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Research Objective

Objective

® Digital-to-analog converter (DAC) is a key component
In modern ULSIs

® Development of a highly linear DAC

) f‘au = oac AV
Digital

Our Approach
® DAC layout technique
to cancel systematic mismatch effects » Better linearity
among unit current cells.

-Layout based on ﬁ New! ]
Euler's Knight Tour and Maaic Squares -
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Segment-type DAC Configuration

Lower bit: binary
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Upper bit: unary

v Binary (Lower bits)

6/29

- Small circuit
- Large glitch
- Large mismatch effect &

nonlinearity

v Unary (Upper bits)

Segmented DAC

g

Large circuit

Small glitch

Small mismatch effect &
modest nonlinearity
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Segment-type DAC (7-bit case)

ex.1l
digital input= 4
(0000100) | ==$ |V, = 4IRy
Lower bit: binary ‘_»V\RF_.
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Upper bit: unary _
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Unary DAC Current Cells Layout

v 7bit DAC
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2D array of
unit current cells (81)

Regular layout
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Unary DAC Features

* |dentical current sources * Large circuits
« Small glitch - Decoder
* Inherent monotonicity - Many switches and

current sources
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1 I I - Variations (e16, ... e2, e1)

S Real chip among current sources
8l 8l 8l . .
; A » DAC nonlinearity
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Problem of Reqgular Layout

Error € depends on place small =) o =) |arge
m) Systematic variation
V(0) = 0 small | ST 1 S2 | S3 | S4
V(1) = 8l +el
V(2) =161 + el+ e2
V(3) =32l +el +e2 +e3 l 85 86 S7 88

e

Error

) Error accumulation SO IS10(S111S12
—X

01234 .. 1314 1516 Din'arges13 S141S151S16

\ / 2D array of

unit current cells (81)
Regular layout




Cell Layout and Systematic Mismatch

® In modern ULSIs, systematic mismatches exist.

® Changing the unit cell layout order

Error
A

Cancellation of

mmm) Systematic mismatch effects
® Magic square and Euler's Knight Tour algorithms |

regular algorithm Linear error
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magic square algorithm
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® Circuit Element Characteristic Variation
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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 .
Joint Errors

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

4

eq(x,y) = gq * (x* +¥y?) — a,

= 1.00
5 050 —

= 5

s 0.00

5 -0.50 9 11 13 45

Q

=

X

®-0.50-0.00 m0.00-0.50 0.50-1.00
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® Proposed Layout Method

- Magic Square
- Euler's Knight Tour
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What Is Magic Square ?

* Origin from Chinese academia
« “Constant sum” characteristics
« Varieties of magic squares
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16*16 Magic Square
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| 2056
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® Proposed Layout Method
- Magic Square
- Euler's Knight Tour

Harry Potter
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What is Knight Tour ?

a b cd e t g h

a b cde f g h
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Knight
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What is Euler's Knight Tour ?

Found by
Leonhard Euler

Magic square
+
Knight tour
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16x16 Euler's Knight Tour
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2056

Row, Column, Diagonal =2056
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DAC Simulation Results (1)

e Randomize error € by magic square / knight tour layout.
e Linear gradient € case
e DAC integral non-linearity (INL)

10 Knight tour

mm) Best

Magic square

m=) Second

Regular

m=) Third

Maximum absolute value
-10

intergral non-Linearity [LSB]

=== Unary : 14.05LSB
- |\agic square : 5.93 LSB
Knight tour : 3.00 LSB

-15 DA Converter input



Level [dB]

DAC Simulation Results (2)
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0 fin=42.5d8 "HD2 =27.7dB >0 i =43dB - HD2 = 27.6dB
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40 - HD3=13.8B SFDR: Spurious Free Dynamic Range
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10 | = Third
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® Trial Layout and Routing



Unary DAC Floor Plan

>

Digital Input
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8bit Unary DAC Layout and Routing

e 8-bit (16x16) unit cell
2D layout and routing are feasible
for magic square and
Euler’s knight tour algorithms

Regular

Magic square Euler's Knight Tour
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® Conclusion



28/29

Conclusion

® Unary DAC linearity improvement
- Systematic mismatch effects cancellation
- Unit cell layout algorithm
based on Magic Square and Euler's Knight Tour

® Validation by DAC Simulation
- INL improvement
- SFDR improvement

® Feasibility of layout and routing
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