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Analog to Digital Conversion

Over-, Under sampling SNR

THD
Nuyquist

ADSXXXX

INL / DNL

Aliasing

A-2
ENOB

13 TEXAS
INSTRUMENTS




The Size of the Least Significant Bit (LSB)

RESOLUTION \ VOLTAGE of LSB| ppm FS % FS dB FS
N 2 (10V FS)
2-bit 4 2.5V 250,000 25 -12
4-bit 16 625 mV 62,500 6.25 -24
6-bit 64 156 mV 15,625 1.56 -36
8-bit 256 39.1 mV 3,906 0.39 -48
10-bit 1,024 9.77 mV (10 mV) 977 0.098 -60
12-bit 4,096 2.44 mV 244 0.024 72
14-bit 16,384 610 uV 61 0.0061 -84
16-bit 65,536 153 uVv 15 0.0015 -96
18-bit 262,144 38 pV 4 0.0004 -108
20-bit 1,048,576 9.54 pV (10 pV) 1 0.0001 -120
22-bit 4,194,304 2.38 uv 0.24 0.000024 -132
24-bit 16,777,216 596 nV* 0.06 0.000006 -144

*600nV is the Johnson Noise in a 10kHz BW of a 2.2kQ Resistor @ 25 C

Remember: 10-bits and 10V FS yields an LSB of 10mV, 1000ppm, or 0.1%.
All other values may be calculated by powers of 2.

13 TEXAS

INSTRUMENTS




Analog to Digital Conversion
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Typical ADC Input Drive Circuit

» Signal conditioning

» Adaptation to ADC input range
* MUX, Range extension

 Anti - Aliasing Voo
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« Buffer for Impedance Matching
» Dynamic Load (Switched Capacitor)
 Acquisition Time
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CDAC SAR ADC Input Buffer and Filter Selection

Op Amp Filter A/D
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Simplified Model of SAR-ADC Input Stage




SAR ADC Input Voltage during Sampling
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More detailed SAR Input Stage
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CDAC SAR ADC Input Buffer and Filter Selection

Op Amp Filter A/D
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Voltage Across the Sampling Capacitor

1/2 LSB

T
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Voltage Across Sampling Capacitor

Vesn (1) =Vesh (t0) + Vg —Vegy (8)) < (1— e_;)

Vgy(t) is voltage in time across the sampling capacitor, Cg
Vgy(tp) is voltage across the Cgy,, at beginning of acquisition time
V,\ Is the input voltage to the ADC

T is acquisition time constant and equal to Rg; X Cgyy

t Is a time variable in seconds
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Settling Time as Function of 7T

Viy —Vegn (tag) < LLSB

Vesh(tao) Is voltage across the Cgyy, at the end of the sampling period
tao IS acquisition time, the time from the beginning of the sampling period (t,)
to the end of the sampling period

% LSB— FSR

2N+1

(LSB = Least Significant Bit, FSR is the full-scale range of the N-Bit converter)

to 2K x7

kl _ In(VINF_S\éSHO . 2N+l)
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Time-Constant-Multiplier for SAR ADC

k1l
ADC time-constant-multiplier
Resolution ~ 1/2 LSB accuracy, 1/2™**

*note — using worst case values: V, = full-scale voltage or 2N, V¢,,, = OV
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Data Acquisition Time
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Charge Injection
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External and Internal Acquisition Capacitors

Vin S1 Rs1 Vsho
—‘—e/e—w—.—
T C: T Cu
Vin Sl Rs1 Vsho Vior
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Charge Distribution between C:- and Cg,

Qi =Cr XV, Qs = Cshi XVgo

After the closure of S1,the charge on C and Cg,, distributes.

CTOT — CF +CSH QTOT — QIN +QSH

CF °VIN 4+ CSH
Ce +CSH Ce +CSH

'VSH 0

VTOT —

a 1 C
V.o =——— V., +—V a=—-=
TOT a+1 ™ a1 SHO CSH
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New Time Constant Multiplier

a 1
-2 v — Ty
( a+1j N a+l SHO.ZNH

FSR

~
N
Il

In

“k™ is not only function of the initial charge Vg4, but it is also a function of the
value of the applied external capacitor C.. In the case of the lower frequency
input signal (~fs/10) the calculation of the initial charge Vg, of the Cg is

% FSR. On the other hand, for the multiplexed signal at the input to the
converter, we need to use OV for Vg,

k, = In(i-z'\'”j
a+1l
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New Time-Constant-Multiplier for SAR ADC

a k2
ADC Ce/Cqy time-constant-multiplie

Resolution 1 LSB accuracy, 1/2"

16
16
16
16

*note — using worst case values: V,, = full-scale voltage or 2N, V¢, = OV

Assumed: t,p=3.4us and Cg,=25pF
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Charge Bucket |

Charge Transfer Equation: Q = CV

\
Charge required to charge Cgy, t0 Vier aﬁ% E

— Qsh = CsyVrer &z
— Qgy = 25pF-4.096V = 102pC

IDEAL C
“Charge Bucket” to fill C5, with only a 31.25pV (1/2LSB) droop on Cg ¢
— Qpr =Qsh

= Qpr = Gy (31.35pV)

IDEAL Cg ;= 3.3uF
— Not a good, small, cheap high frequency capacitor
— Not practical for Op Amp to drive directly (stability, transient current)

— Isolation resistor likely not large enough to help isolate Cload and still
meet necessary filter time constant
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Charge Bucket Il

 Partition the “Charge Bucket”
— 95% from Cg, ;
— 5% from Op Amp

* Cg 7 value required to provide Qg With <5% droop on Cg, ¢
— QpLr = Qsyy
- QFLT — CFLT (OOSVREF)
— 102pC = Cy; (0.05:4.096V) — C, ; = 500pF

* During tycq the Op Amp must replace 5% Vigee on Cp ¢
— Ensure C ; is at least 10 X > Cg,
* This implies dominant load for Op Amp Buffer is Cg, ¢
* 500pF = 20 X 25pF = C, ;> 20 X Cg
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CDAC SAR ADC Input Buffer and Filter Selection

Filter A/D
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Buffer Output Impedance
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OPA364 Open-Loop Output Impedance

10k~

2ol

100-

Zo Magnitude (Ohm)
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A
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Frequency (Hz)

Ro Open-Loop output resistance
f.o Frequency of Zero in the Open-Loop output impedance
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OPA364 Open-Loop Output Impedance

VOUT
Values from Tina model £ 1
R, =107.3Q ® 27-R,-Cy
f o =6.32kHz Co, =0.235uF
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OPA364 Open-Loop Voltage Gain
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Op Amp with external RC-Filter
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Op Amp with External RC Filter
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Added Pole and Zero

1
. foo—
BIPOLAR PX
OpAMp 27-(R, +R:)-C.
1
fox =
2R -C
¢ 1
2-Stage CMOS RRO 2 C,-C
OpAmp 27 (R, +R 2
( ){C +C }
B 1
“27-R.-C,
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Gain of Added Pole and Zero

Gain of added pole

Gain of added zero

Modify close-loop
unity gain frequency

G,, =—20- Iog{ffﬂ}

U

G,, =G, —40-Iogﬁﬂ}

PX

G. =0dB=G,, —20- |og{i}
fZX

GZX

f. =1, 10 /2
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Test Circuit

SAR ADC
Vesn
S1 R S2
" AN——o

OPA364 B _

ADS7886
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Design Criteria (w/o Phase Margin)

1) Critically stable:

f,, = f.(—40dB/decade)

2) Marginally stable:

f
G(f,)=3dB or fzxzrjl

3) Good design:
G(f,,)=6dB or fzxzf—zC
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A Good Design Guideline

\ fZX’ GZX

.///
1K -20dB/Dec
|
-20dB/Dec

| /'
fe
10k 100k 1M

10M

- Phase Shift -

1
fo > 10 1sz
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OPA364 with Re=15Q and C=1,500pF

S f 1 foy =873kHz
“\\ PX ZX
~L| Gpy =15.30B
g W‘\\ _ f, =7.07MHz
i — T~ % G, =-5.2dB
< T Lt fo=249MHZ
-20 15 0( fC) =-141.3°

1-10° 1-10° 110"

Phase Margin

Frequency [Hz]
— Open-Loop voltage gain l//( fC ) = 1800 — 9( fC )
Modify Open-Loop voltage gain f 38 70
—0dB = .
— Phase Shift l//( ¢ )
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Small Signal Step Response

R=15Q and C=1,500pF
50mV/div 250ns/div
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OPA364 with R=66.5Q and C-=1,500pF

N f f ’ foy =0616kHZ
PX ZX
\\4\# | G,, =18.9dB
g T _ f,, =1.59MHz
5, I, 2 G, =7.120B
2 T _,...--L" | £
< — f. =3.04MHz
-20 15 0( fC) = —106.30
| Frequ;ncy[HZ] | Phase Margin
—_— Opeq-Loop voltage gain _ l//( fC) = 1800 — 9( fC)
- g/lgglfy Open-Loop voltage gain ( f ) ~ 73 70
—— Phase Shift P\e) = 1o
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Small-Signal Step Response

R=66.5Q and C=1,500pF
50mV/div 250ns/div

h) [Tek TPS2Q00 Seriesl,GHA 50 mVi1250ms 1110 lou ol ol h) [Tek TPS2Q00 Seriesl,GHA 50 mVi1250ms 1110 lou ol ol

OPA364 Output ADC Input
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Histogram Results for Different t,q

| | | ] ST | | |
1 SAR ADC
S2
—o
8 1+
— C.. — Vs
;” [Tek Dszqﬂ;hserie?;]i H1, ;50 mV, E:zﬁolﬂsi 111 | 111 | 111 | 111 |E ADS7886
lorr
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Histogram Results for Different t,q

0.6

ADS7886
05 /'\—\ Resolution 12 Bit
/ \ FSR 4.096 V

= 0.4 65535 Samples per t,q
5 \ /
= 03 \ / — 150hm 1,500pF
g 0.2 66.50hm 1,500pF
e I
D 01

O - ’ ’

— VNyax = 548 WVgys

0 200 400 600 800 Oyyay = 0.16 LSB
VNyax = 164 pVgys
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Minimum Acquisition Time and OpAmp’s GBW

1) Find Unity Gain Bandwidth f, =GBW
_ 1
2) Calculate frequency of added zero fzx =1 fu
1
3) Determine minimum time-constant T =
21 1,y
' inli _ 1 N-+1 .
4) Calculate time-constant multiplier k=In(——-2"") q =
a+l
5) Find minimum acquisition time tyo k-7

13 TEXAS
INSTRUMENTS




Minimum Acquisition Time for Some OpAmp’s

12 Bit 16 Bit

i, T taq taQ
(MHz) (MHz) (ns) (ns) (ns)

NI Medium Speed, Precision INA 0.55 0.14 1,157 5,672 8,881

W2 B High Precision, 120dB CMRR 1.3 0.33 490 2,400 3,757
\-%xi B High Bandwidth, Single Supply 5.0 1.25 127 624 977
0127 %7 I/ CMOS, 0.0007% THD+N 5.5 1.38 116 567 888
0127 WIS 1.8V, High CMRR, SHDN 7.0 1.75 91 446 698
o] vyl Dual VFB, Low Noise 12.5 3.13 51 250 391
(O17.\y/4m Ultra-Low THD+N, Wide BW 16.0 4.00 40 195 305
(O] I Precision High-Speed Amp 18.0 4.50 35 173 271
017 V7/y Al CMOS, e-trim™, Low Noise 20.0 5.00 32 156 244
(0] 27.\vi 3 Precision, Low Noise, G 25 33.0 8.25 19 95 148
012U Precision ADC Driver 38.0 9.50 17 82 129
(O]2\E[sIsM High-Speed, Zero-Crossover 50.0 12.50 13 62 98
o127 wicticl Dual, Low Power, VFB 75.0 18.75 8 42 65
(0]27-VAKE 36V, Bipolar Precision 80.0 20.00 8 39 61
1l S7YL5 \Very Low Power RRIO 80.0 20.00 8 39 61
(012Xt CMOS, 3V Operation, SC70 80.0 20.00 8 39 61
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After selecting ADC and Op Amp

1) Determine C.

2) Calculate “a”

3) Calculate time-constant multiplier

4) Calculate frequency of added zero

5) Verify frequency of added zero

20-Cy, <C, <60-Cy,

K = In(—— . 21y
a+1
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After selecting ADC and OpAmp

1
1) Calculate R E —
2r-C.- 1,y
2) Verify value Rg RF > &
9

3) Calculate frequency of added pole

f o =
7 27-(R. +R,)-C,

4) Keep added pole and zero

> 1
less then decade a part 1EPX — 10 fzx

5) Verify gain of added zero
+6dB <G, =-20- Iog{ffﬂ} —40- |OQ{IA}

U PX
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Natiirlich TI T W R Texas
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ADC DAC
Fk Jekzt Muster bestellen

Amplifier and < %Y
Data Converter Guide

Thanks !

Amplifiers: Operational, Instrumentation,
Comparators, Special Function Analog, Power,
Buffers, High Speed, Audio

Data Converters: Delta-Sigma ADCs, SAR ADCs,
PFipeline ADCs, Precision DACs, High-Spesd DACs,
Analeg Monitoring and Control, Audic Corverters

for your attention

I{.\lﬁ\)(\.lﬂun\.llhumk)(\‘W011(H01001E'J‘I1O1O‘I(J1O110010(}101(}‘1010110100100101010101101010100‘10‘101‘1010

www.ti.com/amplifier
www.ti.com/dataconverters 1Q 2009
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