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Objectives

• Key considerations for driving a SAR ADC

– RC charge bucket component selection

– Driver op-amp need and selection

• Wideband Delta-Sigma ADC characteristics and input drive design 

considerations
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SAR ADC Drive
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Basic diagram of SAR ADC
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SAR ADC Acquisition & Conversion Phase
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SAR ADC Acquisition & Conversion Phase
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Charging the CSH Capacitor Within tacq

• The ADC’s sample-hold capacitor (CSH) needs to be settled to ½ LSB within the 

ADC’s acquisition time (tacq).

• where tacq = ൗ1
fsmpl

− tconv_max

7

CSH voltage
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Why an ADC Driver Circuit is Needed

• If CSH is not settled to ½ LSB within tacq, the ADC’s sampled waveform will be 

distorted and attenuated. 

• An ADC driver circuit ensures fast and accurate settling of CSH.
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Do You Need an External ADC Driver Circuit?
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Does your ADC have an 

integrated driver?

No external driver neededExternal driver circuit is needed

RC circuit is enough?

Driver amplifier is 

needed

YesNo

Yes

No driver amplifier 

needed

No
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Does Your ADC Have An Integrated Driver?

Yes. External driver not needed.

On the ADC datasheet:

• Look for words like “integrated driver”.

• In the ADC block diagram, look for a 

driver block, like the one shown below:

No. External driver is needed.

On the ADC datasheet:

• Notice if there is a section on 

designing the drive circuit.

• Look for diagrams showing a switch-

capacitor input structure, as below:
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Example: Does ADS8860 Have An Integrated Driver?

For ADS8860:

• Check the datasheet for a block diagram.

• The block diagram shows a lack of an integrated driver.

• This ADC will require an external driver circuit.
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Do You Need an External ADC Driver Circuit?

12

Does your ADC have an 

integrated driver?

No external driver neededExternal driver circuit is needed

Is RC circuit sufficient?

Driver amplifier is 
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Is RC Circuit Sufficient?

• CEXT = 20 x CSH 

• Calculate the max Rsource that may be interfaced with a given n-bit ADC:

1. 𝑙 = ln 2𝑛 

2. 𝜏 =
tacq

𝑙

3. Rsource ≤
𝜏
CEXT

• If Rsource 
is greater, then the ADC CSH cannot settle within ½ LSB in the 

acquisition time tacq without an external op-amp.
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Example: Is RC Circuit Sufficient for ADS8860?

• From the ADS8860 datasheet:

– CSH = 55 pF

– tacq = 290 ns

– 𝑛 = 16

• Calculate 𝑙 = ln 2𝑛 = ln 216 = 11.09

• Calculate 𝜏, where  𝜏 =
290∗10−9

11.09
= 2.61 ∗ 10−8

• Calculate max Rsource using Rsource ≤
2.61∗10−8

55∗10−12  ≤ 475.4 Ω

• If Rsource is larger than 475.4 Ω, a driver amplifier will be needed.
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Factors Affecting Driver Circuit: Rsource & 𝐭𝐚𝐜𝐪

RC Circuit is Sufficient

• If:

– Rsource ≤  475.4 Ω 

– tacq  ≥  290 𝑛𝑠

Driver Amplifier is Required

• If:

– Rsource >  475.4 Ω

– tacq  <  290 𝑛𝑠

• For this example, assume Rsource = 1 kΩ – 

so, a driver amplifier will be needed.
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Do You Need an External ADC Driver Circuit?
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integrated driver?
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Select a Driver Amplifier

Find amplifier unity gain BW, 𝑓𝑈:

• 𝐶𝐸𝑋𝑇 = 20 × 𝐶𝑆𝐻

• 𝐾 = 𝑙𝑛
2𝑁+1

𝐶𝐸𝑋𝑇
𝐶𝑆𝐻

+1

• 𝑓𝑍 =
𝐾

2𝜋×𝑡𝐴𝐶𝑄

• 𝑓𝑈 ≥ 4 ∗ 𝑓𝑍

Find REXT and amplifier Ro:

• 𝑅𝐸𝑋𝑇 =
1

2𝜋×𝐶𝐸𝑋𝑇×𝑓𝑍

• 𝑅𝑂 ≤ 9 × 𝑅𝐸𝑋𝑇
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Example: Select a Driver Amplifier for ADS8860

Find amplifier unity gain BW, 𝑓𝑈:

• 𝐶𝐸𝑋𝑇 = 20 × 𝐶𝑆𝐻 = 20 × 55pF = 1.1nF

• 𝐾 = ln
2𝑁+1

𝐶𝐸𝑋𝑇
𝐶𝑆𝐻

+1
= ln

216+1

1.1𝑛𝐹

55𝑝𝐹
+1

= 8.74

• 𝑓𝑍 =
𝐾

2𝜋×𝑡𝑎𝑐𝑞
=

8.74

2𝜋×290𝑛𝑠
= 4.8 𝑀𝐻𝑧

• 𝑓𝑈 ≥ 4 ∗ 𝑓𝑍 ≥ 4 ∗ 4.8 𝑀𝐻𝑧 ≥ 19.2 𝑀𝐻𝑧

Find REXT and amplifier Ro:

• 𝑅𝐸𝑋𝑇 =
1

2𝜋×𝐶𝐸𝑋𝑇×𝑓𝑍
=

1

2𝜋×1.1𝑛𝐹×4.8𝑀𝐻𝑧
= 30.1 Ω

• 𝑅𝑂 ≤ 9 × 𝑅𝐸𝑋𝑇 ≤ 9 × 30.1 ≤ 270.9 Ω
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Pick A Driver Amplifier

Selecting OPA836 to satisfy the requirements:

• 𝑓𝑈 = 10 × 19.2 𝑀𝐻𝑧 = 192 𝑀𝐻𝑧 

• 𝑅𝑂 ≤ 270.9 Ω
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References

• https://www.ti.com/video/series/precision-labs/ti-precision-labs-analog-to-digital-

converters-adcs.html

• https://e2e.ti.com/cfs-file/__key/CommunityServer-Discussions-Components-

Files/14/7288.forum2_5F00_SAR_5F00_OPA.pdf
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Buffered vs Unbuffered Architectures
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Buffered vs. Unbuffered Architectures

Buffered Unbuffered (Traditional)

22

Feature

Integrated input buffer Input Structure Direct capacitor array connection

High, constant impedance Input Impedance Time-varying (switching)

Minimal (isolated by buffer) Kickback Significant charge injection

Simplified drive requirements Driver Requirements Must handle transient currents

Higher (buffer active) Power Consumption Lower (no buffer)

Relaxed requirements Settling Time Critical consideration
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Understanding the Challenge:

Unbuffered Challenge
• SAR capacitor array switching during conversion 

➢ Creates transient input currents (kickback) 

➢ Driver must quickly settle these transients

• Input impedance varies with conversion phase

Buffered Benefits
• Buffer isolates capacitor array from input pins

➢ Eliminates kickback to driver circuit

➢ Simplifies anti-aliasing filter design

• Presents constant, high input impedance

23
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Impact on Driver:

• Requires low output impedance

• Must handle charge injection

• Needs adequate bandwidth for fast settling

• Complex input filter design (Charge-Bucket + Anti-

Aliasing)

Impact on Driver:

• Removed need to continuously charge sample and hold 

circuit. 

• Anti-aliasing and signal bandwidth main priority 
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ADC Driver Design Process Steps

• Calculate Bandwidth Requirements

• Design Input Filter

• Set Common-Mode Voltage

• Analyze Noise

As an example, we will compare drivers for:

• ADS9227 – 16-bit, 5MSPS, SAR ADC with Buffered Input 

• ADS9327 – 16-bit, 5MSPS, SAR ADC unbuffered

• Signal chain bandwidth: 100kHz

• Gain = 1V/V
24
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ADC Driver Design: Bandwidth

25

Unbuffered (ADS9327)

• Driver must settle to 16-bit accuracy to 1/2 LSB

• Settling time < acquisition time + margin

• Bandwidth Calculation:

– Rule of Thumb:

• For N-bit accuracy: 𝐵𝑊 ≈
ln 2𝑁

2𝜋∗𝑡𝑠𝑒𝑡𝑡𝑙𝑒

• For 16-bit: 𝐵𝑊 ≈
11

2𝜋∗𝑡𝑠𝑒𝑡𝑡𝑙𝑒

– For 5 MSPS with 70ns acquisition:

• Required closed-loop B  ≈ 25 MHz min

• Added margin in consideration for signal BW 

and input RC filter

• *simulating RC combo still recommended

Buffered Benefits (ADS9227)

• Driver priority: signal fidelity

–Select Driver with low distortion to 
desired input signal range (100kHz)

–THS4551 (150MHz GBW): 
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Step 2 - Input Filter Design

Anti-Aliasing Filter

• Main purpose: Low-pass filter to block 

frequencies above Nyquist frequency

– 𝑁𝑦𝑞𝑢𝑖𝑠𝑡 =
𝑓𝑠

2

Charge-Bucket Filter

• Main purpose: handle the "kickback" 

current when a SAR ADC sampling 

switch closes, quickly charge, and 

must be optimized for settling time. 

26

Ideal goal (Traditional SAR): Find a balance between both

Limitations: 

• Depends on ADC input and driver capabilities’

• Charge bucket filter might not effectively stop aliasing

• Pure anti-aliasing filter might not be fast enough to settle the input.

→ For buffered ADCs charge bucket not needed. 
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ADC Driver Design: Input Filter Design
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Unbuffered (ADS9327)

• Priority: charge reservoir + anti-kickback 

• Pick 𝐶𝐹𝐿𝑇 ≥ 20 ∗ 𝐶𝑆𝐻 ≥ 20 ∗ 18𝑝𝐹 ≥ 360𝑝𝐹

– 470pF standard value

• RFLT calculation: 

– Practical 𝑡𝐹𝐿𝑇𝑠𝑒𝑡𝑡𝑙𝑒
=  𝑡𝐴𝐶𝑄 = 12 ∗ 𝜏𝐹𝐿𝑇

– 𝑅𝐹𝐿𝑇 =
𝑡𝐴𝐶𝑄

12∗𝐶𝐹𝐿𝑇
≅ 12Ω*

*confirming RC combination + driver in simulation 

recommended

*Driver with higher GBW → allows for improved Anti-Aliasing

*After simulation 10𝛺 & 1nF were found as best combination 

for driving and anti-aliasing

• Output filter 𝑓−3𝑑𝐵 =
1

2𝜋𝑅𝐹𝐿𝑇𝐶𝐹𝐿𝑇
≅ 16𝑀𝐻𝑧

• Minimum driver 𝐺𝐵𝑊 > 4 ∗
1

2𝜋𝑅𝐹𝐿𝑇𝐶𝐹𝐿𝑇
→ ≈ 60𝑀𝐻𝑧 

Buffered Benefits (ADS9227)

• Priority: Anti-Aliasing 

• Nyquist frequency 
𝑓𝑠

2
= 2.5𝑀𝐻𝑧

• 𝐶𝑑𝑖𝑓𝑓 =
1

2𝜋𝑓𝑁𝑦𝑞∗2𝑅𝐹𝐿𝑇
=

1

2𝜋∗2.5𝑀𝐻𝑧∗2∗50
≈ 646𝑝𝐹

– 470pF standard value

• 𝐶𝑐𝑚 =
𝐶𝑑𝑖𝑓𝑓

10 
=

470𝑝𝐹

10 
= 47𝑝𝐹
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Step 2 - Input Filter Design

ADS9227 Circuit (from EVM): ADS9327 Circuit (from EVM):

28

Anti-Aliasing filter priority Charge Bucket Filter priority

➢ If ADC Driver bandwidth permits, additional filtering/bandwidth limitation 

can be added in the driver stage
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Complete Design Comparison

Design Parameter ADS9327 (Unbuffered) ADS9227 (Buffered)

Min Driver BW 25-30 MHz (critical) 20-25 MHz (relaxed)

Filter Topology Simple 1st-order RC Simple 1st-order RC

Filter Cutoff 15 - 33 MHz (compromise) 5-10 MHz (better AA)

Series R 10-   Ω (limits kickback) 22-   Ω (flexible)

Shunt C 470 pF - 1 nF (limited) 470 pF - 2.2 nF (flexible)

Source Z <   Ω (critical) <   Ω (relaxed)

Design Complexity Higher (settling critical) Lower (isolated)

Power Lower (no buffer) ~ 100-200 mW (buffer)

SNR ~91 dB ~90 dB

29



TI Information – Selective Disclosure

Which ADC to Choose?

• Choose ADS9227 (Buffered) When: ✓ Ease of design is priority

✓ Need simplified filter design

✓ Driver has limited bandwidth/drive capability

✓ Power budget allows extra 100-200 mW

✓ Prototyping/quick time-to-market

✓ Multiple ADCs sharing same driver

• Choose ADS9327 (Unbuffered) When: ✓ Minimum power consumption 

required

✓ Maximum SNR performance needed (~1 dB better)

✓ Have experience with SAR ADC design

✓ Can provide low-impedance driver

✓ Willing to optimize settling/filtering

30



Driving High Speed Delta-Sigma ADC Inputs 



Agenda

• Wideband Delta-Sigma ADC characteristics

✓ Delta-Sigma ADC verses SAR ADC

✓ Digital Filter characteristics

✓ Anti-Alias Filter (AAF) requirements using wideband filter verses SAR

• Equivalent input model

• Input driver design procedure

32
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SAR vs Delta-Sigma Sampling

33

Delta-Sigma:
Red dot indicates 
the average of the 
signal in the green 
sampling interval 

SAR:
Red dot indicates 
the “s ap-shot” 
captured 

SAR Delta-Sigma
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High Speed Delta Sigma ADC

34

Simplified Model of Delta-Sigma ADC
• Analog Modulator

✓ Continuously captures data

✓ Input sample rate (Modulator frequency) fmod

➢ fmod is directly proportional to clock 

frequency, fclk

• Digital Filter 

✓ Averages many input samples to produce a 

single output value, typically 24b or 32b

• Digital Interface

✓ Typical interface options are SPI, Frame-sync

✓ ADC requires a continuous clock (CLK) source

✓ DRDY (Data Ready) indicates when the next 

conversion result is ready to read by the 

processor

Analog 

Modulator

Digital 

Filter

Digital 

Interface

CLK

REFNREFP

Delta-sigma 

ADC
AINP

AINN

24 -bit
ΔΣ ADC

SPI

Interface

&

Control

Wideband 

Digital Filter

Low -Latency 

Digital Filter

SDO 

DRDY

SDI

SCLK

CS

Modulator



TI Information – Selective Disclosure

High Speed Delta Sigma ADC

35

Digital Filter (continued)
• Many Delta Sigma ADCs have 

multiple filter options

• Wideband filter maximizes input 

signal bandwidth

✓ Usually very close to the 

Nyquist bandwidth ½*fDATA 

✓ Very long settling time, >55 

data rate periods are typical

• Low-latency filter

✓ Usually a SINC filter, which is 

simply a moving average filter

✓ Filter will attenuate input signal 

at very low frequency

✓ Very fast settling times, 3 to 5 

data rate periods

Low-Latency SINC3 Filter ResponseTypical Wideband Filter Response

Analog Input

Normalized Frequency (fIN/fDATA)

A
m

p
lit

u
d
e

 (
d

B
)

A
m

p
lit

u
d
e

 (
%

)

Data Periods (1/fDATA)

Analog Input

Initial Value

Final Value
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High Speed Delta Sigma ADC  |  Anti-Aliasing Filter

36

• Input signal aliasing occurs for any 

input frequency greater than fDATA/2 

(Nyquist frequency)

• The digital filter in a Delta-sigma ADC 

will attenuate the aliased signal 

frequency up to fmod-fDATA/2.

• Any signal in the range of fmod±fDATA/2 

will have little or no attenuation by the 

digital filter.

• An external anti-alias filter is required 

to attenuate signals greater than fmod-

fDATA/2 

Typical Wideband Filter Response

Digital filter attenuates 

signal by 100dB

M
a
g
n

it
u
d
e

 (
d

B
)

Frequency
fDATA/2

Fmod

(OSR*fDATA)

fmod-fDATA/2 fmod+fDATA/2

0

-100

0dB Alias

-100dB

Digital filter has 0dB of 

attenuation in this frequency 

range

Input signal Aliases, 

but attenuated -100dB 

by digital filter

Analog Anti-Alias filter attenuates 

signal by 100dB at fmod-fDATA/2
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High Speed Delta Sigma ADC
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Average Input Circuit Model (CDIFF ≥ 100    IN)

Equivalent Analog Input Circuit Model

CIN

Delta Sigma ADC input can be modeled as 

an input resistance

✓ Possible since input is continuously 

sampling

✓ CDIFF ≥     x CIN

CIN,ADC sampling capacitor

✓ S1 closed during the acquisition period 

Tacq, CIN = VDIFF

✓ S2 closed during the conversion period 

Tconv, CIN = 0V

ON

OFF
S1

ON

OFF
S2

Tmod = 1/fmod

Tacq Tconv

CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT

Req = 
1

CIN·fmod
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CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT

High Speed Delta Sigma ADC

38

• Using recommended values for the external RC input filter averages current transients 
required to charge the input sampling capacitor, resulting in a resistive amplifier load. 

✓ The amplifier only needs to drive the input filter and the ADC resistive load, allowing 
use of lower bandwidth amplifiers.

✓ Many amplifiers in the 5MHz to 40MHz range can be used.

• A fully settled input driver design can be used but requires an input amplifier bandwidth 
approximately 20 times greater than the input sample rate.

✓ Typical wideband delta-sigma ADC input sample rate is 10MHz, requiring an input 
amplifier bandwidth of 200MHz or higher to fully settle.

Req = 
1

CIN·fmod

Iavg
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High Speed Delta Sigma ADC

39

• The disadvantage of using a large RC 
value to average the input current is a 

steady state gain error.
• This error results from the average 

current flow through RFLT.

• Using the simplified ADC input model, it is 
straightforward to calculate the gain error

✓ The input filter resistors, RFLT create 
a voltage divider with Req

• The Gain Error is the difference between 
an ideal gain of 1 and the voltage divider 

created by Req and RFLT

✓ Gain Error = [1 -
𝑅𝑒𝑞

𝑅𝑒𝑞+ 2 ∗ 𝑅𝐹𝐿𝑇
] * 100%

Gain Error = [1-
Req

Req + 2 ∗ RFLT
] * 100%

CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT

Req = 
1

CIN·fmod
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High Speed Delta Sigma ADC

40

Precharge buffers
• Latest generation high-speed Delta Sigma ADCs include 

input pre-charge buffers

• These buffers quickly charge the input capacitor CIN to 

approximately 0.999 of the input value (coarse switch 

closed)

• After this pre-charge phase, the buffers are switched off, 

and the inputs are directly connected to the input 

capacitor (fine switch closed)

• This reduces the amount of average input current 

needed to charge the input capacitor CIN by 

approximately 1000x

CLK
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SPI

Interface

&

Control
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Digital Filter
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Digital Filter
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Delta-sigma ADC
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Reset
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Fine
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Tmod = 1/fmod
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1000
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Precharge Buffers Enabled
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High Speed Delta Sigma ADC – ADC Input Filter
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How to choose the ADC input RC capacitance
• CDIFF should be in the range of 100·Cin up to 22nF

✓ 22nF is a maximum practical limit to ensure amplifier stability
✓ High value capacitors result in better low frequency performance (<10kHz) 

but cause amplifier distortion at high frequencies due to low impedance 

loading on amplifier outputs
✓ Higher amplifier load current also results in higher power consumption

Equivalent Analog Input Circuit

CIN

S1

S1

S2
CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT
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High Speed Delta Sigma ADC – ADC Input Filter
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How to choose the ADC input RC filter resistance

• RFLT should be in the range of  /(π·fMOD·CDIFF) up to 100Ω maximum

✓ Maximum 100Ω RFLT 

✓ Minimizes offset voltage due to ADC input leakage current

✓ Minimizes linearity errors due to nonlinear ADC input current flowing 
through RFLT 

✓ Minimum RFLT value sets the input RC filter corner frequency at a maximum of 
¼· fMOD frequency

Equivalent Analog Input Circuit

CIN

S1

S1

S2
CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT
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High Speed Delta Sigma ADC – ADC Input Amplifier
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How to choose Input amplifier Bandwidth
• The minimum bandwidth of the input amplifier should be  B  ≥ fmod/ 

✓ Higher amplifier bandwidth will support better THD performance

✓ Higher bandwidth amplifiers will typically require lower RFLT values to maintain stability, 

resulting in improved linearity and THD

• Simulate input amplifier, RC filter, and simplified ADC input impedance using SPICE to verify 

stability and proper settling

✓ Most amplifiers have a complex, multi-order open loop output impedance making simple 

calculations for stability inaccurate

✓ Modern amplifier SPICE models have very accurate output impedance and can be used to 

accurately simulate stability

Average Input Circuit (CDIFF > 100 x CIN)

CDIFF

AINP

AINN

+

–+

–

RFLT

RFLT

Req = 
1

CIN·fmod
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High Speed Delta Sigma ADC – Input Recommendations
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Amplifier Recommendations
• Fully Differential Amplifiers

✓ THP210,THS4551,THS4561

• Differential output instrumentation

✓ INA851, PGA854, PGA855

• Standard Operational Amplifiers

✓ OPA325, OPA320, OPA328

Rg

FDA

+

–

      ADS1x7LxxCdiff        

Ccm        

Ccm        

Rf

Rg Rf

Riso

Riso

Rflt 

Rflt 

AVDD

AVDD

Resistor Recommendations
• Rg, Rf, Riso and Rflt metal film

• 0.1% or better tolerance for good matching

• Rf and Rg set gain of input stage

• Riso used to improve amplifier stability

Capacitor Recommendations
• Low tc C0G/NP0 ceramic capacitors

• High-quality film capacitors

• 1% or better tolerance

• Optional common mode CCM capacitors

✓ CCM = 1/10 × CDIFF
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Example Design Steps:

• Select ADC input filter component values

• Select MFB filter component values

✓ Use MFB filter Equations

Design Methodology for MFB Filters in 

ADC Interface Applications

✓ Alternative: Use filter tool 

FilterPro3.1 Link

• Verify AC Performance using SPICE

✓ Stability Analysis 

✓ System Noise

✓ AC Freq Response Analysis

✓ ADC Transient Settling

Rg: 1kΩ

THP210   

+

–

      ADS127L11Cdiff: 2 .2 nF

Ccm: 220 pF

Ccm: 220 pF

Cf: 1.2nFRin:    Ω

Rf: 1kΩ

Rg: 1kΩ Cf: 1.2nFRin:    Ω

Rf: 1kΩ

Riso: 68

Riso: 68

Rflt: 22 Ω 

Rflt: 22 Ω 

Cin:

REF6241

+5 V

+5 V

VCM

4.3nF

THP210, 2
nd

 order, multiple 

feedback low-pass filter ADC Input Filter

THP210 + ADS127L11: General Purpose Data Acquisition Card Example 

Example Critical Specs:
• BW: f(-3dB) = 150kHz, f(-0.2dB) = >20kHz

• Attenuation: -90dB at fMOD= 12.8MHz   

• Noise/SNR: 106-dB

https://www.ti.com/lit/an/sboa114/sboa114.pdf
https://www.ti.com/lit/an/sboa114/sboa114.pdf
https://e2e.ti.com/support/tools/simulation-hardware-system-design-tools-group/sim-hw-system-design/f/simulation-hardware-system-design-tools-forum/1288800/filterpro-3-1-download
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THP210 + ADS127L11: Select ADC input filter Components

Rg: 1kΩ

THP210   

+

–

      ADS127L11Cdiff: 2 .2 nF

Ccm: 220 pF

Ccm: 220 pF

Cf: 1.2nFRin:    Ω

Rf: 1kΩ

Rg: 1kΩ Cf: 1.2nFRin:    Ω

Rf: 1kΩ

Riso: 68

Riso: 68

Rflt: 22 Ω 

Rflt: 22 Ω 

Cin:

REF6241

+5 V

+5 V

VCM

4.3nF

ADC Input Filter

ADC RC filter at the ADC inputs serves two purposes:

• Provides a third pole, increases filter roll-off. 

• Charge reservoir to filter the sampled input of the ADC

Riso resistors inside FB loop 
help further isolate the 
amplifier outputs, to improve 

filter phase margin

ADC input filter selection
• Cdiff :

✓ CDIFF should be 100x or greater 

than Delta-Sigma CIN sample-and-

hold capacitor

✓ ADS1x7Lxx CIN = 7.4pF

✓ Minimum Cdiff 740pF up to 22nF 

✓ This example, Cdiff = 2.2nF

• Ccm :

✓ CCM scale to 1/10 of Cdiff for best 

common-mode noise rejection

• Rflt :

✓ Rflt are outside the feedback loop, 

and works as an isolation resistor 

for amplifier to remain stable

✓ Rflt <100Ω to avoid non-linearities 

and settling errors.

• Riso:  

✓ Inside the loop improves stability:  

Typical range of 20Ω to    Ω

• Ensure to verify FDA stability and 

phase margin via simulation
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THP210 + ADS127L11: THP210 FDA Stability

Simulate Phase Margin on TINA-TI

Input impedance 

differential mode
Input pins at [(VS+)-(VS-)]/2 1||1 GΩ || pF
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C
in

 4
.3
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Rin 100

Rin 100

LoopGain = AOL*Beta = [(Vfb-) - (Vfb+)]

1 / Beta    =  AOL/ Loopgain

AOL          = Vout / VT = Vout

Large Capacitors to Inject
Voltage AC Test Signal

AC Small-Signal 
Test Source

Large Inductors to Simulate
Open-Loop

Measure loop gain phase:

Loop-Gain [(VFB-) – (VFB+)]

Reflect the Differential Input 
Impedance (data sheet values)

Riso resistors inside loop:

Adjust to improve phase 

margin:

Riso = ~20Ω to ~100Ω

TINA-TI Simulation

TINA_THP210_MFB_Stability_ADS127Lxx.TSC
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THP210 + ADS127L11: THP210 FDA Stability

Simulate Phase Margin on TINA-TI

• AOL = Vout (differential FDA output pins)

• Loop-Gain = [(VFB-) – (VFB+)]

  (see schematic)
• 1 / Beta =  AOL / Loop-Gain

(Use TINA-TI Post Processor)

• Phase Margin:

• Monitor Phase Shift of Loop-Gain from 

low frequency (close to DC) to 1-decade 

above circuit GBW

• Phase Margin at AOL and 1 / Beta 

intersection (or when Loop-Gain = 0-dB)

• Allow a conservative >55° of phase 

Margin for MFB filters

• In this Example: Phase Margin = 67° 

Circuit is stable!!
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THP210 + ADS127L11: Total System Noise

Simulate Total Integrated Noise

• ADC noise only (Wideband Filter, 400ksps)

✓ 10.6uVrms, Effective Resolution 19.5b

• Total system noise (including THP210)

✓ 14.3uVrms, Dynamic Range 106.1dB

✓ Noise limited by wideband filter at 175kHz
• Total system noise, SINC4 filter, 400ksps

✓ 9.3uVrms, Effective Resolution 19.7b
✓ Noise limited by SINC4 filter at 91kHz
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ADS1x7Lxx Wideband Filter

OSR32, fCLK=25.6MHz, 175kHz Noise BW

Total noise = 14.3uVrms @ 175kHz

Effective resolution = 19.1b (Vref=4.096V)

ADS1x7Lxx SINC4 Filter

OSR32, fCLK=25.6MHz, 91kHz Noise BW

Total noise = 9.3uVrms @ 91kHz

Effective resolution = 19.7b (Vref=4.096V)
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OSR32, fCLK=25.6MHz, 91kHz Noise BW

Total noise = 9.3uVrms @ 91kHz

Effective resolution = 19.7b (Vref=4.096V)

ADS1x7Lxx Wideband Filter

OSR32, fCLK=25.6MHz, 175kHz Noise BW

Total noise = 14.3uVrms @ 175kHz

Effective resolution = 19.1b (Vref=4.096V)
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THP210 + ADS127L11: AC Response

Simulate AC Response

• -3dB bandwidth of 157.9kHz

✓ Target BW>150kHz

• -90dB attenuation at modulator frequency

✓ -89.7dB at 12.8MHz
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THP210 + ADS127L11: Step Input Settling Time using Low-Latency Filter

Simulate Transient Response of Step Input

• ADS1x7Lxx family includes low-latency filter

✓ SINC4 filter settles in about 4 data cycles

✓ 400ksps SINC4 latency (settling) time of 

10.63µs

✓ Input filter settling time to 19.7b of 

effective resolution

• Total settling time
✓ THP210 AAF + ADS1x7Lxx SINC4

✓ 51µs + 10.63µs = 61.63µs

TINA-TI Simulation

T

Effective resolution 19.7b (SINC4, 400ksps)

Settling to 1/2LSB = (24.096)/2^(19.7+1)=4.8uV

Tsettling(1/2LSB) = 51 microseconds
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Effective resolution 19.7b (SINC4, 400ksps)

Settling to 1/2LSB = (24.096)/2^(19.7+1)=4.8uV

Tsettling(1/2LSB) = 51 microseconds

TINA_THP210_MFB_AC_Noise_Transient_ADS1x7Lxx.TSC
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