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Introduction

- Background
+ Telecommunication devices
. Mobile phones, wireless modems & avionics
. High-speed, high-accuracy
Digital-to-Analog Converter (DAC)

. Problem ! ! Interference !!
! ! RF Output
Non-idealities !! !
Digital-to- Filter Filter
DSP Analog & > Mixer —> &
Converter Amp RF Amp
‘.,‘- i 4 | |
| J Digital - Analog f

! - [
Linearity degradation !!
GuwmarUniversity, Japorv



Objective & Investigated Method

- Objective
« High SFDR current-steering DAC for communication application
SFDR: Spurious Free Dynamic Range
DAC: Digital-to-Analog Converter

- Proposed method
+ Current source mismatch effect reduction
@ Half-unary DAC architecture
@ Current source outlier elimination
® Current source sorting
Static linearity improvement
- Layout strategy
@ Clock-tree-like layout of current sources & switches
- Dynamic linearity improvement

SFDR — Spurious Free Dynamic Range Gunma University, Japorv
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Current-Steering DAC
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+ High speed @

+ High resolution =

« Small chip area \ Unit cell /




3b binary weighted DAC

Clivick @ ndition:
D,, = 000 — Vo =2




3b Unary weighted DAC

Qlidick @ndition:
D;, = 0000000 Vo =2
Thermometer-coded!!! Vi
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Binary versus Unary CS DAC

. Binary e
+ Small silicon area © %qv
+ High speed © Fan e /Jsm

1~

. Large glitch energy ® @ » @121 1

- Unary / Thermometer-coded (TC)

« Small glitch energy © é
+ Redundancy ©
+ Low speed ® /lSW7 sws /lsw4

+ Large silicon area ® @w@ @m@ @w

CS DAC — Current-steering DAC



Current Source Mismatch

Ideal DAC

Process
Variation
17 LI L I | L | T, 17

current Cell m—

Actual DAC

Il

current cell —

current, A —

.y e =l + L +lg+ 1+ 1+ 15+ 1,)/7
I, = 1,6 + dl, (k=1,2,..,7)

Current Source Mismatch
2 DAC nonlinearity e

Gurwma University, Japavw 11
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Current Source Mismatch
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Spurious Free Dynamic Range (SFDR)

SFDR Degradation Sources

« Unit current source mismatches
=» Static nonlinearity a
.+ Data-dependent 3
output load variations ﬁ
=» Dynamic nonlinearity Q
/)]

Guvmar University, Japarv
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SFDR
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Frequency, fin/fs
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oo

Nonlinearity & SFDR degradatlon
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Analog Output, Vout
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*\ismatch

4 d i)
Digital Input, Din

Current source mismatch
= DAC nonlinearity ®

| [l

SFDR
50 Ideal DAC
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= SFDR degradation ®

Gurwmar University, Japarv 14



SFDR Improvement With Calibration

SFDR Level, dB

Required
Level

|H|M
Frequency finffs /

dB

SFDR Level,

E&
Worst spurs
N Required| ~  »
T Clevel [T TR

\

Frequency fln/fs

Gunmav University, Japovv
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Current-steering DAC Limitation

Transistor mismatch
+ Current source mismatch
+ Timing errors

-

DAC static & dynamic non-linearity

Better transistor matching
+ large size % Power loss ®
+ Laid out close to each other = Complicated ®

Gunmav University, Japorv
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Design Approach

Analog
+ Complex hardware
+ Not programmable
+ Costly
- Digital
+ Simple
+ Programmable
+ Low-cost
= Digital rich approach
for fine CMOS implementation

Gunmav University, Japorv
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What is half-unary?

Unary Half-unary

Vdd Vdd

RL
Vout T
:
!
! /l SWo /l W3 /l SW /l SW3 /;J SW2 /;J SWi /i SW14 /l W13 /l W12 /l W12 /l W4 /i W3 /‘J swzi/‘J Swl
1
1
1

I @161@151 @141 @Ifl @If[ @IEI @ @ @ @ é @ (b @
=0 1=05ITLy=05I7 1, =050 71,2051 T1,=0.51T1,=0.5) T1,=0.51
Y VARV

\_
==

<Ho—

---?--

VEN NN BN N NN N N SN S N S N S Sy,
N -

 Each current source cell = | Each current source cell = 0.5I
« Pair of 0.51 & 0.5l for output of |

Gunma University, Japowv 20



Half-unary current steering DAC
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Current Source Outlier Elimination

START . .
9 Before outlier After outlier
elimination elimination

Desired samples = M

Add samilesz N o o o —— - — — - -
I |
Original samples _ _ |_ - - L -
L= M+ N !
' ¥ _
Remove I, + [d .l I I B II
until L =M

¥

Desired samples, M /

END

Current source deviation reduction
= Better DAC linearity©!!!

Gurwma University, Japavw 23



Current Source Outlier Elimination
Example

6b half-unary

Original number, L =196

Desired number, M = 126

Additional number = 196 — 126 = 70
(56% elimination)

D

New sample = desired number (126)
New standard deviation
= half of original value

Gunmav University, Japovv

o after

Number of current cell, n

| 10
Current value, |

11

/ Qutlier elimination \
| » before

)
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Unit Current Cell Switching Seqguence

- /""" mismatch case
Ideal case
Process
| I I | 1, | 15 12 I, Varlatlon

current cell

Switching sequence Change
=» Integral nonlinearity Switching

Improvement
P Mlsmatg case sequence

case
|
Thermometer code ’
Gurwma University, Japavw 26
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Published Sort & Group Procedures

T. Chen, JSSC (2007) T. Zeng, ISCAS (2010)
- bit unary=code

Step 1: Sorting I I I l
Step 4: Sum resequencing

II Step

5: Final sequencing

rrrrrrrrrrrrrrrr
Gurwma University, Japavw
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Proposed Current Source
3-stage Sort & Group Algorithm

— - I — —
1t arranging & associating

Initial condition of half-unary 18t somng _I |

I I_-
II I Comblned to
form unary
o[ 1|16 15 1. I IIL LI dr
1] 4| e L

—_ 14 current SOUrCES —_ 14 current SOUMCES —————————t - 7 panrs of current source »

[Tl

2™ sorting

mn |

e e e O
New current source switching
sequence

l
I
17
=7 pairs of current source »
o l"’ ] | 6 8
Combined for
. =4 pairs of current source + -4 pairs of current source » -4 pairs of current source » - New 7 pairs of current =
com paI’ISOH source

New switching sequence
=» More linearity improvement ©!!!

CS —current source
Gurwma University, Japavw
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Sort & Group Technigues Comparison

JSSC 2007 [2]

« Change switching
sequence

Technique Features Advantages Drawbacks
« 2-stage :
SSPA sort & group Require

Improve INL only

additional current
sources

Complete-folding
ISCAS 2010 [3]

« Convert
unary to binary

Improve
INL & DNL

* Procedure steps
increase
by DAC resolution

This work

e 3-stage
sort & group

« Convert
half-unary to unary

« Change switching
sequence

Improve more
INL & DNL
Less procedure
steps compared
to [3]

* Require twice
current sources

SSPA -Switching sequence post-adjustment

Gunmar University, Japarv

29



Outline

Introduction
Problem Statement
Proposed Techniques
- Half-Unary Current-Steering DAC
- QOutlier Elimination
- Current Source Sorting
- Layout
Simulation Result
Conclusion




Previous Calibration Circuits

— _ _ _ Expensive _

| Calibration
Circuitry
L[ Ram <—l

CALADC

MSB | | B
Inputs | — — — — N
MSB J
Array J ™
LSB LSB
Inputs Array J RL

[Y.Cong, JSSC 2003] ——
Fig.1 Block diagram of self-calibration technique

Ry

Analog centric g,

MSB Current

Tnputs Selector

Y . )

Fully binary-weighted Array A
LSB LSB R, R,
Inputs Array

[T. Zeng, ISCAS 2010] = =
Fig.4 Block diagram of complete-folding calibration technique

Gunmav University, Japorv

[T.Chen, JSSC 2007]  —
ram of SSPA calibration technique

Analog centric=

r = = T TR -V - = -
MSB | CAL Current |l Calibration |
Tnputs| | Controller Comparator || Circuitry |
N I sy w— SR
MSB Vour
. Array N— Vour
LSB LSB [ R R
Inputs Array |

31



Published Calibration Circuit Comparison

Technique Advantages Drawbacks

Self calibration
[JSSC 2003]  High precision calibration
[14-b 100MHZ] [1]

* Require high precision
calibration ADC

* Minimum additional

SSPA analog & digital circuit * No DNL improvement
[JSSC 2007] » Defect current source « Analog
[14-b 200MHZ] [2] replacement current comparator

* Improve INL

Complete-folding * Minimum additional
[ISCAS 2010] analog & digital circuit
[14-b ] [3] * Improve INL & DNL

» Low voltage

- Analog
current comparator




Proposed Calibration

Foreground Calibration
Measure each current source
Saving its value in memory (RAM).
Calibration controller

+ Outlier elimination

+ 3-stage sort & group

Obtained switching sequence is stored
In look-up-table based decoder.

Use during normal conversion operation.

-
=l
| =
—
—
D
(72]
—
Q
o
o
(¢

Current
measurement

'

Save address & value

'

Calibration controller
(1) Qutlier elimination
2) 3 stages sort & group

s

Save new switching sequence address

o)




Current Measurement Circuit

Only need order of current values.

Vdd

Rmeas;

I meas

Vbias

ON

Imeas\

Which current source is the largest,
the second largest, ..., the smallest ?

A > number of counter W

CI—Kref

|

ring oscillator
Gunmav University, Japowv

Digital implementation
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Unit Current Measurement  est code:

of Unary DAC Sooaoie

e e
Test code, D,, = 0000000 'g'g 888%88
Vout = 0.02V 0010000
o oY T 0100000
1000000

- OF}
il il M Mg Hd, hd

V= OF =Vl OB =Vl OFF=VVym opr=oeml_ o == onE=V = OFF =V,

MSW1 SW2 MSW1 W2 M8W1 MSWZ MSW1 MSWZ MSW1 MSWZ MSW1 SW2 MSW1 MSWZ

4 4 4d 4 4d 4d |

Gurwma University, Japavw 35



Unit Current Measurement
of Half-Unary DAC

Test code, D,, = 00000000000000 .
V.. =0.88V -

out

Current measurement
OFF = circuit

w081+,

V1-(’-V!V1-| OFj-VmVn—( @)‘Vm V|1-| WE-VMVH-' ’-VIQVH-‘ @E}—V@

M§W1 - MEWi MIW1 MEWE M8W1 EWE IW1 - EWE EW‘I - BWE MEW‘I EWE

0.5|+dl14 Doswal, Q) osiwal, (Doswat, — Uosied, — oswel

T T = T T =

@® No additional analog circuit (switches or routing).
@® Only add digital CIrCUIt for switch control

Gurwma University, Japavw 36



Current Source & Current Switch

- Basic . Cascode Vi
T
Vdd RL1 é RL2
R g % R Vo1 —— V02
L1 L2
Vo1 V02 _| |_
Mcas1 Mcas2
Vi1 |_Vi2 Vi1 _| I_Vi2
|VISW1 IVlSWZ IVISW1 MSW2

) ¢

2 Reduce code-dependent
load variation © !!!



Look Up Table-based Decoder

Binary-to-thermometer ~ Binary-to-
decoder [stored-switching-sequence-code]
To switches d eCOd er To switches
‘ SW;  sW; SW, SW, ‘ SW; swe SW, SsW,
o oo 1o ofolo]o]o]H o Lofo ot ol ofo]o]o]o
S DRI DD o To[1]ofol1]o]o]1]0]0
i S lolalafolofolola]1]1 i s fola e olalola]1]0]0
o ; 04;:4 tfolofolofo[alala]e] | 2 i 04;:4 tlofofol1]o]1][1]0]1
M o EREREN LRERERERERERE w8 ot oo
: tlrfofol1 11 /1]1]1 . tl1 o1 (1o 1111
e EREREE EREEERERERERE e EREREE ERERERERERERE
| Memory | Memory
Look-up table (LUT) Look-up table (LUT)
For conventional unary DAC For proposed half-unary DAC

Gurnwmar University, Japarv 38



3-b
counter

18p03aQ $saIPpY

Whole DAC Block Diagram

i Digital
Digital calib%'ation
input Current source i it (CPU
Y cells matrix circuit (CPU)
/ Ll
Analog
‘ Clock 7L> output
To switches
AAp AR A LUT decoder HAs LUT
ojo0|140(1 (0|00 |0|0D processor
o|(1|o0fjo|1|0|0]|1[D[D ﬂ
0 1 1 01 0 1 1 0|(0
1 [ R A | 0 1 1 01
1lof1]1 1|0 |1]1]0]1
1 1 0q1 1 0 1 1 1 1
1 1 1 1 1 1 1 1 1 1
Memory Gunmav University, Japowv

Look-up table (LUT)
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Layout of Current Cells

Current cells
- (current sources
= & switches)

= - Load resistor

For every cell, equal length of interconnection to load resistor.
mmm)  Minimum timing skew ©!!!

Gurwmar University, Japarv 41



Floor Plan of Whole DAC

- Digital
Digital _ calibgration
input Current source e
+ cells matrix circuit (CPU)
Analog
’ Clock 74» output
To switches LUT
s‘x: sﬁs T d\ T sw, SW, LUT decoder *
g | B Jolo[1Jol1 o olo]o]o processor
o o1 ofo[1 o011 [Tl0
Nk o1 (1ot o1 ][1]0]0
PE 1lofofof1 o110l
o ;,‘g; *Talo a1 o110
s 11 o1 |1 fof1[1][1]1
] EIEEE] EEERENERERERE
o Memory Gunma University, Japorv

Look-up table (LUT)
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MATLAB simulation

Case of unary DAC

Case of half-unary w/o additional current sources
Case of half-unary w/ additional current sources

Simulation condition
Fin = 102.4MHz, Fs =819.2MHz
fft = 32768 point
Error range = [-0.25 ~0.25]

Unary =63 & 100 Half-unary =126 & 196
ldeal SFDR =51.3 dB




Simulation result
Error distribution w/o outlier

Error amplitude
-] -] -]

SO O @ i S e

|
esynary
"o half unary w/o outlier & 35G

_ ..... ——— ...... - _________________ I .............. —=— half unary w/ outlier & w/o 35G

half unary w/ outlier & 3SG

| |
60 80
Number of cells

__________________________________________________________ e
¢ | ; i
100 120



Level (ds)

Simulation result

ghalf-unarx w/o outlier w/ 35G)

0 I T 0 ‘ T T T
5 | ~-unary | | | ~ = falfunery wio outler w/ 33G

LRUE ST | e inamgs=asage- s
SFOR =441de ‘ | | SFOR =512 ‘

44 dB - 51 dB

: 4 :
¥
)
o

£
>
T
'
e
o]
T

Level (dB)

o)
=
T

.
&
=

T

Frequency (MHz) Frequency (MHz)

000 W B W B A 4

Unary = 44 dB Half-unary w/o outlier & w/ 3SG =51dB
- +7 dB compared to unary

Gurwmar University, Japarv 46



Simulation result
Error distribution w/ outlier

—_—
T

Error amplitude
o o O
~ Qo O

o o O
RS B>

-

o ....... : ............. .................... ..................... ..................... .................. —— half unary \!V/O Outller & 3SG

I T Qa _____ S 0 S _____________________ ................. —*~half unary w/ outlier & w/o 3SG
e o o g%, J” og Q ~half unary w/ outli_er&3SG_

5 @0 50 Halfunary Number of elements= 196 :

LB ............ S | E}é é,gezg ................. ..................... ..................... ................ N'I.'l'mbléll" .o.f.élém.e.n.tg ..... 126(7056%)_

(R
O
o
O
D c::-'.'.‘: = o
o))
(-

| i | ° | | i
80 100 120 140 160 180
Number of cells

Gunmav University, Japorv
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Simulation result

ghalf—unarz w/ outlier & 35G)

0 | 0 ‘ ‘ ‘
‘ | ~-nary ~~hat-unary w/ cutler & 356

| fin=102425MHz@fs = 819.2NKz fft = 32768paints ‘ ‘

oL | elngseeNbeRs s R
' : | : | SFDR =51.2dBc

SFDR. =44.1dBc -

44

- o[ | 51dB

‘ e | — l

Level (ds)
Level (dB)

0 % 0 50 A0 %0 W %0 A0 4

Frequency (MHz) Frequency (MHz)

Unary = 44 dB Half-unary w/ outlier & 3SG =51dB
- +7 dB compared to unary

Gunmav University, Japovv 4.8



Simulation condition

Fin = 102.4MHz,

Summary

fft = 32768 point
Error range = [-0.25 ~0.25]

Fs = 819.2MHz

Unary = 63 Half-unary = 126 & 196
: SFDR, dBc Compared to average

Architecture Ideal = 51.3 dB Compared to unary

Unary 45 dB -
Half-unary + +5 dB

3SG 46 - 51 dB +6dB
Half-unary+ +2 dB
outlier+3SG 49-51d8B +6 dB

Gunmav University, Japorv
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Calibration Technique Comparison

Technique

Advantages

Drawbacks

Self calibration
[JSSC 2003]
[14-b 100MHZz] [1]

» High precision calibration

* Require high precision
calibration ADC

SSPA
[JSSC 2007]
[14-b 200MHZ] [2]

* Minimum additional
analog & digital circuit

 Defect current source
replacement

* Improve INL

* No DNL improvement
» Analog
current comparator

Complete-folding
[ISCAS 2010]

* Minimum additional
analog & digital circuit

- Analog
current comparator

[14-b ] [3] * Improve INL & DNL
* Low voltage
This work * Digital centric * Twice or more current cells

* More INL improvement
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Conclusion

e High SFDR current-steering DAC
for communication application with fine digital CMOS

® [or DAC static linearity improvement
@® Half-unary DAC architecture
@  Current source outlier elimination
® 3-stage sort & group algorithm for current sources
m) Performed MATLAB simulation
e [or DAC dynamic linearity improvement
@® Well-balanced layout of current cells
for interconnection R, C skew minimization.
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Q&A

Presentation:.

Page 36:

Q : Why are you include the measurement circuit? Is it will increase
another mismatch from the measurement circuit itself?

A : Measurement circuit is used to measure error of each current
sources. It is digital implementation, so | don’t think that it will produces
another error.

Q: Did you believe that your measurement circuit is accurate enough to
measure such a current with the small value?

A:Yes. Because our measurement circuit use counter that realize in
digital circuit.



Q&A

Kenichi Okada sensei, Tokyo Institute Tech, Univ

Page 49:

Q: Why are you need calibration? DAC with the resolution less than 10
bit is not necessary to calibrate.

A: Actually, | plan these research to imply in segmented DAC as a MSB
with resolution more than 10 bits.

Q:Did you think that current source is the main problem of the DAC?

A: Yes.

Advice: Actually, current source is not a main problem but the mismatch
IS related to current which is determined by the length L & width W of
the current source.



Q&A

Kenichi Okada sensei, Tokyo Institute Tech, Univ

Page 49:

Q: What is assumption that you did in this analysis? What kind of error
distribution? How about the standard deviation?

A: | used the random distribution but | don’t really know about the
standard deviation (show equation that being used)

Advice: If you used the flat distribution error, it will be a strange result.

PagelO:

Q: Why you said that binary DAC has small chip area compared to
unary?

A: | think, it is due to the number of current sources.

Advice: Binary & unary has almost the same of current source chip
area but the differentis L & W.




Q&A

Poster session:

Q: Why you don’t use another algorithm such as DEM because it is
more easy and require more less hardware implementation?

A:. Before this, | had used DEM method such DWA & OES but | thought
that by using such algorithm it can only be used for certain error type.

By using measurement circuit, | can obtained more accurate error
value.

Q: How long the calibration time?

A: | don’t know but that why calibration did in calibration mode. May be
once during manufacturing.

Q:What the clock speed that you want to use for your calibration
circuit?
A: | still don'’t think about that.



Q&A

Q: What is the SFDR means? How to relate between nonlinearity and
SFDR ?

Q: What the meaning of 3-stages sort & group?

A: First sorting for combining the current source while 2"d & 3 for
switching sequence arrangement.



