Study of R-2R DAC and Gray Code Input DAC
for Glitch Reduction

*Adhikari Gopal, Jian Richen, Haruo Kobayashi
®

Kobayashi Laboratory
Division of Electronics and Informatics

B K Gunma University

GUNMA UNIVERSITY

27, LSl &F+E3 June 25,2016



Outline

oResearch Objective

olntroduction to DAC
oVoltage Mode R-2R DAC
oCurrent Mode R-2R DAC
oGlitches

oGray Code vs. Binary Code

oGray Code Input DAC
o Design of Switch

o Voltage Mode Gray Code Input DAC
o Current Steering Mode Gray Code Input DAC

oConclusion



Research Objective

v'Transistor level implementation of R-2R DACs
v'Transistor level implementation of Gray code input DAC
for glitch reduction
*(difficult to design)

Approach
v"Use MOSFETs to design DACs
v"Utilization of Gray code input for glitch reduction



Introduction to DAC (1/2)

*Convert digital signal to analog
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*Signal to be recognized by human senses

*Widely used in signal processing

DAC: Digital-to-Analog Converter



Introduction to DAC (2/2)

oR-2R ladder DAC is very popular.
o Easy to design and use

O Less components

o Vulnerable to glitches (voltage spikes)
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oTypes : Voltage mode DAC, Current mode DAC




Voltage Mode R-2R DAC

* R-2R DACs consist of:

v'R, 2R resistors gc')go'ga' Inputs O“tp“(t)
/ .

\/N Switches 0001 0.1875

OPAMP 0010 0.375

I 0 cer

*Structure 00 0.5625

0100 0.75

Vout

0101 0.9375

0110 1.125

0111 1.3125

1000 1.5

1001 1.6875

1010 1.875

*Digital input — each resistor switched to ground or to OPAMP. 12(1)(1) 2'026;§

* Output voltage 1101 2.4375

__Vref Vref Vref Vref 1110 2.625

“Vout = ——=bp_1 +—5 bpp + -+ b1 +—bo 1111 2.8125



Simulation Results of Voltage Mode R-2R DAC

4-bit case

8-bit case

V(vout) . Vivout)

1 Glitches (\

Glitches

T V.0V
14lus 1blus U.Ums

R=10k, 2R=20k, Vref=3V




MOSFET Implementation of Voltage Mode R-2R DAC

*Switch is SPST (Single-Pole Single-Throw)

*Switches implementation

— Two cascaded inverters

*W/L for R, 2R is calculated using

.R,ZR: Vps — Vps

IldsaT MX(%)X(VGS—VTH)Z




Simulation Results Of Voltage Mode R-2R DAC
(MOSFET Implementation )

4-bit case Glitches 8-bit case
3.0 Vivouy _—7 - V¥[n002)
2.?\:—1 / 9 7y
Glitches

2.4y 1 2.4V

2.1v- 2.1¥+

1.8V 1 1.8V

1.5V 1.5Y+

1.2v- 1.2V

0.9v-] 0.9v

0.6V 0.6V

0.3V 1 0.3V

0.0V 1 0.0V

-0.3V : : | , , | , -0.3¥ | T T T T T T T

Dps 20ps 40ps 60ps 80ps 100ps 120ps 140ps 160ps 0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms 2.1ms Z2.Ams

W/L=3.81u/2.1u for R, 2R=7.61u/2.1 for 2R, Vref=3V



Current Mode R-2R DAC

 Currents through 2R resistors — Binary weight relationship
| through 2R — diverted either to OPAMP or ground

« Output voltage
Vout — _itOt X Rf

__ wN-1BgXVref X 1

Here ltor = 2k=0 ON-K py
v R R R 2R
REF WV WA A WA 1

| ) i Vout

4-bit DAC output

Decimal
0

O 00 N O U & W N -

e S S S
A W N P, O

15

Output
0
0.1875
0.375
0.5625
0.75
0.9375
1.125
1.3125
1.5
1.6875
1.875
2.0625
2.25
2.4375
2.625
2.8125



Simulation Results of Current Mode R-2R DAC

4-bit case 8-bit case
Loy ¥Y[voutres) I(R1) —[ oA 0.0y Hioutes| IRes OpA
0.3V - 3opa =
-0.6Y - -gopa 16 - -bluA
-0.9v- - -90pA 09V - S0
1.29- --120pA 12V 1204
159+ 15014 15V 1504
1.8Y- --180pA 1.6V 1604
219+ ~-210pA 2.y ~210p4
2.4V~ 24018 g ] L
2.1V --270pA gy o
3.0V 300pA 4, | -

I l I I l I l
Opis 2015 40ps B60ps B0ps 100ps 120ps 140ps 160ps Mns Lins Dins Lins

T T T T
1.2ms 1.5ms 1.8ms 2.1ms 2.4ms




MOSFET Implementation of
Current Mode R-2R DAC (1/2)

o M1 formsR

o M2+ M3 or M2+M4 forms 2R Vref L MIT—IT‘_
o lref— divided to M1, M2. -

o Current through M2 — L?

Switched to lout by M3 or ground by M4

o Full resolution — Cascade this cell.

GND

V |4
R= DS __ DS

_ u/nCOx |74
Ildsar > X(L)X(VGS—VTH)Z lout




MOSFET Implementation of
Current Mode R-2R DAC (2/2)

M16, M17 form terminal 2R resistor




Simulation Results of MOSFET Implementation of
Current Mode R-2R DAC

4-bit case 8-bit case

Y[voutmos]) I[Mos)

0
. 30
. - 60
—t 0.9 L qp
1 2 . 1 e e 4 17:3
e T 11 1 A
— 1 e A L L N o A
Lo -2.1v¥+ ~-210pA
w1 { e 244wyt A pA
—
= | s B 11 o 1 LA
——  Voltage OQutput
2 :{7 Current Output | s Saov-gtety o =-R LA
-3.3¥ T T T T T T T T 33
= = - ; e ) : 0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms 2.1ms 2.4ms




Glitches (1/2)

\/Voltage Spikes ...... — |
v'Reasons for glitch - oo
*Capacitive coupling oL Y Er—
‘Differences in Switching | FTR—

1010

» Glitch behavior -» Dominated by difference in switching
»Switching of MSB — Most significant glitches

(Some switches change from ON to OFF, others from OFF to ON at once)
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Glitches (2/2)

oSerious deterloratlon of | |mages V|deos sounds

Remedy o e
> High-order reconstruction filter usage } X ceiniL,
> Track/Hold circuitry usage at output.

°Using Gray code input DAC topologles V




Gray Code vs. Binary Code

Bina ry Code Multiple bits change for 1-LSB change Decimal___ Blnary Oray
! 0 0000 0000

Trigger moreé switches 1 g S

2 0010 0011

. 3 0011 0010

G ray Code Only one bit changes for 1-LSB change . 0100 0110
Trigger one switch > o101 L

6 0110 0101

Less&cches 7 0111 0100

e e ok . 8 1000 1100
3 (2) (3) () 9 1001 1101
1@ *1 & ™*1 " g *0 binary 10 1010 1111

l l l l 11 1011 1110

1 0 0 1 gray 12 1100 1010

13 1101 1011

a(1) a(2) a(3) a(4) 14 1110 1001
b(1) b(1) xor b(2) b(2) xor b(3) b(3) xor (&) 15 1111 1000



Gray Code Input DAC



Design of Switch(1/2)

I I | IN1 OUT1 IN1 00 OUT1 N1 ouT1
INT— —OUT1 N1 OuT1 N1 —X—DUT“I OxJ OXJ
INZ — —ouT2 N2 OuTZ N2 — —OuT2 |Nz-1 9/ 0 0UT2 IN2-1 o0 LOUTZ IN2 -l—o/ O—l-OUTz

Switch is DPDT (Double-Pole Double-Throw) . ourt
CTL — LOW: =
M3, M4 — ON, M1, M2 — OFF T

CTL
M1 M2
IN1 = OUT1 IN2 = OUT2
' T>< T
CTL CTL

CTL — HIGH: . .
M1 M2 — ON, M3, M4 —> OFF s
INL=Out2,  IN2=0UT2 T



Design of Switch (2/2)

CTL=0 CTL=1 CTL=0 CTL=1
I I | IN1

00 OUT1 N1 OuT1
N1 — —OUT1 IN1 OUT1 IN1— —0UT1 -T-o/oxt/ o-T- Io/o)(o/ oI
>< |Nz-1 o/ 0 l-OUTZ INZ-l o0 l-OUTZ IN2 .l—J o—l-omz

OUT1 N1

N2 — —0OuTZ2 IN2 OUT2 N2 — —OuT2
. Viout?
- ) IN1 Vi3 ouT1
1 0N _ T
Wiout1 CTl
30V |: : = y e
0.0
B Victl) ;E ;E
3.0V
ALY | | | IN2 OUT2
32us 40us e

Ous aus 16us 24dus




\Voltage Mode Gray Code Input DAC

l
O
I

IN1 = Vref Nt~ -~ - ~7qourt_ R
® re Uref—:—\ - W
5IN2 =0 AN
| VA SR
oCTL <— Gray code input : /v i
|
I

o0OUT1, OUT2 — Connected with R-2R Ladder

j X0 i X1 j IJ{E i
N N N oy
oy AN oy, N, Vout
Lo ¥sa | ReloaXs | RL---xst | R eLo--¥s0 | — Vref
r r r - 05R — _
AN T é TN é AN é Vout(D)—2n+1|(2D D]
|| /! N | | | I A | | I ) \ I | | ! \ I
|/ 13' v/ “j| |7 "'_,’| |1/ ‘_\.' n : number of bits
L—:-t‘:“::-. ] t thm--=="3 ' ngielptabata oS D=1 2 3..n+1
= B3 B2 Bl B0
MSB LS8

oFinal stage — terminated with 1.5R, 0.5R resistors.



Voltage Mode Gray Code Input DAC
Simulation Results

. Bits X0 X1 X2 X3 Vout
4-bit case
0000 1 Y Y 1/8 1/32
20 V[n001)
Y | : 0001 1 Y Y 3/32 3/32
0011 1 Y 0 Y 5/32
0010 1 Y 0 1/8 7/32
0110 1 0 Y 3/8 9/32
0111 1 0 Y% Y 11/32
0101 1 0 Y Y 13/52
0100 1 0 Y 3/8 15/32
1100 0 1 6/8 5/8 17/32
1101 0 1 6/8 1/2 19/32
1111 0 1 Y 6/8 21/32
1110 0 1 Y 5/8 23/32
1010 0 Y 1 7/8 25/32
1011 0 Y 1 6/8 27/32
| . | | | | . 1001 0 Y 6/8 1 29/32
D.0v i E i i i i E 1000 0 %  6/8 7/8  31/32
Ous 2us dus bus Bus 10us 12us 14us




Voltage Mode Gray Code Input DAC
Simulation Results

8-bit case

V[n075)

3.0V=

2.7Y=

2.4y=

2.1Y=

1.8V=

1.5V=

1.2V=

0.9v=

0.6Y=

0.3V=

0.0v:




Voltage Mode Gray Code Input DAC
MOSFET Implementation

Aspect ratios W/L for R, 2R, 1.5R, 0.5R

|74 |4
R: DS __ DS

2
Vg

Vref Viout
-—----4 Ml——s—tm=-—- -7 I g ===== A Msl—y———r - - — - - M7 E
x'\. .-_. *«._H. --_.-" 'H.‘ .-___.- LY -__.a-
- b - i
Rl M2 e M4 ey M& RN M8 [

Gray Codes




Voltage Mode Gray Code Input DAC
MOSFET Implementation Simulation Results

4-bit case 8-bit case

V(VUUT.] 1N ¥[n001) VY[vmos)

NO GLITCHES

Resistor Gray Code R-2R DAC

— MOSFET Gray Code R-2R DAC

L 0.3V
i T | ] | N I I | 0.0v : : : :
Jus 2lus 40us bllus allus 10lus 1lus 14lus Thlus 0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 15ms 1.8ms 21ms 2.4ms




Current Steering Mode Gray Code Input DAC (1/2)

O IN1, IN2, intermediate stages —binary weighted current sources.

o Gray code alters the way the switches are triggered

o lout=lout+ - lout -

C-bl 21 41 81
S I —— ] -} lout— _

lout+

r_'._-_._-j -___ _|__ _-_.-_- -_‘:-u r_'._- _. _-____ ___-_. :.-_'i _'-_-.._- j__. __.-: :.'_-u l:-.-_- _- — l_ - _-_.-.' -
| 1 [
I ' 21 @f‘“ I g1 | lout=(lout+)—(lout-}
G{ll G1 = Glﬂ G3 |
= I =




Current Steering Mode Gray Code Input DAC(2/2)

For 1010 Gray code,

S3,S1 — ON, the other switches — OFF
lout —=1+ 21 — 4] — 8] = —9]
lout += —1 —21 +41+ 8] = 9]




Current Steering Mode Gray Code Input
DAC Simulation Results

4-bit case 8-bit case

i) IR _— I(lout_current-) {lout_current+)

150

120

k-

Fli . 0mA-
i 0.5mA
m 0.0mA-

14 NO GLITCHES

S0

Sopt-

120p




Current Steering Mode Gray Code Input
DAC MOSFET Implementation

M2, M3, M4, M5 generatel, 21, 41,8l (current source)

M6, M7, M8, M9 generate I, 21, 41,8l (currentsmk)
\DD

FI—E = i =

L 12 +a la
— __._&.
T T e o “T...
N2 || L .| lout




Current Steering Mode Gray Code Input DAC
MOSFET Implementation Simulation Results

180pA IR21) I(R22) I(R1) IR2)
150p4

120pA- /”\ (/\\
90pA

60pA ——

I0pA-
OpA—

“30pA— Glitches but not
very significant

-60pA

-90pA—

-120pA-

-150pA T T T T T T T
0.0ms 0.3ms 0.6ms 0.9ms 1.2ms 1.5ms 1.8ms Z2.1ms Z2.Ams



Conclusion

v'Successful design and Implementation of R-2R DACs using MOSFETs.
v'Prone to glitches — multiple bits switching at a time.

v'Claims of Gray Code DACs being difficult to design

but we successfully designed and simulated

v Gray code Input DACs reduce glitches considerably
v No extra space needed for IC design

v No extra circuit needed to remove glitch.



Final Statement

Coding method can lead to robust mixed-signal circuit design.

Gray code was invented by Frank Gray at Bell Lab in 1947.




Thank you



