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Introduction

- Background

+ Telecommunication devices |
. Mobile phones, wireless modems & avionics

. High-speed, high-accuracy
Digital-to-Analog Converter (DAC)

- Problem

- Transmitter & signal generation

DSP

< Digital

Non-idealities !!

Digital-to-

Analog

Converter
]

Interference !!
RF Output
Filter Filter ‘
& > Mixer —> &
Amp RF Amp
Analog
P

Linearity degradation !
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Objective & Investigated Method

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

- Proposed method
+ Current source mismatch effect reduction
@ Half-unary DAC architecture
@ Current source sorting
- Static linearity improvement

+ Layout strategy
Clock-tree-like layout of current sources & switches
Dynamic linearity improvement

SFDR — Spurious Free Dynamic Range Gunvmar University, Japowv
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Spurious Free Dynamic Range (SFDR)

SFDR Degradation Sources
+ Unit current source mismatches

=» Static nonlinearity Q

.+ Data-dependent 0
output load variations 2
=» Dynamic nonlinearity 0
7))

Gunmav University, Japowv
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Current-Steering DAC

4 _V(L————3 ————————————————————————— 7
T
Rué R

‘/01 — \/ 2 i

- Ry
Vis —I:l‘ V.V 4||: Vo Vi — —V, V01 —
MSW1 MSW2 MSW1 MSW2 MSW'] MSW2
N T SN
@wat ®|2=2| @|1=| V.,
- Msw1

+ High speed

+ High resolution
+ Small chip area \

Gunmar University, Japarv
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Binary versus Unary CS DAC

Binary +

+ Small silicon area © g_R‘;, =

+ High speed © }SWB Fsws /JSWI

. Large glitch energy ® @M @M <I>IIII

Unary / Thermometer-coded (TC)  Vu N

« Small glitch energy © é V.

+ Redundancy ©

+ Low speed ® S‘W /J oW

SW7 SW6 SWS SW4
. Large silicon area ® @17@ @ @ @13 L=I1(})1=1
V

- Segmented for balanced performance !l ®

CS DAC - Current-steering DAC Gurvma University, Japavw
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Current-steering DAC Limitation

Transistor matching error
« Amplitude errors - current sources
. Dominant at low input frequency
+ Timing errors — switches
. Dominant at high input frequency
e
DAC static & dynamic non-linearity
Better transistor matching
+ large size % Power loss ®
+ Laid out close to each other = Complicated ®

Gunmav University, Japowv
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Current Source Mismatch

(Amplitude)

|deal Actual
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Current source mismatch!!!
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Nonlinearity & SFDR degradation

8 | 0 | | | | @
oldea . SFDR

= #Mismatch 8 deal DAC
N |
.8' 4_ _1500 005 0 0.15 02 025 03 03 04 045 05
O:J Frequency
g ?
0 DN L ! ‘ ‘ = ismatc
7 SFDR 1; S
< | | - Actual DAC

4 5 6 7 i) 1,-.1 ik ‘ SFDRM\smatch 5500dBFs

i g \ l
; | W*“M”‘
Digital Input, Din L T I TR Y TR 0.‘4 '0'.45 05

Current source mismatch

= SFDR degradation ®
= DAC nonlinearity ® )

Gurvma University, Japavw 1 2



2014 BR%¥e BTFORMAS WAXEFEFRR 0ct. 9-10,2014

SFDR Improvement With Calibration

@ SFDR

B"‘ Better margin !!!
W
orstspurs
. Required| = .
THE I Level [T7"=¢ TR
28 B B

thn i jlul‘lf'l bniig T y

Gunmav University, Japowv

DR Level, dB




2014 BR%¥e BTFORMAS WAXEFEFRR 0ct. 9-10,2014

Design Approach

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

Gunmav University, Japowv
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What is half-unary?

Unary Half-unary

———————

' |

/L SW14 /W13 sw12 swz' SWI

LA (DL (D= |
=0.5171,=0.5171,,70.51 =0.51 —0 51 =051

 Each current source cell = | Each current source cell = 0.5I
« Pair of 0.51 & 0.5l for output of |
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Half-unary current steering DAC

CQlck &ndition: Vai
E..m = {l© # +

o] o) o) o] 6] o) » | ) |
swi4 f[swi3 fswiz fswil swi fsw3 [ sw2 A swi
| DE! !ﬂ' OFY | il ()51 ] | 0| \ \

Gunmav University, Japowv
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Unit Current Cell Switching Sequence

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

current cell
Switching sequence
=» Integral nonlinearity NeW
improvement © Switching
Mlsmatch case sequence
case
IS ! »

current cell

Gunmav University, Japowv
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Published Current Sorting Procedures

T. Chen, JSSC (2007) T. Zeng, ISCAS (2010)
. unary=-code
Step 2: Resequencing

-lllllllli>!l!lillll
v

Step 4: Sum resequencing \?' \?’

Step 3: Summing

I I I I I Step 5: Final sequencing

CS —current source

/ /

Gunmav University, Japowv
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3-stage Current Sorting Algorithm (3S-CS)

— - I — —
1t arranging & associating

Initial condition of half-unary 1st sorung _I |

I I e
Comblned to
EEHp mhiaa%“ﬁan :

—— 14 current sources ————— —_ 14 current SOUMCES -7 pairs of current source »

[Tl

2" sorting

IE b _ - New current source switching

: - rtin " ; sequence

:
3|16 3| 12 : s : :

-7 pairs of current source +

Combined for
-4 pairs of current source + -4 pairs of current source » -4 pairs of current source + — New 7 pairs of current =

comparisc_m _ source
New switching sequence

=» More linearity improvement ©!!!

CS —current source
Gurvma University, Japavw
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Current Sorting Techniqgues Comparison

JSSC 2007 [2]

« Change switching
sequence

Improve INL only

Technique Features Advantages Drawbacks
« 2-stage :
SSPA current sorting Require

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
current sorting

e 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

Gunmav University, Japowv
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Previous Calibration Circuits
Analog centric="

— — _ _ EXpensive _ ___ = ==
| Calibration P —p— — r r'- — Y} -
Circuitry MSB | CAL 4 Current |} Calibration |
| RAM 4—:_ Inputs|’ Controller I Comparator |& Circuitry |
Inputs | — — — — MSB ouT
MSB J —> Al'ray /TN L VOUT
Array J
LSB IS8 K— R R
LSB LSB g L L
Iinb Array J RL% %RL Inputs Array |
Fig.1 Block dlagram of self-calibration technique Fig.2 Block diagram of SSPA calibration technique
| _—— = ——————
MSB Current Current I Calibration
Inputs Selector Comparator i Circuitry Analog Cent”C
— 1 R J
Vour
\ i MSB J
Fully binary-weighted Array J T Vour
LSB N LSB j R, R,
Inputs Array
[T. Zeng, ISCAS 2010[= =
Fig.4 Block diagram of complete-folding calibration technique

Gunmav University, Japowv

25



2014 BR%¥e BTFORMAS WAXEFEFRR 0ct. 9-10,2014

Current Measurement Circuit

Only need order of current values.

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

A > number of counter W

Clk,

I meas

=L o

ring oscillator

Digital implementation!!! ©

Gurvma University, Japavw 2 6
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Calibration of Half-Unary DAC

Look-up table (LUT)

Test code Ring oscillator based current
H|n(1) 00000000000001 measurement circuit
vdd
) Rme Clk o i tO-
Hinan-2 = 10000000000000 Binary-to-
_| on Counia [stored-switching-
¥ ¥ ‘g“"”r N > } D Calibration  “gequence-code]
Voura) = 0-53IR, : controller decoder
V - O_51|R Current measurement To switches
out(EN=2) i EREREE
|.+.d|14 Mm MM 05|+d|1 _ SW; SW; ----  SW, SW,
——'— - §t10010100000
)i u\ [ AL HE R RsaaTE
Mn‘ Wn m‘y/ mm \\'/m MFN_WM M—1 ’ ’é%bo_i.gi:q o[ofo[4foltl1lolx
sb 1101 /1]0[1][1]1]1
05, [Hl!ﬂlﬂdﬂ@ LGl L5l @@Elﬂﬁﬂb B, a7l 11 /1}1]1 1Me:n - r; 1.1

® No additional analog circuit (switches or routing).

® Only add digital circuit for switch control
Gurvma University, Japavw 27
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Current Source & Current Switch

Basic . Cascode v

_Vaa Rui iRLZ

01 —

Mcas1 Mcasz
Vi m Vi3 Vi —V;,
IVISW1 @ IVISWZ IVlsw1 Mswz
w w

2 Reduce code-dependent
load variation © !!!

Gunmav University, Japowv
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Layout of Current Cells

Clock tree-
based
. ] ] = arrangement
Route @
| |

‘ FRoute @

A 1

D

- Load resistor - Current cells (current sources & switches)

For every cell, equal length of interconnection to load resistor.
= Minimum timing skew ©!!!
Gurvma University, Japavw 29
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Floor Plan of Whole DAC

E%» 0l0 1Jo]|1 0|/ojojo]o
gbs_l,%la1o1oo1oo1oo
g5 el |oj1/1]o[1 0110 0
a iy
2 i|ola1/0 0]Oj1/0/1]1 0 1
5 P08 1o[1]1]1]0[1]1]0]n
sbo[1[1 o110 1111
@ = la7f 1 [ 111 [1]1]1]1]1]1
SW, SW, ... SW, SW,
_ To switches
Digital Nﬁ
input
Features: +’ (1L
@ Digital I
measurement :@ res
circuit 0
@ New switching
scheme Cl
ock
@ Cascoded current
source
@ Isometric wiring

Current source
cells matrix

LUT decoder

Gunmav University, Japowv
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Digital
calibration

circuit (CPU)
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output
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Simulation condition

Resolution = 12 bit

Input frequency = 12.8 MHz

Sampling frequency = 819.2 MS/s
Ve = 4095V

Simulation = 100 times

+ Current source mismatch :

Normal distribution, N(O, o)

Parameter : standard deviation, c = 0.001 ~0.25
Switching scheme :

+ Thermometer coded, 2S-CS & 3S-CS

Gunmav University, Japowv
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INL & DNL Yields

INL & DNL Yield

120
100 = a& .......................................................................
.................... T —
IS
\
80 \
O ‘L I =1
SR PO O SO W ) W CAIDTALION i)
X W
= 60 \Qgi{ This work
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l!'k'&\ P Y el e T ey
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14
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wi/ calibration
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This work
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Difference SFDR Yields

SFDR Yield (>65dB)
120

This work
Il lnhAar, 1L ¢ MO
vlial y T LIV
wil evalibywratiear LUalf 1 lnarvs 1 2C_MrC
VV/ \CCALNINT UALINJL I 1l VIl 1 b\ J
100 O O O OO Qe OO OO
KD
1 hO)
O
80
—
N
'
! 60 )
o
5=
40
w/o calibration Q@
20
° O
0.001 0.01 0.1

Standard deviation, o

SFDR Yield (>75dB)

120 .
This work
Half-Unary + 25-C$S
wil ~ralikhiratinn llInarv + 2C_("R
VV/ VCIINT CALIur | rivaa y —r NN
100
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40
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20
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Difference SFDR Yields

SFDR Yield (>80dB)
120

This work
Half-Unary + 2S-CS

||hﬁl’\l R 'Q ("‘"
_y Vit
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\
| alibiation ' Pg
VVIU Ld. WIallOll \ C
\
20 \
Y
\
-
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w/ calibration Unary + 25-CS
100

20
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Comparison
SFDR & 2"9 & 3" HDs

SFDR average
120

This work
1 I', 1r [ B - T . l\:‘\ Vel
Aall-unary + £o-'0o
wi/ ~alilratinn lInarv + 2. TK
vywvrI TWRAIIIJI LALLI VL ] =’ 1 1Al ] - e e

100 \;F;_-\ﬂngb U

O SR 954B
O A e
O 1 ‘ T:Lﬂh
O N
80
S 92 4B
. wi/o calibration )
& L
- 78 dB LY
= 60
(- N
8 .
("]
40
20
0
0.001 0.01 0.1

Standard deviation, o

SFDR dB)

HDZ2 & HD3 average

o
20
40
HD3=-87 dB--
wii Cediration |
-80 wio-calibretion - )

400 -‘-:“_l P —— !//
Unary + 28-S w22 Bewmel( p— ,
g g7 == ¢ This work
¢ & -105 dB
420 = -101 dB -106 dB
e
‘et Unary + 25.0s101dB HD3:-109 dB
HD2:-107 dB
140
0.001 0.01 0.1

Standard deviation, c
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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

* Relax matching requirement

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

Gunmav University, Japowv
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Conclusion

® High SFDR based current steering DAC with fine digital
CMOS implementation
® For DAC static linearity improvement
@ Half-unary DAC architecture
@ 3-stage sort & group algorithm for current sources

m) Performed MATLAB simulation with difference
switching schemes

. Better INL & DNL yields ©
. Better SFDR level ©
e For DAC dynamic linearity improvement
@ Well-balanced layout of current cells

for iInterconnection R, C skew minimization.
Guvma University, Japar
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Thank you very much
for your kindly attention

Gunmav University, Japowv
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Q&A

Q : Why use 3-stage current sorting rather than
2-stage current stage?

A : In order to improve both INL & DNL,
the 3-stage current sorting is chosen.

Q : How about the range of the sampling rate use?

A : Sampling rate
between 100MS/s and 1 GS/s is considered.

Gunmav University, Japowv
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Q&A

Q : The number of bits and process node?
A : Stand alone of 12b half-unary and 14b and above of

segmented structures.
In term of process node, we will decide

after further verification has been done.

Gunmav University, Japowv
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