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SAR ADC'’s Block Diagram
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Equivalent Input Circuit

v oo
Ron CisampLe)
50£2 48pF
ANALOG IN M o— |
GND — SAR ADC

Sample & Hold Amplifier

Diode Turn-On Voltage: 0.35V

Equivalent Analog Input Circuit
S1 S2
vIN RS1
& —AM\N—9—o"
+
— — Vsuo
T Csy —
From the Data Sheet for ADS8326: an 1
- Sampling capacitor is 48pF — —
- Sampling switch resistance is 50 Q
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Sample and Conversion Process

ELECTRICAL CHARACTERISTICS: Vpp = +5V
At —40°C to +850C, VREF = +5V, —IN = GND, fSAMPLE = 250kHZ, and fDCLOCK =24 % fSAMPLE! unless otherwise noted.

ADS8326 ADS8326IB
PARAMETER TEST CONDITIONS MIN TYP MAX MIN TYP MAX| UNIT
SAMPLING DYNAMICS
ORI (T 24KHz < foeLock < 6MHzZ 2 667 666.7 2 667 666.7|  us

(16 DCLOCKS)  ~_ tconv

Acquisition time

(4.2 DCLOCKS) \ taa | focLock = BMHz 0.75 0.75 us
ThroughNut rate N

i DCL&KS) N 250 250 |  KkSPS

Clock frequ focLock \ 0.024 6 0.024 6 MHz

B/ S2 s1 S2
V|N RS1

Qﬁ - it

Coi =

Iy
I+

Vsuo =

VSHO

1|
|l
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Sample and Conversion Timing

TIMING INFORMATION

— Lo ? -
CS/SHDN

- Sample -‘ Conversion .-| Power Down —|
e |+tsucs
—| |-t

| csb Use positive clock edge for data transfer

Hi-Z (1 Hi-Z
Dour 0 |B15|B14|B13|B12|B11]|B10| B9 | B8 | B7 | B6 | B5 | B4 | B3 | B2 | B1 |BO |

(MSB) (LSB)
D S

NOTE: (1) A mjplimum of 22 clock cycles are require

16-bit conversion; 24 clock cycles are shown.

Table 1. Timing Characteristics

SYMBOL DESCRIFW MIN TYP MAX UNIT
L4 B
tampL Amut sample time 45 50| DCLOCKs
teony <~ Conversion time 16 DCLOCKs
tove Complete cycle time 22 DCLOCKs
i3 TExas
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Voltage Ripple on The Input of
ADC

Tek EH 10.0MS/s d_ 8 Acqs

Sampling
Signal

Analog Input
Signal

Chi  T1.00V ' M5.004s Ch4 \ 1.2V
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Voltage Across Sampling

Capacitor
t l
Vesn Vin — T 1/2 LSB
Rs; /
VCSH(t)
T Ce Vsio —
— _? >
Iy tho Time

Viesn (t) =Vegy (t) +[Viy —Vesn (G)]x 11— e_;)

T =Ry, xCyg,
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Settling Time as a Function of

Time Constant

Viy —Vegn (tao) < 2LSB

Veshltao) Is voltage across the Cgy,, at the end of the sampling period
taq IS acquisition time, the time from the beginning of the sampling period (t,)
to the end of the sampling period

! gp PR

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

tho 2K X7

k, = (N +1)xIn(2)
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Time-Constant-Multiplier (k)
for SAR ADC

k1
ADC time-constant-multiplie
Resolution  1/2 LSB accuracy, 1/2"*"

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

13 TEXAS
INSTRUMENTS




SAR ADC With Input RC Filter

SAR ADC

VCSH
S1 S2
RF VIN RS1
—A\\—e o —ANN—e——o -
+
-— V
iy \\ — . = Ve

R, xC, < a~
(N +1)-In(2)
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Start Ac UISItIOI’l |
/7 ..... :CI. Sten |

] 300ns 1.25G5/5 ra & Dec 2009
i 7.867 % 10k points 1.84V J|13:32:19

200ns
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5 Start AcE uisitio
| /// | :q

S -7 " EndAcquisiti

J(gs00ns 1.25G57S r
800ns I 7.867 % 10k points 1.84 V
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Modified Open-Loop
Voltage Gain

-40dB/Dec fzx"

/
N
40 K N\ -20dB/Dec

Voltage Gain (dB)
(o))
(@)
y A
0]

. 1]

-20dB/Dec \\\ i

N

0 i / -
1:C

-20 LIl ‘

1 10 100 1k 10k 100k 1M 10M

Frequency (Hz)
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Added Pole and Zero

1
Frequency of added pole =
7 27-(R,+R.)-C,
F f added f .
requency of added zero =
“? 2z-R.-C,
fo
Gain of added pole Gy =—20-log| —
fu
i G, =G,y —40-log| 2
Gain of added zero 7x = Opy 100
PX
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-20dB/Dec

-20dB/Dec fo >1_10 fzx

R. 20
9

]

10k 100k ™ 10M
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Final Circuit

SAR ADC
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Minimum Acquisition Time
and Op Amp’s GBW

e Calculate time-constant multiplier K = (N +1) . |n(2)
: . . < tAQ
o Determine minimum time-constant TS T
1
« Calculate frequency of added zero fzx =
27T
«  Find Unity Gain Bandwidth GBW =4.-f,,
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Minimum Acquisition Time for
Different Op Amps

fz

(MHz) (MHz) (ns)

INA155 Medium Speed, Precision INA 5,672 8,881

|\ .\ +: 3 High Precision, 120dB CMRR 1.3 0.33 490 2,400 3,757

INA331 High Bandwidth, Single Supply 5.0 1.25 127 624 977
o] . %7:!| Il CMOS, 0.0007% THD+N 5.5 1.38 116 567 888
(0] 2. %1-x 3 1.8V, High CMRR, SHDN 7.0 1.75 91 446 698
(o] ...yl Dual VFB, Low Noise 12.5 3.13 51 250 391
(0] 7.:y74l Ultra-Low THD+N, Wide BW 16.0 4.00 40 195 305
0] 7% 1.5 I Precision High-Speed Amp 18.0 4.50 35 173 271
(0] 7.V A CMOS, e-trim™, Low Noise 20.0 5.00 32 156 244
(o] ).vy1. 3 Precision, Low Noise, G2 5 33.0 8.25 19 95 148
(o] 7.% 1|/ I Precision ADC Driver 38.0 9.50 17 82 129
(0] 7.\"< ;1.0 High-Speed, Zero-Crossover 50.0 12.50 13 62 98
(o]2).v1:1:1: I Dual, Low Power, VFB 75.0 18.75 8 42 65
(0] 27.vVA LI 36V, Bipolar Precision 80.0 20.00 8 39 61
L 52 Y25 Very Low Power RRIO 80.0 20.00 8 39 61
(0] 7. & 1.1 3 CMOS, 3V Operation, SC70 80.0 20.00 8 39 61

i3 TExas
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R <
-20dB/Dec fC - fZX
f, or
L <
T G, <0dB
LM fzx: sz
|' N
-20dB/Dec
I EEE L1 | |1
100 1k 10k 100k '
Frequency (Hz) \\
Stability
Problem
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Determine C. 20-C,, <C. £60-C, r?

Calculate R RF

Verify value Re

Calculate frequency of added pole

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

Keep added pole and zero

fo 2 % fzx
less then decade a part
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" k=(N+1)-In(2)=(16+1)-In(2) =11.78

- Lro _ 750ns

k1178
1 1

f = =
% 2zt 27-63.65ns

= 63.65ns

= 2.5MHz

| GBW 24 f,, =4-25MHz =10MHz

960pF <C. <29nF = C. =1.2nF

R 1 1

" 2x.C.-f, 27-12nF-25MHz

Design by Example

For ADS8326 we have t,,=750ns, Cg,=48pF and N=16.

~20-Cg, <C, <60-Cq, = 20-48pF <C. <60-48pF =
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ADC and DAC Functions

ADC :
| CODE 2 N
CODE=V,,-—
VREF
VREF
CODE )? > VOUT DAC .
Vo, =CODE -VREF




Noise and ENOB of ADC

Signal-to-Noise Ratio and Distortion

—SNR THD

SINAD(dB) = —201log \/1010 +10 0

Effective Number of Bits

SINAD —-1.76dB
6.02

ENOB= f (SNRTHD)

ENOB =
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Noise Sources in SAR ADCs

 Wideband ADC internal circuits noise
 Noise due to aperture jitter

e Quantization noise

 Transition or DNL noise

 Analog input buffer circuit noise
 Reference input voltage noise
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Measuring Reference Input Noise

— | REF5040 *

V,, = 0V
or
V,, = FSR

REFIN

ADS8326
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Noise Contribution

| |
45 ADC + REF Noise
40 \\ //
£ -
s
=, 25 -
S 20 \
15 1 ADC Internal Noise
10
5 4
0 L) L)
0 0.5 1 15 2 2.5 3 3.5 4 45
Input Voltage [V]
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Quantization of Reference Noise

 Low noise analog input of 0.09V
— Source of noise is ADC’s internal noise.
— Measured noise is 274Vpys or 179uVpp

 Low noise analog input of 4.02V

— Source of noise is ADC’s internal noise
and reference input noise.

— Measured noise is 43UVpyg Or 287uVpp
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Sources of the Noise in REF50xx

VOUT

Noise Source

TP Texas s




Low Pass Filter Shapes the
Output Noise Spectrum

INFUT NOISE AND CURRENT NOISE
SPECTRAL DENSITY vs FREQUENCY

1000

i

Current Noise

—_—

Voltage Noise (nV/vHz)

—

Current Noise (fAlvHz)

100

RMS

a7
5

10 1p0
Frequelcy (Hz)

1/f Region | | Broadband Region | Low pass filter

Source: Art Kay; OpAmp Noise 2006
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REF50xx Noise Test Circuit

Variable
NC |1 8| NC
+5V
’ v, [2 7] NC
-1 REF5040 +4.096V
Ci -1 TEMP 3 6 VOUT
10uF —
S GND 4 51 TRIM -1 Cour
1uF - 50uF
N N

i3 TEXAS
INSTRUMENTS




Capacitor Equivalent Circuit

ESL ESR

C Capacitance

ESR Equivalent Series Resistance
ESL Equivalent Series Inductance
IR Insulation Resistance
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Capacitive Load with ESR

1

f =
" 27x-(R,+ESR)-C,

é ESR
1

—C, f, =
” " 27-ESR-C,
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Measured Noise for different BW

and LP Filters

Measurement Bandwith
30kHz 80kHz >500kHz Units

LP-3P LP-3P

GND
1uF

2.2uF (cer)
10pF
10uF (cer)
20uF (cer)
47uF

The capacitor on the output of REF50xx together with
internal components will create Low Pass filters.
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Filtering Internal Bandgap
Reference
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Measured Noise with Added

Bandgap Filter

Measurement Bandwith
22kHz 30kHz 80kHz >500kHz Units
LP-5P LP-3P LP-3P

GND
2.2uF (cer)
2.2uF+1uF

10uF
10uF+1uF

20uF (cer)
20uF+1pF

Adding 1uF capacitor on the TRIM pin will reduce noise ~2.5x
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400 -4

-120

-140

REF5040 Output with 10 ¢ F and

<10m ¢ ESR Capacitor

Frequency Spectrum (32768 Point FFT)

Fs=131.0F20kHz Fin = 4.000000 Hz

m ..|.||1.J||| |

-160 -

BW=80kHz noise=16.5 u Vs
BW=65kHz noise=138 u V.,

Ao

J |I|\||||||‘|||..I | |.||J|t|l G 1

SNR=T70.672 SINAD=70.663 SFDR=96740 THD(3)=-97.399 ARL =384.288
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1.2V >
+ E —_
10uF

REF5040 [ 10uF

Adding RC filter reduce noise from xx to xx

»
P
| |
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N.ai REF5040 Output with added RC Filter

Frequency Spectrum (32768 Point FFT)

Fs=131.0720kHz Fin = 8.000000 Hz

o BW=80kHz noise=2.2 u Vs
BW=65kHz noise=15 £V

Wl i

SNR =88.594 SINAD =88571 SFDR=110.237 THD(3)=-111.373 ARL=84.288
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@™ | SAR ADC Capacitive Conversion
- Network

Comparator ADS83xx

T i L —
Rt

Scaling
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~ Start Convetrsi

] 1.25G5/S
07.867 % 10k points 1.84 v |13:47:26




Start Conversi

I

(@D 1.00v Is00ns 1.25GS/s S | 8 Dec 2009
@ 5.00V i 7.867 % 10k points 1.84 v 113:49:19
M s5.00V
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«.@» | Voltage-reference circuit with added
— buffer and output filter

§|\'l OPA350
L 5V
- 10k \-K ®

w—— T é

12v |, é L ESR

+ ESR

C) 10uF 1
— — 10uF |
REF5040 10uF 1

BW=80kHz noise=4.5 1 Vyus
BW=65kHz noise=42 1V
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Design by Example

Use REF5040 and 10 u F with
0.5Q<ESR<1.5%Q (V=39 U Vr\s/261 4 Vpp)

Add 1 u F on the TRIM pin
(V=16 i Vpys/138 1 Vip)

Use additional RC Filter (10kS2/10 ¢ F)
(V,=2.2 U Vgus/15 U Vpp)

Buffer output with OPA350 and 10 ¢ F with
0.2Q<ESR (V,=4.5 U Vrus/42 1L Vpp)
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Questions?

Thanks for Your Interest
In
From Analog to Digital:
Design In a Few Simple Steps

Miro Oljaca

Senior Applications Engineer

Texas Instruments Inc

Tucson, Arizona USA M'RO
moljaca@ti.com OoE S| &
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