Optimal Voltage Reference Design for SAR ADCs

Luis Chioye — Precision Data Converters
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SAR ADC Architecture

» The Reference is sampled several times during each conversion

» High-current transients (~10’s mA range) are present in this REF input where the ADC'’s internal
capacitor array is switched and charged as the bit decisions are made as binary weighted bit
conversions are made.

» Current transient pulses occur only a few nanoseconds away of each other during the conversion
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ADS8881 Reference Bypass capacitor

e 10uF to 22uF range

» Ceramic X7R-grade, 0805-size, > 10-V rating

» Place right at the REFIN pin, use wide, low inductance connections

 Follow datasheet recommendations
ADS8881:18-Bit, 1-MSPS, SAR ADC:

EXTERMAL REFERENCE INPUT

y nout ADSBEE1C 3 5 y
nput range

REF put rang ADS8881] 25 5

Reference input current :D;é'lgg conversion, 1-MHz sample rate, mid- 100 WA
Reference leakage current 250 nA
Decoupling capacitor at the m—

CREF REF input @ 22 >
Input leakage current During acquisition for de input 5 nA

e

High-performance (16-Bit) often require Cgg210uF
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Reference Bypass capacitor

. Why IS the large reference bypass capacitor required?
Works as large charge bucket
- Provides instantaneous charge at MSBs decisions
- Fast Transients are separated by CCLK period (10’s ns)
- Reference droop must be less < %2 LSB between CCLKs

FTTTTTTToTomos <+<——— Conversion Start

U1 REFE050 ’_\r ) et _ . A il i -
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E" ReFsos0 OUT-3 ' crReF | iti
s GND_S | = Initial
= CREF_Load <«— Transient

MSB Transients

T‘/l 1*__4,1

-} II-IT—-—-H-—-—

CCLK period

Transients (mA)

REF Current
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Reference Bypass capacitor

* Why is the large reference bypass capacitor required?
- For example, ADS8881, 18-B, 1-MSPS, SAR ADC:

©00uA Qconv Charge/current during
7/ MSB bit decision
l 700ns  1300ns
€ teony — € tacg
Datasheet Qconv = Qwmss + QLsBs
Average REFIN Current Ouse :%Qconv: 2102pC _105pC
Q=1+t 700ns Conversion
Iconv =300 A teetk =18 e = 20N> (e
tconv=700ns | = Q _105pC 2 63mA
Qconv =300uA*700ns =210pC tccik  40ns

REFIN charge during each
conversion
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Reference Bypass capacitor
* Why is the large reference bypass capacitor required?

For example, ADS8881, 18-B, 1-MSPS, SAR ADC:
For this approximate calculation,
Assume most charge from bypass Capacitor and
keep VREF voltage droop <1/4 LSB

dv
lc=C—
dt 18-B ADC

LSB=38.14uV —  Full-Scale=+5V

dv =11 sB=953uv
4 Conversion

dt=tcck =40ns —~  Clock

o dt ~40ns
C= ICW—Z.GSmA 9530V llﬂ.O4uF

Datasheet recommends 10uF - 22uF
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Important Datasheet Parameters

Example: ADS8881 18-B, 1-MSPS, Fully-Differential Input ADC

Sampling Rate = 1-MSPS
Throughput Period: t.,.=1us
Conversion Time: t.,,,=710ns (max)

Input Equivalent Circuit: Rg / Cep

(950 \
AINP O ‘ . ANNN—
el T L
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T
4pF —g_D’_SH
% 0 SPES
AINN O T L /\/\/\,—,——r Y,

Figure 47. Input Sampling Stage Equivalent Circuit

| EXTERNAL REFERENCE INPUT

VREF =5V

Fully-Differential Input ADC
Full-scale Range: +VREF = +10V

ADC Resolution / Least Significant Bit (LSB):

+VREF 2-VREF
2N = 218

% LSB =19.07uV

LSB = =38.14uV

‘Average’ Reference Input Current
At Full throughput

/

ADS8881C 3 /5
VREF Input range
ADS88811 25 L 5
Reference input current P;J(;Lng conversion, 1-MHz sample rate, mid- 300 vA
8
Reference leakage current 250 nA

C Decoupling capacitor at the
REF REF input
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Estimate REFIN Capacitive Load:

Acquisition Phase

SW1_acq SW1_Hold
t
Csh —L
+ 55pF
X Vin_diff E Comparator
Csh -
55PFT SW2_Hold
SW2-Acg - T
- Simplify/Redraw as SE circuit
Acquisition Phase
SW1_acq \
+| ” ! SW1_Hold '
_>< Vin_diff/2 J‘ " comp

Csh
1 = |

-

Acquisition Phase
SW1_acq

t
SW1_Hold

|

_X Vin_diffi2 oo I

L 27 5pF

Hold Phase

Cmsb 27.5pF

SW_hold

COoMP

Crest 27.5pF
+ Vin - -

¥

MSB bit Decision

L]
) p—

Crest 27.5p

SW_hold T

+% VREF
-Vin

-

Worst VREF Load at MSB Decision:
Cload = C/2 = Csh/4 = 13.5pF

NOTE: REFIN Cmsb not always ¥4 Csh;
depends on device Architecture!!
This is a first order estimate.
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Conversion Period and Conversion Clock Timing

ADS8881 uses an internal conversion clock (CCLK) Datasheet Specifies t,,,, max

SAMPLING DYNAMICS \

teony Conversion time 500 Y10 ns

taca Acquisition time 290 ns
Maximum throughput rate 1000 | KHz

with or without latency

Estimate internal Conversion Clock period

taew=1000ns > :
|
o— toam= 71005 —-:Z q=290n?i Fsample =1000kHz
|
1
coNvsT /| \ /;r_ teyele = oookrz
«——— Conversion —s, i t,., =710ns
i/ y I~
. t 710ns
BUSY o/ t o= = = 40ns
Assume 18 Internal Conversion Clocks i celk N
{CCLKs) for 16-Bit ADC i BIT
|
|
|

1
1
CCLK f14 /2 ____/_\4'7
h— 18

g —
teemw =teonNer

teep=t0ns Jy TEXAS INSTRUMENTS
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TINA SPICE Equivalent Model

REF6050

Ss GND_S
T FILT GND_F ﬂ
C21u

VREF droop Error

t —A0Ns*8=320NS Conversion Clock Resets
CNTL = = N 3
8 transients (2*Cgy) teok =40NS CREF = 0V
VREF i_"k_““c _______ ]‘\ ———————————————— ? ————————
| NTL BIT_SW BIT R
VIN U1 REF6050 i Ut — XF — 'Xr
T_C VIN L S— IREF | R196 t ) A
s i D | o CREF 1

R4 20m

/ —
58881 Discrete Charge Ref Pin Model
VREF_error | -
[}
+ ! 18-B LSB=38uV Vref=5V CMSB=13.75pF REF 13.75p

T V14999975, /' tconv=710ns=18 CCLK

R5 1MEG

TCCLK = BIT_SW = ~40ns (tcclk) L

CNTL= 8*40ns = 320ns BIY_SW BIT R CNTL
+
V Bl

(8 hits per conversion, 2xCSH) . N
VRESET
V_CNTL

Simulation = Iref = ~511uA

Datasheet |_refin= ~300uA

LD
&R Rsp
ADS8881_REF6050_LC2_3_9_2017.TSC Cloap = 1/4 C,= 13.75pF
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Steady state Simulation Results

g adsAA60_model-se - Schematic Editor
Fle Edt Insart View | Analyss Interactive TBM Took Help

wlawl_lgi e [+ @for=] 8d-1) sloe
J+|® (e (i}~ slole| =l

4999952V

VREF
CNTL ’—<B|13w ’—< BIT R
Lt L Lt L Lt

R196 U U T
ANA
CREF 1

IREF
ADS8881 Discrete Charge Ref Pin Model

F D T
n ] ] .
VREF_ error
Buv Wref=5v CMSB = 13.75pF CREF 13.75p

V1 4.999952V 18 COLK

T_SW = ~40ns (tcelk) L
CNTL= 8*40ns = 320ns BIT_SW BIT_R CNTL

I
I T i (8 hits per conversion, 2xCSH) . + 4

1 Simulation = Iref = ~511uA

! Datasheet |_refin= ~300uA

: V_BIT VRESET

|

I

|

I C147u

The steady state Reference input to the
includes external reference initial Set the Reference input source to match
accuracy error. the steady state Reference input.
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Example simulation: transient results

g‘!adsBBGu,deel—se - Schematic Editor

Fle Edt Insert View | Analysis Interactive T&M Took Help

TRl — el 5-'91}”\[7“ rrrql’rf Voltage across CREF
0.00

a2l e mMode. ] e [ CREF
J[o[E][g]5 Moo el olofs Load Cap

ectronic | Spice Macros | Gatas

Switches | Meters
Hasg ———  Stress Analysis Enabled

Enable MCU Code debugger

Transient Current into
REFIN Pin

Set Analysis Parameters...

Select Optimization Target 48.70m
Select Control Object IREF q
-139.82u

DC Analysis

AC Analysis

5.00— !
Steady State Solver... VREF j [
5.00

REFIN Pin voltage

Fourier Analysis

Digital Step-by-Step
Digital Timing Analysis...

Digital VHDL Simulation... 10.94u —
Mixed VHDL Simulation... !

REFIN error Voltage

Symboc Analysis VREF_error

Noise Analysis...

Optimization -972.84u

: : 5.00— H H
e T R oot e
. RESETs Cper Voltage

cme e AT St e o
nd displey X Cancel 000 Conv Clock (CCLK)

& Calculate operating paint ?  Help 5.00

" Use initial conditions = V_CNTL E CNTL SWltCh Slgnal

(~ Zero initial values
0.00 — ————— (8XCgrer Loads per Conv)

0.00 1.00u
Time (s)

x

ili

v Draw excitation
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R5 IMEG

Key Result: Error Signal

r\ﬁEF________I
SW._CNTL  SW BIT SW_BIT [
VIN U1 REF6050 8x CCLK (CCLK) RESET
T T
VIN OUT_F I
EN OuT S CREF J‘I
o REF60SQ.' e | | — =
FILT GND_| F o -4
3 I VREF_error f— [
CREF 13.75pF
c21u L7 1 400952 |
c1 4I7 £
l.; U —

VREF_error

V_BIT

V_CNTL

V_RESET

100.00u —
-972.84U—E ) ! ’
5.00 Zoom in
Reference settling error
] Verify settles within ~1 LSB
0.00 1 5000¢§> """"""""""""""""""
500*7 VREF_error g g (— f— { {‘
i V_BIT - ‘ ‘ ’_
0.00
5'0075 o 500 j \[
.« Must settle within each
oo« Tconv clock cycle
900.00n

" To less than LSB (38uV)
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R5 IMEG

Key Result: Error Signal

50.00u —
25.00u

VREF_error .00 ,lllHH ||H““||I'

-25.00u

-50.00u
5.00

V_BIT

Check Settling

s
Look at droop error over
many conversions

V_CNTL

SW._CNTL  SW_BIT sweT |
U1 REF6050 8xCCLKs  (CCLK) RESET ~
uN Clks (X S Droop < ~1LSB
VIN OuT F b—— I
EN out 8§ |—0o CREF J_I
o REF6050. " £ | | 1
FILT GND_F = | VREF_error - [ V_RESET
+ CREF 13.75pF
C21u L | = V14999952 |
I 1 olml L I
- | D e e e e e e — - J 0.00 50.00u 100.00u
Time (s)
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R5 IMEG

Average Current in Simulation

Average Current over the
conversion cycle is
529uA in approximate
TINA simulation model
(conservative)

Datasheet spec is 300pA

= — = — = ===
| SW CNTL  SW.BIT SW_BIT [
VIN U1 REF6050 8xCCLKs  (CCLK) RESET
I T T T
VIN OUT F |—— | I
EN QuT_S M
s REF6050. ~ e CREF J,—|
X £ —
FILT GND_F o 1
| R | VREF_error - [
+ CREF 13.75pF
c21u L | = V14999952 |
I C1 olml L
- S |

o)

Starting time: 0.00
Ending time: 10.00u

Average Value:529.388491uA

Absolute Average Value:533.994421u

I

SR

0.00 5.00u
Time (s)

48.70m —
B M m”m mum MM
-139.82u

-12.06u

VREF_error

= | —
= —

VRESET

V_CNTL
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