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Research Objective

v'Research and implement DAC for glitch reduction
using Gray code input
*(difficult to design)

Approach
v"Use MOSFETs for DAC design
v'Utilization of Gray code input for glitch reduction
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Introduction to DAC

*Convert digital signal to analog signal

Digital to Analog
n I | ‘ | — Converter :D,{\MJ
DAC :
Digital Signal ( ) Analog Signal

Signal to be recognized by human senses

*Widely used in signal processing

ICSICT 2016

Paper ID : SO346 4




What are Glitches ?

v"Voltage spikes

v'Reasons for glitches
>Capacitive coupling
°Differences in switching

0111

J_

1000

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

(Multiple switches changing states at once)
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Glitch Problem and Remedy

Effects of Glitch
oSerious deterloratlon of |mages V|deos and sounds

Remedy .
> Using high-order reconstruction filter } Ext ceinlC,
o Using track/hold circuitry at the DAC output
°Using Gray code input DAC topologles V
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What is Gray code ?

oGray code > Alternative representation of binary code
oTwo adjacent numbers—> Only one bit change
oReflected binary code

Binary to Gray code conversion

B4 (MSB) B3 B2 B1(LSB)
1 » H} 'HITH..I --""'EB""MU

1 0 0 _ 1
G4 (MSB) G3 G2 G1(LSB)
B4 B4 xor B3 B3 xor B2 B2 xor B1
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Gray Code versus Binary Code

: : . : Decimal Binary Gray
Binary code Multiple bits change at a time 0 2000 0000
Trigger more switches 1 0001 0001
2 0010 0011
Example. 1 = 2 --- 0001 - 0010 2 bits change 3 0011 0010
4 0100 0110
7 2 8--- 0111 1000 all 4 bits change 5 0101 0111
6 0110 0101
G ray code  only one bit changes at a time 7 0111 0100
8 1000 1100
Triggers one switch 9 1001 1101
Example. 1 - 2 --- 0001 - 0011 one bit change (B2) 10 1010 1111
7 2 8 ---0100->1100 one bit change (B4) 11 1011 1110
12 1100 1010
mm) Less glitches 13 1101 1011
14 1110 1001
15 1111 1000
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Gray code versus Binary code Timing Diagram

Vig1 " V{b0)
5[]1|u: [g ) v
2.5\/= 5\
0.0V V(@2 W Vi)
5.0V a2 "
2.5V= =
0.0V e W V(b2
5.0\ (9 0
2.5\/= 5\
0.0V e 0V
V(b3
5.0V (o4 y &
2.5\/= 5\
[].[]]u: I I 1 1 1 1 1 1 1 1 1 U‘"I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ongl 2ns| 4nz 6ns  8ns 10ns 12ns 14ns 16ns 18ns 20ns 22ns 24ns 26ns 28ns 30ns 32ns Ons 15 Ins 3||r Ins Sns Gns Tns ns 9ns f0ns f1ns 12ns 13ns 1dns 15ns 16ns 17ns 18ns 19ns 20ns 2ns 22ns 23ns 2dns 25ns 26ns 27ns 28ns 29ns 30ns Hns 32ns

Gray code timing diagram Binary code timing diagram

Gray code 2> Only one bit changes at a time 000120011
Binary code = Multiple bits change at a time 000120010

Using Gray code = Less glitches expected to appear
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Gray Code Input DAC



Switch Matrix Design

CTL CTL=0 CTL=1 CTL=1

CTL=0
| | | IN1 OUT1 IN1 OUT1 IN1 OUT1
N1 —] —OUT1 N1 OUT1 IN1— —OUTH (,Xo/ O.XJ
INZ — — INZ —><_ _l l_ J l_

ouT2 OUTZ N2 ouT2 IN2 3/ 0 OUT2 N2 0 0= OUT2 IN2 ouT2

IN1 ouT1

M1 M2
Switch is DPDT (Double-Pole Double-Throw) T >< =S

IN2 ouT2
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Switch Matrix Operation

P Victl)
O | |
o V(in1) IN1 OUTL
1.0V- M3
IIII""I I I I I |_,_‘_,_|_| _I_
1 oY WV{in2) " il .
,,,,IIIIIIIIIIIIIIIIIIIII
1.0%= :TIT _CTIT
....1.|||||||||||||||||
1 0V Viout2)
0.0y I I I I I I I I I |_,_\_,_\_ IN2 Ma ouT2
Hlls H:.s 1!!5 ’Ilﬁs Ellils 25s 30s 355 40s 45s 50s T
CiL
CTL = LOW: CTL —> HIGH:
M3, M4 = ON, M1,M2 - OFF M1, M2 — ON, M3, M4 —> OFF
INL=0UTL, N2 =0UT2 INL=Out2,  IN2=0UT1
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\Voltage Mode Gray Code Input DAC

OlNl = VI"ef Vref IN1 ™ ;:._._...: '-! 0OuUT1 an
£
oIN2 =0 : \\ s |
J [
oCTL € Gray code input :'% "‘f\ : gzn
I
oOUT1, OUT2 - Connected with R-2R Ladder : : AN
IN2 ~_ _yloum xa
~==-=-7 R r====a R ===-=2 R -====a 158 - 1 -—==="
N s ma i\ \e e ettt pa et " &
N N, N N,
| Ny | \ o | Ny | Ny Vout
s | SRALlXe ! SRALx L SRS 1 oS =
AN AEECAA N B LA ‘ Vref
! \ ! \ / \ / \ —
I: / kl: :! 7 x:l: :: / '«.:’: I: ; \,j: VOut(D) _2n+1|(2D_1)|
= éa T ;";----J é:----J éuL_-__J n : number of bits
Ms8 B D=1,2,3..n+1
oFinal stage = terminated with 1.5R, 0.5R resistors.
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Voltage Mode Gray Code Input DAC
A-bit case  SPICE Simulation Results

Vin031) ° e
3.0V
1 0000 3/32 0.09375
2 0001 9/32 0.28125
3 0011 15/32 0.46875
4 0010 21/32 0.65625
5 0110 27/32 0.84375
6 0111 33/32 1.03125
7 0101 39/52 1.21875
8 0100 45/32 1.40625
9 1100 51/32 1.59375
gﬁn}i = 10 1101 57/32 1.78125
2.5\ 5 | 11 1111 63/32 1.96875
g:g:: TR 12 1110 69/32 2.15625
2.5\/=
g:gi _ 13 1010 75/32 2.34375
s 14 1011 81/32 2.53125
g:gtﬁ T 15 1001 87/32 2.71875
;:3}"{' 16 1000 93/32 2.90625

L] L] L] ] 1 1 L] L] L] L L] L] L] L L L L] L L] L L] L] L] L]
Ons 1ns 2ns 2ns 4ns 5ns 6ns Tns &ns 9ns 10ns 11ns 12ns 12ns 14ns 15ns 16ns 17ns 18ns 19ns 20ns 21ns 22ns 23ns 24ns 25ns 26ns 2Tns 28ns 29ns 30ns 31ns 32ns
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Voltage Mode Gray Code Input DAC
8-bit case  SPICE Simulation Results

V(n016)

n:m;_ r ; . T . T y T ; : T ' T Y T Y T T ] T NO G

B - o B o o o o - T W{g0) o o - o S e o - o

5.0~
oo UL LRy Ny vy
SN NI N NSNS AN NN NN NEEENENEENE NN AN NE NN EEEE NN
0. DS
5_0W a2}
oov 2+ + + { 1 I ¥ ¥ ¥ ¥ ¥ 1 ¥ ¥ ¥ { ¥ { 1 ¥ ¢ 1 §¥ 1 ¥ ¥ 1 1 11
AL Vth:
ST 1 ] | ] | ] | — ] | | | ] | 1
5.0,
o | | | | — | ] | ] |
5.0, =
o | | | — | | )
5.0~
o] | - | |
5.0 | la7) |
0'0.\"{. L] L L L] L] L] L L] L L L L L] L] Ll L L] L L] L L

Ons 12ns 24ns J6ns 48ns 60ns T2ns 84ns 96ns 108ns 120ns 132ns 144ns 156ns 168ns 180ns 192ns 204ns 216ns 228ns 240ns 252ns
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Voltage Mode Gray Code Input DAC
MOSFET Implementation

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

|74 |4
R: DS __ DS

Idsat @X(%)X(VGS—VTH)Z

Vg

Vref Viout
——ee-a—Ml~——F1-——- -4 I g ===== A Msl—y———r - - — - - M7 E
x'\. .-_. *«._H. --_.-" 'H.‘ .-___.- LY -__.a-
- b - i
RS M2 e M4 ey M& RN M8 [

Gray Codes
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Voltage Mode Gray Code Input DAC
MOSFET Implementation Simulation Results

4-bit case 3-bit case
30V U{wut;dbit] . Vot Vout
2.1\/= 27V-
2.4V 24V
o “”' NO GLITCHES

1.8V 1.8V
1.5V= 1.5V
1.2V= 1.V
0.9V= 0.9V
0.6V= 0.6V

Resistor Gray Code input DAC
0.3V= 0.3\ MOSFET Gray Code Input DAC

U'm’: ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 0.0V I I I I 1 I I I
Ons 1ns 2ns 3ns 4ns Sns 6ns Tns 8ns 9ns 10ns 1ins 12ns 13ns 1dns 15ns 16ns O0ms 0.ms 0.6ms 0.9ms 1.2ms 1.5ms 1.ms L1ms 24ms
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Current Steering Mode Gray Code Input DAC
Circuit Configuration

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

o Gray code alters the way the switches are triggered

o lout=lout+ - lout -

I I R o) lout—
m2 - A LA . oo ] louts |
I T T i
( : S, | (_: E)zl | @rﬂ | E E)ﬂl | lout=(lout+)}—({lout-)
G{.I G1 L Glﬂ Ggl
| IG_‘ray l':.nde! |
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Current Steering Mode Gray Code Input DAC
Circuit Operation

For 1010 Gray code,

S3,S1 — ON, the other switches — OFF
lout —=1+ 21 — 4] — 8] = —9]
lout += —1 —21 +41+ 8] = 9]
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Current Steering Mode Gray Code Input DAC
SPICE Simulation Results

4-bit case 8-bit case
150 l{lout.) |(lout+) 1.8mA I(R1) IIR2)
7S M N 1.5mA=
1.2mA=
Il — —
_ _ 0.9mA
A — —_— 0.6mA-
Jph= — — 0.3mA
OpA= 0.0mA=
_3“]&_ — e 0.3mA=
Syl — — 0.6mA= NO GLITCHES
o T 0.9mA=
_Hpﬂ- p— —
| . 1.2mA-
s — 1.5mA=
13pA I I I I I I I 1.8mA T T T T T T T T
0.0ms 0Jms Obms 09ms 12ms 15ms 18ms 21ms  2.4ms 00ms 03ms 06ms 09ms 12ms 15ms 18ms 21ms  2.4ms
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Current Steering Mode Gray Code Input DAC
MOSFET Implementation

M2, M3, M4, M5 generate I, 21, 41, 8I (current source)

M7, M8, M9, M10 generate I, 21, 41, 8I (current sink)
- ADD -

. I 2 + a1 la
e B M e [ B pra— - Tev——— -} lout—
IN1] . s0 ~..S1- ".S$2 .83
IL{Z.,.-:.......: ........ S . — i — 1N T . } ..... . _louts _
1 I I
I | 12 e | la1 |
G1 - G2 - G G
G E I_| . l_|C |_|[E
- -
VSS
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Current Steering Mode Gray Code Input DAC
MOSFET Implementation Simulation Results

I{lout-) I{lout+) I{lo ut=-} I{I{:-ut=+}

180pA

150pA

120pA— .‘ '
SO d
G0 A= k

Do
30pA—
60pA— Glitches but not
O0pA= very significant
120pA—

150pA

'18[]"""&' | | | | | | | | | | | | | | | | | | | | | | | |
0.0ms 0. 1ms 0. 2ms 0.3ms 0.4ms 0.5ms 0.6ms 0.7fms 0.8ms 0.9ms 1.0ms 1.1ms 1.2ms

These glitches are due to mismatch of PMOS and NMOS
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R-2R Binary Voltage Mode DAC

V{out)

----------- SIUV
. 2R 2R 2R 2R Lovom .
............. 5 7 T\ Glitches
i .71 i
l i 2.4V/=
- B$0 . g :n-I Bn
2.1V
3 OV V{out)
2.7TV= I .8V
2.4\/'— I
2.1/ |.5l|u'r'-
T L
1.8V/= | 2\
1.5\ L= '
1.2V . ) 9\
0.9/= —I_
0.6V/= 1.6V
0.3/= . L—
. Ops Eﬂlps fmlps Eﬂlps Bﬂlps 1[][.]ps 126;15 14[I]ps 160ps 8_b|t Case
. ) ) ) 0.0v T T T T T T T T
Glitches get introduced in binary code R-2R DAC 000ms  030ms  060ms  0%0ms  120ms  150ms  180ms  210ms  2.40ms
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R-2R Binary Current Mode DAC

Oy
~SHh e —

“eovn| 4-bit case —
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6 & & 1 0.3mA-
b, b, by be 0.4mA-]

-0.5mA=

-0.6mA=
-0.7mA=
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0.9ma- 8-bit case
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T L] L] T L] T L] T
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Conclusion

v'R-2R DACs prone to glitches — Multiple bits switching at a time.

v'Claims of Gray code DACs being difficult to design

but successfully designed and simulated

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

v No extra circuit needed to remove glitches
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Final Statement

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

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

K Gray and A. L. Johnsrud in television booth. Behind
Is at sides and top are the photo- i
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