| 3| 2|16 I3 Ii5 | Lig
Ideal I, =1

average ' |

Is Iis 1y L I I3 le I, L
123456"‘141516‘

No.

Digital Signal Input
i

Decoder

Address

-

I BB ERE S

Analog Signal Output

t

To Current Source
S e
SWieSWisSWisSW, o o o o o o SW, SW; SW, SW,

00000000

000[00[000O0
00/00/0000 0
0/0/00/00/00 0
00000000 0
00(00/0000O0 0]
0looo/oflo o 0]
oloftlo/loft]o 0 0]
00 0100 0]
00 00 0]
0 00 0
00 0]
0 0
0




35/43

OUTLINE

® Simulation Results
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Simulation Conditions

® MATLAB simulation

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

® Compared two methods
- Conventional thermometer-code decoder usage
- Proposed magic-square-based algorithm

® Mismatch of current sources
- Current sources have average of value 1.0
- Random number between -1 < mismatch < +1 (uniform distribution)



Simulation Conditions

® [FRALT-16XAPE (8bit)

256 2 3 253 | 252 6 7 249 | 248 10 11 245 | 244 14 15 241
17 239 | 238 20 21 235 | 234 24 25 231 230 28 29 227 | 226 32
33 223 | 222 36 37 219 | 218 40 41 215 | 214 44 45 211 210 48
208 50 51 205 | 204 54 55 201 200 58 59 197 196 62 63 193
192 66 67 189 188 70 71 185 184 74 75 181 180 78 79 177
81 175 174 84 85 171 170 88 89 167 166 92 93 163 162 96
97 159 158 100 | 101 155 154 104 105 151 150 108 109 147 146 112
144 | 114 | 115 141 140 118 119 137 136 122 123 133 132 126 127 129
128 130 | 131 125 124 134 135 121 120 138 139 117 116 142 143 113
145 111 110 | 148 149 107 106 152 153 103 102 156 157 929 98 160
161 95 94 164 | 165 91 90 168 | 169 87 86 172 | 173 83 82 176
80 178 | 179 77 76 182 | 183 73 72 186 | 187 69 68 190 | 191 65
64 194 | 195 61 60 198 199 57 56 202 | 203 53 52 206 | 207 49
209 47 46 212 | 213 43 42 216 | 217 39 38 220 | 221 35 34 224
225 31 30 228 | 229 27 26 232 | 233 23 22 236 | 237 19 18 240
16 242 | 243 13 12 246 | 247 9 8 250 | 251 5 4 254 | 255 1
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Simulation Result 38/43
- Static Performance INL -

Integral Non-Linearity (INL)
® 5.7 LSB improvement by the magic square algorithm
® 0.0 LSB at the center of the input range Din

e

5
ZIO i#__iﬂ. et $ 4§ Resese """""""t
gi* 100 200
_5 :
'INLmagic square = 1.95LSB —magic square
w0 L INLconventional = 7.63LSB ~conventional

Din



Simulation Result 39/43
- Static Performance DNL

Differential Non-Linearity (DNL)
® Small at the center of the input range Din

|" ” .1 llw‘l
Mh Jnll Hll1 liv ); :ll.i ,al)‘"ll!lmh ”’ u’ | Hn N" ‘

a*)ll\’um it "'1”‘“”11

1§ ||
LI
I
*DNLconven tional = 0.99LSB ~—Magic square
Din ~-coventional
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Simulation Result 40/43
- D.\‘namic Performance SFDR -

—— @ Conventional method ® Proposed method —
' fin=a2. 5dB *HD2 =27.7dB 0 fn-a2, 1d8 *HD2 = 20.1dB
4 [ "HD3 =23.3dB 40 TR *HD3 = 18.6dB
230 |~ HD2 | SFDRbefore = 14.8dB 230 | HD2 | SFDRyqer = 22.0dB
EPY |¥ % 20 / H |
3 3 SFDR > 7dB
10
L i HHHHMH man.»mw|y|.mmumMnmwmumwMmnrimnm.wM«Wmmw
" EREIEFRRSAEFES H*§§§§§§§§§§§§§
frequency [MHZz] frequency [MHZz]

B

® SFDR improvement by 7 dB
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OUTLINE

® Conclusion
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Conclusion

® Unary DAC linearity improvement
- Cancel unit current cell mismatch effects
- Unit current cell selection algorithm
®» Digital method
- Based on magic square
- Measurement of the order of current cell values

® MATLAB simulation
- INL , DNL improvement
at the center of the input range.
- SFDR improvement
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Final Statement

s B RN FT
Classical mathematics can contribute
modern technology.
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