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Agenda TECH DAYS:

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier. Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing
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Single Ended

Pseudo-differential

| T
AVDD DVDD
Vref
) 1 T AIN_P
Vin
-0.1Vto 3.1V FSR
J_ 0V to 3.0V ADS7042
l AIN_M
4
= Vin AGND DGND

-0.1V to +0.1V
L I

Vin dif = AIN_P — AIN_M
Vin dif = 3.0V — 0.0V = +3.0V

30l \ Vin dif = AIN_P — AIN_M
' Vin dif = 0.0V — 0.0V = 0.0V

AIN_P
2.25 4

15

0.751 AIN_N = 0V

0.0

Time (sec)

1 T
AVDD DVDD
Vref
) f T AIN_P
Vin
-0.1Vto 3.1v FSR
3 l AIN_M
Vin =% FSR +0.1V AGND DGND

J1_.5v J__ 47

y  Vindif=AIN_P - AIN_M
Vin dif = 2.5V — 1.5V = +1.5V

301 Vin dif = AIN_P — AIN_M

Vin dif =0V - 1.5V = -1.5V
2.25¢

1.5

\ =1 =
0754 AIN_N =% FSR = 1.5V

Time (sec)

0.0
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ADC Input Swing and Common Mode

A
5.0 1

3.75
2.5

1.25 ¢

0.0 -

Output of FDA

Vout_dif =4.9V - 0.1V = 4.8V

Output of FDA

Dy

Vout_dif = 0V - 5V = -5V

|

Differential of £5V (10Vpp)

Single ended equivalent OV to 5V (5Vpp)
Double the range of single ended

Negative differential output can occur when
absolute output voltage of each output is
positive (unipolar single supply)

AIN P +AIN_M
2

Vcm =

In this example common mode is always 2.5V
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Fully Differential Input

Full-scale input voltage span -Vref Vref
AINP to GND |-0.1 Vref+0.1
Absolute Input voltage range
AINM to GND |-0.1 +0.1

Common-mode voltage range
(AIN_P + AIN_N)/2

(Vref/2)-0.1

Vref/2

>

(Vref/2)+0.1

Vcm must be
constant at Vref/2

Vin

-0.1Vto 5.1v FSR
+5V

Vin
-0.1Vto 5.1V
i

§|\7/

1.8V

£

1.8V

i

ADC Input Viltage

ADC Input (Fully Differential)

JAY A

/

\
4

.5

V\AIN_M
0

AIN_P

AIN_M

ADS9110

AGND

/ Vref  AVDD  DVDD

DGND

I

Common Mode Voltage (V)

(2}

I

w

N

=

o

3
v

N |+

o

0.5

1.5 2 2.5 3
Time
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True Differential Input

, i -Vref
Full-scale input voltage span Vref . AIN_M /\
AbsolLte | | AINP to GND |-0-1 Vref+0.1 y £ p \ /
solute Input voltage range >
AINM to GND |-0-1 +0.1 2, / V/
Common-mode voltage range 0.0 Vref/2 Vref g . / \
(AIN_P + AIN_N)/2 > IN_P N
0 - f f
0 0.5 1 1.5 2 2.5
§|\_/ §|\_/ §|\—/ Time
Vcm has a wide Vref  AVDD  DVDD
voltage range. ; AN P Vcm for True Diff Example
- 5
th T 2 t—Vem= AIN_PIAINM
& 4 =
-0.1Vto 5.1V FSR o
Po Fss ADS8881 E 7\ 7\
f) \ | A/ \\
. AIN_M § . \\ / v
) € ’
V?n \ AGND  DGND o
0 0.5 1 1.5 2 2.5
-0.1V t0 5.1V J_ 47 o
_I_ -

5

ADC Input Voltages (True Differential)
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Summary Examples of ADC input types

Input Type

Vref

Ain_P

Example 16 Bit Output

Single Ended | 5V | OVto 5V GND (+/- 100mV) n/a OV to 5V 0000 = 0V
FFFF = FSR =5V
Pseudo 5V | OV to5V Set 2 * Range (2.5V) n/a -2.5V to +2.5V 8000 = -2.5V
Differential 7FFF = +2.5V
Fully 5V | OV to5V OV to 5V Set 2 * Range -5V to +5V 8000 = -5V
Differential (2.5V) 7FFF = +5V
True sV OV to 5V OV to 5V Can vary from -5V to +5V 8000 = -5V
Differential —FS to +FS 7FFF = +5V
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Input Impedance: Resistive vs. Switched Capacitor

Switched Capacitor Input Resistive, High Voltage, PGA input
3V 3V
sV
2
REF6050 v Input Range = +12.288V —
5.0v ] Abs Max Input = £20V -
Reference T T 115V 1MQ Resistive input impedance | Reference |
— Vref AVDD DVDD Vref AVDD DVDD
= Input Range = 0 to Vref - }\D\/'/f\,) _ %
Abs Max Input = Vref + 0.3V +
Dynamic input impedance _{BV

sV T
N-Bit - OPA188 w N-Bit
Register BW = 2MHz Register
— 1MQ .
" OPAZ0 - y& O Vbias
ADS8860 DGND ADS8681 DGND
I 7 3
« Wide bandwidth external amp required « External amplifier bandwidth not critical
« Dynamic input impedance « Internal PGA, ADC driver, and reference
* |nput voltage range set by reference « High voltage input (£12.288V) with 3V & 5V supplies
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Agenda TECH DAYS:

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier. Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing
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Single Ended Input: ADC Input Range Considerations

Full-scale input voltage span 0 AVDD
Absolute Input voltage range AINP to GND 0 AVDD+0.1 V
P ge range "AINM to GND 0.1 101
Absolute Maximum Ratings
ADS7042  [MIN _ [MAX  [UNIT | Absolute
AVDD to GND -0.3 3.9 Vv 03< Max ADC <3.6V 3%\’ 1%’
. | R
DVDD to GND 0.3 3.9 Y, el nput a”{j —
AINP to GND -0.3 AVDD + 0.3 V -3 R1 250 vret
— VWV AIN P
AINN to GND -0.3 +0.3 / V 1 OPA320 B
! cT 4 ADS7042
= 1.5nF T Full
0.0 < Scale < 3.3V
. Range

AVDD+0.3 = 3.3V + 0.3V = 3.6V

AIN_M

AGND DGND

L+ v
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Single Ended Input: OPA320 Linear Range

Amplifier output range

0.02 <V, < 3.28V

Amplifier Linear Range

0.1 <V, < 3.2V

Worst Case Range

0.1 <V, < 3.2V

Common-mode voltage range Vi (V-)-0.1 (V+)+0.1 V
I it both rai RL = 10kQ 10 20 v
Voltage swing from both ralls Vo RL = 2kO 5 35 m
: 0.1 <Vo < (V+)-0.1V, R, =10kQ 114 132
- A dB
Open-loop gain oL [0.2< Vo < (V4)-0.2V, R, = 2kQ 108 123
‘e . Absolute
Amplifier input range -0.1V <V, < 3.4V 3.3V 0.3< Max ADC <3.6V

Input Range
- Rl 25Q Y
s ' AIN_P
+ OPA320
1. 5nF :|:
Amp

\ Full
Worst

0.0 < Scale < 3.3V
Range

0.1<

Case < 3.2V

Range
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Single Ended Input: Extending the Op Amp Range

Low Noise Negative Bias

Generator

* Regulated Output Voltage -0.232 V
 Output Voltage Tolerance 5%
 Output Voltage Ripple 4 mV;p

* Maximum Output Current 26 mA

SuF
| |
||
CF+ CF+

-0.232V

Vout |—e—

5V —1 vdd

22uUF

—1 SD  LM7705 T

Cres —

<4 _1

@

(V-)+0.1

Absolute
3.5V -0.3< Max ADC < 3.6V cee
Input Range
- R1 25Q Y
_|_
N W AIN_P
OPA320 c1 L \ Full
0.2V 1.5nF ~ 0.0 < Scale < 3.3V
Range
Amp =

0.1 < Worst 3.4V

Case
T Range

|

(V+) -0.1V
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Single Ended Input: OPA625

Common-mode voltage range Vi (V-) (V+) - 1.15 V
I f ooth rail RL = 10kQ 20 35
Volt ' th rai \Y \Y
oltage swing from both rails o [RL=8000 50 30 m

N o |0-15<Vo < (V+)-0.15V, R, = 10kQ[110 132 B
P Pg oL 10.2<Vo<(V+)-0.2V,R, =600Q |[106 128

— : Absolute
Amplifier input range 0.0V <V, <215V 33V -0-3<m“g§tx F/:aa%; %V/

o o - Rl 250
Amplifier output range |0.035 <V, < 3.265V + . X/ AN P
Amplifier Linear Range [0.15 <V, < 3.15V : OPA67 oL ™ 0.0< Soale < 3.3V
Worst Case Range 0.15 <V, < 2.15V o I enee

- 0.15<V(\:’Z;‘°t’9t 2.15V
Range
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Inverting amplifier: Eliminate Common mode issue

Common-mode voltage range Vi (V-) (V+) - 1.15 V
| U RL = 10kQ 20 35
Voltage swing from both ralls Vo RL = 6000 50 30 mV
. 0.15 < Vo < (V+) - 0.15V, R, = 10kQ |110 132
Open-loop gain Aol 02 <Vo<(V+)-02V, R, = 6000 | 106 128 dB
— : — R1 10kQ _ Rf 10kQ Absolute 3.3V 1.8V
Amplifier input range | No Vem limit e T T 03 < Max ADC <3.6V 1 L
: Input Range AVD? DVDD
. Vre
Amplifier output range |0.035 <V, < 3.265V [ R1 250 LV
Amplifier Linear Range |0.15 <V, < 3.15V ' L] OPABS oy | \ . ADS7042
- 1.5nF u
Worst Case Range 0.15<V,<3.15V / 0.0 < Scale <3.3v
£ Range
i AIN_M
Vcm Is constant
AGND DGND
L <
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Input Crossover Distortion in Rail-to-Rail Inputs

INPUT VOLTAGE RANGE
Vem Common mode voltage range | TA=-40C to 85C -0.2 (V+)+0.1 V
CMRR Common mode Rejection Vs =5V, 76 90 dB
-0.1V<Vcm< 3.6V
Vs =5V, 65 80 dB
-0.1V<Vcm<5.2V
Input vs. Output
Crossover
5.0 - Output with Crossover 5.5V dlstorthn "
' 3 distortion : / output signal
N ~
— 4.0 - + Rl 250
= — A
L 30 Input ideal 1
bo - OPA316
© Y/ sinusoidal wave ‘\ < N €1 —
O 2.0 / va — 1.5nF
> \
1.0 N = Linear =
0.0 \_4/ input
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 signal
Time (us)
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Input Cross-Over distortion vs Zero Cross-Over

PARAMETER: MIN TYP | MAX UNIT PARAMETER: MIN TYP | MAX UNIT
OPA350 — Has Crossover OPA320 - Zero Cross-Over
INPUT VOLTAGE RANGE INPUT VOLTAGE RANGE
Vewu Common mode voltage range | (V-)-0.1 (V+)+0.1 Vv Vem Common mode voltage range | (V-)-0.1 (V+)+0.1 Vv
CMRR Common mode Rejection 74 90 dB CMRR Common mode Rejection 100 114 dB
-0.1V<Vcm<5.6V -0.1V<Vcm<5.6V
r— Regulated
+Vs 500 Charge Pump Vs
v (D | Vout = Vcc+1.8V
IN™ -
i 250 No Crossover — Vn- <¢>
P MOS ; distort‘ion
Q1 Q2 E’ 0 PMOS With .
I—E EI ) g _ Crossover Q1 Q2
Qs Q4 = 47 distortion E EI
L [NMOS £ | ) N
..... 2 500 NMOS
© 750 I
00 10 20 30 40 50
Vs ~— Common Mode Voltage (V)
Vs
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Optimize bypass for internal charge pump op amps

Regulated Short direct connections from
supply to decoupling

Charge Pump |FVs

Vout = Vcc+1.8V

wi3 TEXAS INSTRUMENTS | 17



THD vs. Crossover Distortion

Crossover at 3.8V
5.2V
------------------------ Vout to
> ADS8860
Vpp =2V N
+ OPA316
"""""" Vin —
THD vs. Vmax N
120 20- Vmax=4.00Vv  Note that SNR
THD=71.2dB .

110 a0-

o - sNR-s3sqe T€Mained constant
) ] as THD degraded.
= 90 g °0
I = _100-
= 80 : 8 £

70
60
2.5 3 3.5 4 45 5
Max Input Signal Level (V)
-ZUU‘U 2[][5[][] 40600 EUﬁUU 80600 1UUIUUU 12[]IE]EJEJ 14UIUE]EJ ‘1EUIEJEJU 1BUIUEJU ‘199|998

Frequency(Hz)
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Agenda TECH DAYS:

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier: Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing

wi3 TEXAS INSTRUMENTS | 19



Instrumentation Amplifier (INA): Choose Gain

Vout = Ggz6 " VIN + VREF
KVOUT — 1000 - (10mV) + 0V = 10V

%

PARAMETER ADS8681 TEST CONDITION MIN TYP MAX UNIT
ANALOG INPUT
_ Input range = +3 X Vgee | -12.288 12.288
VN Full-scale Input voltage span Input range = +2.5 X Vgee | -10.24 10.24 Vv
Input range = +1.5 X Vgee | -6.144 6.144
3V 3V
+15V
+15V 4.096V
ADS8631 Reference | ]
) R \WU1 INA826 Vref AVDD DVDD
-10mVto Re {
+1omy 499 Ref
-15V . T/gl{ f
— -10Vto
/G _ (AVoyr\ [ 10V —(=10V) \ 1000\ 15V OV
826 =\ Av,y )~ \10mv — (=1omV)/ vem =0V
49.4kQ)
Ggze = 1+ < R ) _C
G -
. 49.4kQ  49.4kQ 1950 o7 49.90 AGND  DGND
6T Gage —1 1000 —1  00ors

A\

wi# TEXAS INSTRUMENTS
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Common mode and output swing for INAs

Vbir
Var = Vem ===

(

142 RF)
Rg

Rp
Voutr = Vpir + VpiF - (1 + 2 R_) + VRer

G

INA Common mode

« Output swing and common mode of

Internal amplifiers is a complex
relationship.

« Different INAs have different topologies

« Vref, V+, V-, and gain determine common
mode vs output swing relationship.

« A software tool simplifies this calculation

wi# TEXAS INSTRUMENTS
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Verify INA Common Mode Range (INA826)

45| Vs=5V.G=1 — Vpgr =0V 45| Vs=5V,G=100 —_— Vrgr =0V
‘ — VHEF =25V L — VHEF =25V
4 ,—F‘dh"‘-‘ 4 —— .,,..il-""'!!""'-i...,“l

% 35 [T~ —~— % 35 e~ B —
= L"ﬂ'/ = N | " \Nf
E 3 E 3 H \|\
(=] o
> 25 > 25
2 ° \ e ) \\
(=] > o
= 15 // = 15
g 1T 2
E 0.5 E 0.5
S o " x/ o of e =

-0.5 -0.5

-1 =1
0 05 1 15 2 25 3 35 4 45 5 0 05 1 156 2 25 3 35 4 45 5
Output Voltage (V) G034 Output Voltage (V) Go3T
Single supply Single supply
Figure 11. Input Common-Mode Voltage vs OutputVoltage Figure #Z. Input Common-Mode Voltage vs Output Voltage

N

[ Output Voltage = V * Gain ]
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Verify INA Common Mode Range

## Instrumentation Amplifier Qutput Voltage vs. Common Mode Voltage

Graph Vcm vs. Vout ‘

Vem vs. Vout for Instrumentation Amp

Vcm

Vem
14.3=

15 125 10 ?5 5 25 D 25 5 ?5 ID 125 1.5 oy
o0

Vout

Select INA

Enter Design Information and Create Graph

Vs+ Gain

Vin+ (Max)

0.0071

=

Vin (dif Max)

14.2m

!
oot

Vin - (Max)

Vin+ (Min)

-0.0074

Vin (dif Min)

-14.8m

N
oo

\in - (Min)

Vout Max

14.2

Vout Min

-14.8

X|

+15V
-10mV to Re
-15V +
f 15V +10V
Vcm = 0V Gain = 1000

« Vout range limited to -14.8V to +14.2V
-10V to 10V output inside the range
http://www.tl.com/tool/ina-cmv-calc

| . W j ;.:| 15 ;J| 1000 Create Graph
\s- Vref OK
/ _;}|-15 J|[1
L - \ N\
—( \ N ( )
1. Select your 2. Enter the supplies, 3. Enter the 4. Does the output
Instrumentation gain, reference and common mode range work for your
amplifier press “Create Graph”. voltage. system?
. /U AN J

~

J
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http://www.ti.com/tool/ina-cmv-calc
http://www.ti.com/tool/ina-cmv-calc
http://www.ti.com/tool/ina-cmv-calc
http://www.ti.com/tool/ina-cmv-calc
http://www.ti.com/tool/ina-cmv-calc
http://www.ti.com/tool/ina-cmv-calc

INA: Setting the reference input

+15V

Vem vs. Vout for Instrumentation Amp
14-
1L2=
10-

8-

-10.24V < Vin_adc < +10.24V

+15V
AD88681 -10.24V < Vin_abs max < +10.24V
rRg N1 INA826 R
Re .
1mV to ’
+21mV 49-9% Ret 7~ %
-15Vv . Ry ~
10V to \ AIN_P
-15V +10V PGA éﬁ} <
AIN_M
15V l// / )
59kQ) 11V —tH yfv O Vbias

-15V
Reference input

be driven
AV 10V — (—10V \ = must
/GSZ6 = < OUT) = < ( ) ) = 1000

Vom

D AN SN A O

_8_

_10_

_12_

_14_

-16-) i . . i i . . i i i . i

-15 -125 -10 75 -5 25 0 25 &5 7.5 10 125 15
Vout

AViN 1mV — (—21mV)
49.4k() ..
Ggzg = 1 +( R ) * Gain is calculated same as before
R o JOMQ 404K * Negative V_ref Input to shift t_he signal
Ggze —1 1000 -1 « Reference input must be driven

Vout = Ggz6 " ViN + VREF

VREF = VOUT_Min - G826 'VIN_Min

QREF = —10V — (1000)(1mV) = —11V /
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Output range limited by input common mode

## Instrumentation Amplifier Output Voltage vs. Common Mode Voltage x| +leV +15V A D S 8 6 8 l
Graph Vcm vs. Vout ‘ \
) . rg U1 INAB26
vcm vs. Vout for Instrumentation Amp vem OmV to G %
_ vin+ (Max) AN\ —
12_ 14.3:5. W +10mv 499 Ref
P .
_ . e : 6.4 =
T~ | | o S ov o
=== 6 S | 4 Vem =12V -15V PGA —
4'_ - .
£ ESIEg 2 11.9968 Gain = 1000
= === D_ Vin - (Max)
-2-
BEEE | W0 Vbias
=E 5— Vin+ (Min) —
. 8 11.9968
s —
-- 125 Vout Min
“les Vin (dif Mi Z
-14- I I I I 1 I I 1 1 |-|-| _]‘3'8_: —lg g-m In) o4
-15 -125 -10 -5 -5 -25 0 25 5 75 10 125 15 j’r :
Vout ¥ |
Selact TNA Enter Design Information and Create Graph 12.0032 . .
ER= g o * Vout range limited to £6.4V
] 15 21000 Create Graph ’ I
o | [ ) S - « Cannot achieve 0 to 10V output
915 Ido
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Two Stage Approach

oV

REF6050

5.0V
+15V Reference

Vref AVDD DVDD

+15V
; U1 INAS26 2V

10mVto Re

+1omv 499 & 1 OPA30 - F—
-15V ¥ OV to +5V BW = 20MHZ _ann_d ADS8860

f _ —220) AGND DGND

15V
Vem = 0V Gain = 250

Precision DC Input Wide Bandwidth Driver

wi3 TEXAS INSTRUMENTS = 26



Fully Differential Amplifier or FDA

Standard Operational Amplifier

Differential in

Single-ended out

Output Common Mode is Vout
Single feedback paths

ly-Differential Amplifier

Differential In

Differential out

Output Common-mode set by Vocm
Multiple feedback paths

Double the dynamic range of amplifier
Even order harmonic distortion canceled
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Fully Differential Amplifier or FDA

. Rei 1K
Vin-_ o1
/ 1v 2 AA'AY
lef_ln — 2V - 1\/ — 1V Sets Output
ey Vocm N___common mode
+ J
Vem in = 5= 1.5V 2.9V
Vin+_ AAA —s
2V Rez 1k

Vout+ =Vcm + Vdif/2
=25V +1V/2 =3V

F‘:\;\l/&k _Vout+
S 3V
5.4V \
Vdif out = 3V-2V =1V
{ Vem = Vocm :3\/;2\/: 2.5V
l Ul
THS4521 /
Vout-
NN\ ¢ C o\
R, 1k

Vout- = Vcm - Vdif/2
=25V -1V/2 =2V

wi# TEXAS INSTRUMENTS
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FDA — Single Ended Unipolar to Differential

5.0 +

3.75¢

2.5

1.25 ¢

O R EEEEE———

5.0 1

3.75 1

2.5

1.259

0.0-

Example
Vin=3.75V

- /- Example
N\ Vout_dif=2.5V -

Input to FDA Signal

Vcm =2.5V
}sFSR £0.1V

2

5V NN— NNV
/ 5V
Connect to
Vref/2 for

Unipolar

Vout_dif = +5V
vVem = 2.5V

|

5V 1%/ 1%/
= / Vref AVDD DVDD
AIN_P
ADS9110
AIN_M
\ AGND  DGND

I

Ayais
= ( vzl ) *(Vin—Vocm) + Vocum

A dif
Voutn = —< vzl > *(Vin—"Vocm) + Vocm

QOutDif = Avdif *(Vin=Vocm)

Example Calculation: v;,= 3.75V

p _RF_ZkQ_ZV/V
vdif T R, T 1kQ

2
Voutp = <§> - (3.75V — 2.5V) + 2.5V = 3.75V

2
Vourn = — (E) - (3.75V — 2.5V) + 2.5V = 1.25V

Voutpis = 2+ (3.75V — 2.5V) = 2.5V

~

/
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FDA — Single Ended Bipolar to Differential

A Input to FDA Signal
2.5+
1.25+4 \
0 Example
Vin=1.25V
-1.25 +
25+
A Output of FDA
50+

3.75 1

- /- Example

2.5

AIN_M

N Vout_dif=2.5V+

1.25¢

0.0-

Vin

Vcm =2.5V

}1/2FSR +0.1V

5V 1fv 1.8V
Re1 1k Re: 2k L Vref AVDD DVDD
_r’\/\/\/ *+ AVAVAY, -
v 5V AIN_P
Connect to
GND for Bipolar 2.5V Vout_dif = +5V,
Vem = 2.5V ADS9110
= l AIN_M
yve A \ AGND  DGND
RGZ 1k RFZ 2k i iL
High BW =

R
Apgir = R,

A dif
Voutr = ( vzl

A dif
Voutn = —< vzl > *(Vin) + Vocm

QOutDif = Apair - Vin)

) *(Vin) + Vocu

Example Calculation: v;,= 1.25V

Ry 2kQ
Avaig =g =g = 2V
2

2

Voutpis = 2 (3.75V — 1.25V) = 2.5V

~

/
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Improve Linear Range

5.0 1

3.75 -

2.5

1.25

Input to FDA Signal

Output of FDA

0.0-

AIN_M

Vcm =2.6V

/«—AIN_P

5V 1.8V 1;|§v
Ro1 1k Vref AVDD DVDD
2.6V AN
AIN_P
2.6V Valid CM Range
2.4V <Vcm < 2.6V ADSQllO
AIN_M
0V to 5V > MW\ AN AGND DGND
Rez 1k R, 2k J_ J7
PARAMETER THS4521 MIN TYP MAX UNIT
Output voltage low (V-) + 0.1 (V-) + 0.15 V
Output voltage high (V+)-0.3 |(V+)-0.25 V
PARAMETER ADS9110 MIN TYP MAX UNIT
Full-scale input voltage span -Vref Vref Vv
Absolute Input voltage range | AINto GND |-0.1 AVDD+0.1 v
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Finding standard resistors for unusual gains

44 Main _Pocket_Reference_Calculator.vi

Select the Calculator
+- Converters
= Amplfier
single Supply Amp

Find Amplifier Gain 3 Resistors
INA Vcm + Dif Filter

Find Amplifier Gain

+ Passive
+- Noise

+- Stability
+- PCB

+ Sensor

Calculator

Type

Inverting

Target Gain (Rf/R1)

-0.122

Tolerance

0.1% E198

oK

Rf

133

R1

1.09k

Best Gain
-0.12202

Error(%o)
0.015

=10l x|

http://www.ti.com/tool/analog-engineer-calc

Help

R, Ry
AN\ AVAVAY
Voo

Vout
(
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%

Agenda TECH DAYS:

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier. Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing
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Offset and Gain Calibration: two test signals

Two Precision
Inputs applied
r

lin2 = 20A

linl = ()Al 0.010

LOAD

30V to 40V S\

-\ _MP8481

Make sure
amplifiers are
In linear range

T\

0.5V \out1 = 0.5V

— OPA320 1nF _—

Average code read

Vref AVDD DVDD

ADC OUT1 = 6580
ADC OUT2 = 59024

U3
ADS8860

W

—22Q)

Gain =20 Vout2 =4.5V

DGND

\AGND

Vv

Avoid calibrating in
the non-linear regions

o
cas”

Two points in the linear
region for calibration

... Output Code

. o
~~~~~
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Calibration Example

FFFF, , Measured Slope Ideal Slope

Example calculation for Offset and Gain Error:

) Code, = 59024 Ving = 0.5V Apply 0A
8 _ Code; —Code; 59024 — (6580) 13111 Compute Slope based
g_ hm = Vinz — Vint B 45 —-0.5 - on codes
5 b,, = Code; —m,, - V;y; = 6580 —13111-0.5 = 24.5 Offset
O VIN appliea = 2.0V Example Input
8 Code = 26246 Output code
S
-
7, I ViN uncat = Code - LSB = 26246 -76.029uV = 2.002V  Uncalibrated 2mV error
i Code; = 6580 .
= | | | | Code — b,, 26246 — (24.5) Calibration eliminates
— | | | - N = = 3111 = 2.0000V error
V|N1 VINZ 5.0V Mm
0.5 FSR

Input Test Signal
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Error Sources that are difficult to Calibrate

190 Typical Units Shown

75 Integral Non-linearjty

 Temperature Drift S S T 5 ..
Iciripelatulre wIIIL =
- - 25 £
» Non-linearity s * OWM‘
» Long term shift (Aging) T :
-50 %—.
« Hysteresis 75
~100 -1
° NOISG -75 -h0 =25 OTemizratuz](oc)ﬁ 100 125 150 Code .

250

96 Units
SO-8 Package

200

m
Fam)
€

D

e

S
e+
Fain
\|Y
R

D
-

150

100

50

0

Output Voltage Stability (ppm)

-50

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Hours
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SNR of Amplifier + ADC: General Equations

§|\_/
V
REF6050 3V 3V / \
5.0V V
Reference ?: 22”': SNRADC = 20 - lOg( P;R_rms> Solve for noise
— Vref AVDD DVDD nADC
= — Input Range =0 to Vref
Resolution = 16 bit Voape = Vesr rms From ADC data
ADC LSB = Vref/2'® = 76.29pV " 10(F34ES) sheet
N-Bit Vo = J(VnADC)Z + (VnAmp) + (Vnger)? Total RMS Noise
Register
%
_ SNR;ptq = 20 - 1og< Fif—:“) ADC+Amp+Ref
n
AD8886O AGND DGND \ /
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SNR of Amplifier + ADC: Example Calculation

1kQ

10kQ

oV
S

REFG6050
5.0V

Reference
1

OV to

Vref AVDD

Resolution = 16 bit

ADC LSB = Vref/2'® = 76.29uV

DVDD

Input Range = 0 to Vref

N-Bit
Register

VFSR_rms - 05 ' FSR ' 0707
=0.5-5V-0.707 = 1.767V

Vesg rms 1767V

10(728%)  10C%0)

Viapc = = 39.6uV rms

2
Var = \/(VnADC)z + (VnAmp) + (VnRef)2
= /(36.9uV)2 + (128.8uV)? + (6.3uV)2= 134uV rms

wi# TEXAS INSTRUMENTS

/VFSR_rms = Vrsrpk - 0.707 \

SNR 20 -1 (VFSRF““S> 20 -1 (1'767v) 82.4 dB
= 1o = o) = .
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Signal Chain Noise: Analog Engineer’s Calculator

43 Main _Pocket_Reference_Calculator.vi

Select the Calculator

Converters
ADC SAR. Drive

ADC + Signal Chain Noise|
ADC ENOB & Effective Bits
Ideal Converter
Conversions

Amplifier
Single Supply Amp

INA Vom + Dif Fiter
Find Amplifier Gain
Passive
Moise
Stability
PCB
Sensor

Find Amplifier Gain 3 Resistors

Calculator

Converter Input
Signal Chain
Noise

; 128.80  Vrms

SNR Input
82.75

1. Enter the total rms noise
from the signal chain.

Ful Scale Range

v

OK

Help

=0l x|

Converter Output

Total_Noise
134.7u

ADC Noise
39.57u

WV rms

V rms

Combined SNR.

82.36

2. Enter the noise from the
ADC data sheet.

http://www.ti.com/tool/analog-engineer-calc

dB

3. Press “ok” and the total
noise is displayed here.
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Averaging to Reduce Noise

Measured vs. Calculated Averaging

Standard Deviation
. . Raw Data 1.80 na
Noise vs. Averaging Standard Deviation
S AR9E 10 X Averaging 0.59 0.57
Standard Deviation
Kz 100 x Averaging 0.18 0.18
14322
(D
T 14320
et V — ﬁ
‘é 14318 = Raw Data nAvg — \/N
S 14316 w10 X Averaging
° 14314 - Where
a1 DExAVEFaEIng V. is the RMS noise
N is the number of averages
14310 Vnavg IS the RMS noise after averaging
0 1000 2000 3000 4000 5000
|4 1.8 codes
Number of Samples Vaavg = no_ — 057 codes
VN 10

\Y Y
\SNRavg =20 log (V /f/N> =20 -log (7;) +10- log(N)/
n
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Agenda TECH DAYS €

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier. Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing
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Dynamic Characteristics

1111
1110
1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
0011
0010
0001
0000

Digital Output Code

Quantization
Error

+0.3125;

0.

-0.31257

0.0

0.625

1.25

1.875 2.5 3.125
Analog Input (V)

3.75

4.375

5.0

+%2 LSB

G
|
|

0.0

0.625

T

1.25

1875 25  3.125
Analog Input

3.75

4375

-%2 LSB
5.0

5.0
4.375
3.75
yol
Q é 3.125
N O
T 25
C 3
S 1.875
g =2
1.25
0.626
0.0
+0.3125
c
0
T =
N O
el
C ow
(¢
)
e} -0.3125

0.0 -

+%2 LSB

-72 LSB

0.0

0.5

1.0

1.5

2.0 2.5 3.0 3.5 4.0

Time (ms)
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Signal to Noise Ratio (SNR)

Amplitude (dB)

-100

FFT Showing AC Performance of ADC

— V; Digitized Signal Volta

ge

V\ Total RMS Voltage

0

1k 2k 3k 4k 5k 6k 7k 8k 9k 10k

Frequency (Hz)

Quantized

Quantization

Waveform

Error

5.0
4.375
3.75
3.125

=
00
SN
vi »

1.25
0.626

0.0
+0.3125

0.0 -

-0.3125

LA T AN

|
(11 ATARYNAL

—
<

0.0

0.5

1.0

N<

.0 2.5 3.0 3.5 4.0

Time (ms)

wi# TEXAS INSTRUMENTS

43



Signal to Noise Ratio (SNR)

FFT Showing AC Performance of ADC Measured Ratio:
0 bt I v

| <—— V; Digitized Signal Voltage - _ Vs
o I — — SNR(V/V) ==
) I D D O O O O P e N
T 40 I B B O O O O
) I I B B O O Measured dB:
'g .60 - . r . r. 1
= I I B B O O Vs
3 ., — L SNR(dB) = 20 - log | —=
<E: — 1 Vi
-100
190 ldeal ADC SNR:
SNR(dB) = 6.02* N + 1.76
0 1k 2k 3k 4k 5k 6k 7k 8k 9k 10k
Frequency (Hz)

Where N Is the number of bits
e.g. N =10 for a 10 bit converter
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ldeal SNR calculation from Resolution

According to the previous eguation:

SNR = 6.02N + 1.76 dB

ADC Resolution N (bits) Levels (2") SNR (dB)
8 256 49.92
10 1024 61.96
12 4096 74.00
14 16384 86.04
16 65536 98.08
18 262144 110.12
20 1048576 122.16

wi# TEXAS INSTRUMENTS
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Nonlinearity

Digital Output Code

1111
1110
1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
0011
0010
0001
0000

Nonlinear
Transfer Function
Ideal Transfer
function
0.0 0.626 1.25 1.875 2.5 3.125 3.75 4.375

Analog Input (V)

5.0

Digital Output Code

1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
0011
0010
0001
0000

N

Digitized function

\. | . with Nonlinearity

u . /|
Input Signal 7

0.0

0.5

1.0

1.5

2.0 2.5 3.0 3.5 4.0

Time (ms)
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Total Harmonic Distortion (THD), SINAD

Amplitude (dB)

s
N O ™
o & o

FFT Showing AC Performance of ADC

Vs Digitized Signal Power

V;Harmo

nics, i

: Vy Noise

0 1k 2k 3k 4k 5k 6k 7k 8k 9k 10k 11k

Frequency (H

2)

Digital Output Code

1101
1100
1011
1010
1001
1000
0111
0110
0101
0100
0011
0010
0001
0000

Pl B

/ N\,

Digitized function

N\, | & with Nonlinearity

_ /
Input Signal 7

0.0

0.5 1.0 1.5

2.0 2.5 3.0 3.5

Time (ms)

wip Texas INSTRUMENTS
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Total Harmonic Distortion (THD), THD+N

FFT Showing AC Performance of ADC
Vs Digitized Signal Power ll 02 V 2
0 ' ' ' THD (%) = -+ 100

V. 2
-20 \ >
—_ 10 2
i = Vi
3 THD(dB) = 20 - log _
2 -60 N s
-
£ -80 | 10 172 2
o V;Harmonics,i=2to 10 _ V +VN
£ 100 | (THD + N)(dB) = 20 log (=2 o
< \ S
-120 =
S i o i e e i i
O 1k 2k 3k 4k 5k 6k 7k 8k 9k 10k 11k % 2
Frequency (Hz) SINAD(dB) = 20 - log -

\ \ 2, Vit + Uy /
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Total Harmonic Distortion (THD), THD+N

FFT Showing AC Performance of ADC

Vs Digitized Signal Power

0
20 <@ Used for THD
— 20 Calculation
| -
S
% -60
-
£ .80
3
<-1OO
1120 “"V'V"*‘ A
0 1k 2k 3k 4k 5k 7k 8k 9k 10k Harmonic
Frequency (HZ) Eliminated for

SNR Calculation
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Agenda TECH DAYS €

1. ADC Input types
a) Single ended, pseudo-differential, fully-differential, and true-differential
b) Switched capacitor vs. buffered

2. Linear operation of amplifier and ADC
a) Rail-to-Rail amplifiers and crossover distortion
b) Inverting configuration

3. Common Front Ends
a) Instrumentation amplifier. Selecting gain and common mode range
b) Fully Differential Amplifiers: Single Ended to Differential

4. Error Sources:
a) Offset and Gain Error
b) Calibration
c) Drift and Non-linearity
d) Noise

5. AC Specifications
6. Aliasing
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Aliasing: Time Domain vs. Freqguency Domain

Time Domain

Example: fiy = 900kH: fatas =100kHz Frequency Domain
/Slgnal applied to ADC / Alias digitized by ADC

‘ \ falias =100kHz
4 Alias digitized by ADC f,n = 900kHz
/ Signal applied to ADC

Signal

VU INCUA

I I I I I I I I
3 4 5 6 7 8 9 10

0
il

Time (ps), Sampling Rate 1Msps oo .

Alias folds back or mirrors to the passband
Any frequency > fs/2 will alias

Nyquist frequency = fs/2, the maximum input signal without aliasing.
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Anti-aliasing filter (f, = 1Msps)

— Input Signal Anti-aliasing filter
aa 0 0 _
Ne) 0dBr . \
~— 2kHz Noise
q)-ZO -20dBr -20
ge 700kHz f= \
S . -70dBr
=t 40 O 0 \700kHz
o

-60 -60
5

-80 ~t -80

1K 10k 100k 1M 1k 10k 100k 1M
Frequency (MHz) Frequency (MHz)

Sampling frequency =fs = 1Msps

Input
Signal

Anti-aliasing
Filter

FFT
Output

Amplitude (dBr)

-100
-120

Amplitude (dBr)

-20
-40
-60
-80

Output Signal

-90dBr
700kHz

1k

10k 100k 1M

Frequency (MHz)

FFT Output

-90dBr
300kHz

t

10k 100k 500k

Frequency (MHz)
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SAR Anti-aliasing Filter Design

Gain (dB)

Anti-aliasing Filter

e ARttt : Charge SAR ADC
5 < L . Bucket Filter fsamp = 1IMsps
E - 1 oo ] fho_alias = 500kHz
v 5.52K 4.87k ' . ; -
—— " VWA———+— VW h | ' R 10 : RsH
E el : E AN—— AN ANN— N-Bit
: ~— s .o ] Register
: ~ L b CelnIT Cey =
i 2" order Low Pass Active Filter §  § = ) =
f y 20-
c = 8.0kHz f, = 15.8MHz
o 0
. )
_ 5
© 20+ :
1 Anti-aliasing Filter Response Charge Bucket Filter Response
S DS S a0l L VL L L L
10.0 100.0 1.0k 10.0k 100.0k | 1.0M 10.0k 100.0 1.0M 10.0M 1000M 1.0
Frequency (Hz) ,_» Frequency (Hz)

Alias for f >500kHz

Alias for f >500kHz
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What’s the “Charge Bucket” for?

Acquisition Cycle — +«—Conversion Cycle

[T

Capacitor Charging Kickback

L
- | - - .l+

. . - 0
Sampling Signal Z : : E E

R
|
|

i / Voltageon Csy

e R

Source
Impedance Vi

Source

i O e e . | e e, e (e — | —p—fia

1+

Chi 1.00v M500us Chdax 1.2V
5.00 V
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TECH D 1D

Thanks for your time!



Tl Precision Labs Now including ADCs, MUXs, and Comparators!!!
ti.com/PrecisionLabsADCs

 Created for both new and experienced engineers
80+ Lectures with quizzes & Labs with experiments

« < 15 minutes per video, 16 hrs of total content

Drift Slope — Positive and Negative

& . Basics of Analog Multiplexers 2 DC Specifications: ==
lnpUt O.ffset vo'tage (vos) et - Com parator Appl Icatlons TIPL 2602 g p , - input capacitance, leakage current, input impedance, £
Input Blas Current (IB) § i TIPL 2103 S Tl Precision Labs — Op Amps e : T reference voltage range, INL, and DNL m
TIPL 1100 il Tl Precision Labs - Op Amps ' Y . g . g‘;é
Tl Precision Labs — Op Amps y a1 TIPL 4001 P e o ey

7 Tl Precision Labs - ADCs . . -
Presented by lan Williams Created by Abhijeet Godbole, Art Kay /Z 3
Presented by lan Williams Prepared by Thomas Kuehl and lan Williams Presented by Peggy Liska Created by Art Kay
Prepared by Art Kay and lan Williams o Presented by Peggy Liska

More than 80+ videos!!!
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Analog Engineer’s Calculator Free Tool

http://lwww.tl.com/tool/analog-en

Ineer-calc

+ Analog Engineer's Calculator

Select the Calculator

Data Converters
Alias Calculations
ADC Code to Voltage
ADC + Signal Chain Noise
ADC ENOB & Effective Bits
Ideal Converter
Conversions
Amplifier and Comparators
Comparator w Hysteresis
Single Supply Amp
Find Amplifier Gain 3 Resistors
INA Vem + Dif Filter
Find Amplifier Gain
Passive
Find Parallel Combo w. Standard R
Find Series Combo w. Standard R
RC Charge / Discharge
RC Low Pass Filter
Find Voltage Divider
Find Standard Resistor or Capacitor
Noise
Integrated Noise
Thermal Noise
Stabiity
Phase Margin vs. AC Peaking
Phase Margin vs. Overshoot
PCB
Sensor
Links

Calculator

Select Type

;}| Single Ended #2
Resolution

fa!
o 16

Full Scale Range

J"il— v
y 5

Rfitt/2 Min

|3.9 Ohm

RAitt/2 Max

ISD.B ohm

Gain Bandwidth

Il?.ZI‘-“I Hz

Max Error Target

|38.l.5u Vv

Csh
L'

<4/60p F

Acquisition Time

3 300n 5

Cfitt

|1.2n F

Optional
Cmin
|62Dp F

Cmax

Il.Bn F

+5V
Rfilt/2 / Rsps _—
"S1 ?

% ol ComT {53

Vin 7T — 1

= Canre S4
. V/sh-

LRI S2 Rl

Single Ended #2: Includes Ground Sense (Negative Input)

oK

Help
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Analog Engineer’s Pocket Reference

Analog Engineer’s Pocket Reference Analog Engineer’s

A “must-have” for every Board/System Design Engineer

Download: http://www.ti.com/Isds/ti/amplifiers-linear/precision-amplifier-
support-community.page#pocketref

Buy Hardcopy: https://store.ti.com/Search.aspx?k=pocket+reference&pt=-1
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TINA-TI™ Free SPICE Software
http://www.ti.com/tool/tina-ti

2 oPA320_Noise2 - Schematic Editor

File Edit Insert View Analysis

T&M Tools

A= 1 (2 I 2 ol 223 N 0 S B | RN

TI Utilities

Help

100% =

i

IFGIE=

_l_"u'"u""u

+
'G1 100m f)

G| B[ B || ||| = f5e 3 |~ [ @B |of®] [ | | | | [ | [ | |
Basic | Switches | Metars | Sources | Semiconductors | Spice Macros |
T 108.02u-
R2 100 R1 1k -
A .
=
_L ki :
: o B
R R3 22 Vout | = 94017
> W B |
*T° U1 0PA320 sl -
O
+5V T j
s T bv¥ 000+ T T T
' 1 1 10 100 1k 10k 100k TMEG 10MEGOOMEG
| Frequency (Hz)
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