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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Conversion Phase 
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Overall Objective 

• Find Rfilt and Cfilt charge bucket filter that will optimize settling 

• Find amplifier with bandwidth sufficient for settling 

• Achieve final settling of 0.5LSB or better at end of tacq 
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Is the charge bucket filter required? 

Advantage of low BW Amp 

• Lower Iq 

• Better Vos, Ib 

• Lower cost 

• Less sensitive to stability 

issues 
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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Information needed from the data sheet 

Full Scale 

Range (FSR) 

The range of voltage that is applied to the converter for valid conversions.  

Typically this is Vref or a multiple of Vref. 

Resolution The number of bits used to represent the digital equivalent of the equivalent 

analog signal.  In this example we use a 16 bit converter that has 216 or 65536 

codes. 

Csh Sample and Hold capacitance.  Sometimes called Cin.  Typically between 10pF 

and 100pF.    

 

Rsh On-resistance for sample and hold switch.  Typically between 10 ohms and 100 

ohms.  Normally, this information is in the data sheet equivalent circuit. 

tacq Acquisition time.  This is duration that the sample and hold switch is closed.  A 

longer acquisition time makes it easer to settle.   The data sheet provides a 

minimum acquisition time that corresponds to the maximum throughput 

(samples / second).   
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Example: Full Scale Range, Resolution, Csh, Rsh 

Csh and Rsh can 

usually be found 

in the equivalent 

circuit.  

Full Scale Range 

and resolution 

Note: CI from the table  

CI = 55pF+4pF 
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If the data sheet doesn’t provide Rsh 

VREF

4pF

4pF

Rsh+  

55pF

55pF

Rsh- 

Csh+

Csh-

𝑅𝑠ℎ ≈
𝑡𝑎𝑐𝑞_𝑚𝑖𝑛

100 ∙ 𝐶𝑠ℎ
 

𝑅𝑠ℎ ≈
290𝑛𝑠

100 ∙ 55𝑝𝐹
= 53Ω 

Not specified in 

data sheet 
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For our example: acquisition time 

We are running at maximum throughput (1MHz) 

1/fsample = tconv-max + tacq-min = 710ns + 290ns = 1µs, or fsample = 1MHz 

 

For cases where you aren’t running at maximum throughput (e.g. 500kHz) 

tacq = 1/fsample – tconv-max = (1/500kHz) – 710ns = 1290ns 

Conversion time set 

by internal clock.  

The maximum time 

for conversion is 

710ns. 
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Run the “ADC SAR Drive” tool:  ADS8860 Example 

1.  Enter the information from the 

ADS8860 Data Sheet.  

2. Results will be used 

in the simulation 

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

http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
http://www.ti.com/tool/analog-engineer-calc
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Get the latest model from the web 

2. Select the “reference 

design”.  This will be a fully 

wired example schematic. 

3. Press open and TINA 

SPICE will directly open 

the schematic. 

1. The TINA model is 

located under tools and 

software. 
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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Op Amp Model: Open Loop Gain 
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Op Amp Model: Open Loop Output Impedance 
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Op Amp Model: Closed loop output impedance 

Zout(dB) = Vout(dB) 

Zout(ohms) = Vout(Logarithmic) 

 

Should Be: 

Zout (ohms) 
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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Equivalent Circuit:  Translate to TINA 

𝑅𝑠ℎ ≈
𝑡𝑎𝑐𝑞_𝑚𝑖𝑛

100 ∙ 𝐶𝑠ℎ
 

𝑅𝑠ℎ ≈
290𝑛𝑠

100 ∙ 55𝑝𝐹
= 53Ω 

59pF = 55pF + 4pF 
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Simplifying the input model 
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TINA SPICE Equivalent Model 
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Vref = 5V

tacq = 290ns

tconv=710ns

Vin _FS =5V

LSB = 5V / 2^16 = 76.3uV

1/2_LSB = 38.15uV

tacq tconv

Verror = Vcsh - VoaVoa Steady State Voltage
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Configure the voltage controlled switch 

-

+


Von 1
SW_acq 0

+

tacq

Set all parameters as 

shown.   

 

Default Roff=1GΩ and 

Ron=0Ω will impact 

accuracy. 



23 

Configure the signal source to control the switch 

-

+


Von 1
SW_acq 0

+

tacq

1. Click on source to 

select and edit switch 

control signal 

2. Under 

signal, click 

here to edit. 

3. Select 

“Piecewise linear” 
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Configure the signal source to control the switch 

Time 

Voltage 

levels 

On: V ≥ 1V 

Off: V ≤ 0V  

1.0

0.0

290ns

1000ns
1ns

Rise time

1ns
fall time

One cycle = 1000ns

Repeats cycles forever
SW on 

SW off 
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Timing diagram 

Parameter MIN TYP MAX UNIT 

tacq Acquisition time 290 ns 

tconv Conversion time 500 710 ns 

1/fsample= 1µs 

tconv-max = 710ns tACQ = 290ns 

1/fsample= 290ns + 710ns 

1/fsample= 1µs 

fsample = 1MHz 
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Example simulation: simulator settings 
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1000ns

Vacq
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Optimizing Simulation Results 

“Set Analysis Parameters” 

adjusts how the simulator math 

engine operates. 

TR excitation subdivisions = 1000 

TR time intrv. subdivisions = 10k 

This increases the number of 

points vs time so that transient 

behaviors aren’t obscured. 

Press this button to 

expand the list. 
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Optimizing Simulation Results 

Set the “numeric precision” to 6 digits.  

This will allow us to see dc operating 

points to six digits.  The importance of 

this is highlighted on the next slide.     
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1/2_LSB = 38.15uV

tacq tconv

Verror = Vcsh - Voa

Voa Steady State Voltage
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Steady State Simulation Results 
Set the output source to match the steady 

state ADC input.  

The steady state input to the ADC 

includes amplifier offset an gain errors. 
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Example simulation: simulator results 
T

Time (s)

0.00 1.00u 2.00u 3.00u 4.00u
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0.00

1.00

Input to ADC across 

Charge bucket filter 

Internal ADC sample 

and hold capacitor 

Error in ADC settling 

sampled signal 

Op amp output 

Acquisition switch 

control 

Conversion switch 

control 
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Key Result: Error Signal 

T

Time (s)
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When tacq = 1V SW_acq is closed
Verror and Vopa must settle in this window

Voa_SS 
V +
Verror

Vin 

-

+ Rfilt 96

SW_acq

Check Settling 

Vopa

ADC Model

SW_conv

When tconv = 1V SW_conv is closed
This resets the internal S &H Capacitor Csh

Csh
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Zoom in on Error Signal 

N = 16 Number of bits 

LSB =
𝐹𝑆𝑅

2𝑁
=
5.0𝑉

216
= 76.3μ𝑉 

Resolution 

0.5 ∙ LSB = 38.1μ𝑉 Target Error 

Use “view>show / hide curves” 

to focus on most important 

curves. 

Click on axis 

and adjust the 

scale relative to 

LSB resolution. 
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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Remember:  ADS8860 example calculator results 

1.  Enter the information from the 

ADS8860 Data Sheet.  

2. Results will be used 

in the simulation 



Rfilt1 VCR

V2 2

V1 1

Rfilt2 VCR

A
+

A
M

1
 

A
+

A
M

2
 Vcont 2k

1mA

500uA
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Trick:  Voltage controlled resistor 

The resistance for both 

resistors is equal to Vcont. 
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Use Parameter Stepping on Rfilt 
1. Click here to do 

Parameter stepping 

3. Press this box to configure 

parameter stepping range. 

4. Do a linear sweep 

type.  Enter the start and 

end value from the 

calculator.  Set number 

of cases to 10. 

From 

Calculator 

2. Click on the schematic 

symbol you want to control 

V1 = Rfilt 
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Run a Transient analysis 

Select “Analysis>Transient…” set 

the time to view a few conversion 

cycles.  Throughput = 1us in this 

example. 
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Adjust the X and Y axis 

Click on axis and 

change the vertical 

range to ±100mV Click on axis and change the 

horizontal range to show 1 

acquisition cycle.   

Always ignore first cycle! 



T

Vacq

Verror[10]: 32.5[V]

Verror[1]: 4.1[V]
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V
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Verror[10]: 32.5[V]

Verror[1]: 4.1[V]
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Error for R = 4.1 ohms…32.5 ohms 

End of the acquisition 

period. 
Delete curves 

with large 

overshoot. 

Each error curve corresponds to a 

different resistor.  The units shown are 

volts because it is a voltage controlled 

resistor.  The actual units are ohms.  This 

curve is for a 32.5 ohm resistor 
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Verror[10]: 32.5[V]

Verror[5]: 16.722[V]

Time (s)

1.00u 1.50u 2.00u

V
o
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a
g
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V
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-100.00m

0.00

100.00m

Verror[5]: 16.722[V]

Verror[10]: 32.5[V]
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Large overshoot curves deleted 

Fewer curves will be 

easer to inspect.   

Change vertical 

scale to ±10mV 
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Add a legend 1. Click here to set the cursor.  

Set the cursor at the end of the 

acquisition period. 

Cursor at 1.290us, tacq = 290ns 

2. Use the legend feature to 

show the error at the end of 

the acquisition period for all 

resistors shown.  
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Select the best three curves 
Add labels to the key curves using 

this feature.  Also, double click on 

curves to change thickness.   

We will use 19.9 to 

26.2 as the range for 

the next parameter 

step simulation 



T

Verror[7]: 24.1[V]

Verror[9]: 25.5[V]

Time (s)
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Verror[9]: 25.5[V]

Verror[7]: 24.1[V]

  Vacq   A:(1.29u; 0)

  Vconv   A:(1.29u; 0)

  Verror[10]  26.2[V] A:(1.29u; -185.016346u)

  Verror[1]  19.9[V] A:(1.29u; -19.012248u)

  Verror[2]  20.6[V] A:(1.29u; 53.384812u)

  Verror[3]  21.3[V] A:(1.29u; 104.725882u)

  Verror[4]  22[V] A:(1.29u; 133.745099u)

  Verror[5]  22.7[V] A:(1.29u; 139.61824u)

  Verror[6]  23.4[V] A:(1.29u; 121.879255u)

  Verror[7]  24.1[V] A:(1.29u; 80.366189u)

  Verror[8]  24.8[V] A:(1.29u; 15.171127u)

  Verror[9]  25.5[V] A:(1.29u; -73.453003u)
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Second Run: further refinement in Rflt value 

1. Enter a new range for the Rfilt 

range based on last simulation 

(i.e. 19.9 and 26.2) 

2. Find the three best curves to set the range for the next 

simulation.  Typically the three curves will be overdamped, 

underdamped and critically dampened.  Notice the polarity of 

the error switches. We will use 24.1 to 25.5 for next simulation. 
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Final Run: Use Standard Values 

2. Enter standard resistor values 

using the results of the previous 

sweep (i.e. 24.1 to 25.5) 

T

Verror[1]: 24.3[V] Verror[2]: 24.9[V]

Verror[3]: 25.5[V]

Time (s)

1.00u 1.50u 2.00u

V
o
lt
a
g
e
 (

V
)

-1.00m

0.00

1.00m

Verror[3]: 25.5[V]

Verror[2]: 24.9[V]

  Vacq   A:(1.29u; 0)

  Vconv   A:(1.29u; 0)

  Verror[1]  24.3[V] A:(1.29u; 64.146504u)

  Verror[2]  24.9[V] A:(1.29u; 3.940848u)

  Verror[3]  25.5[V] A:(1.29u; -73.453003u)

Verror[1]: 24.3[V]

3. Choose the curve with 

the best settling.  Check 

to see if the error target 

from the calculator is met. 

Yes! 3.9uV << 38.15uV 

For Rfilt = 24.9 Ω 

½ LSB 

1. Use the “List” sweep type 
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Turn off Parameter Stepping  

1. Click on the 

parameter stepping 

icon. 

2. Click the source and 

press remove to remove 

the parameter stepping. 
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Final Circuit 

tacq tconv

tacq tconv

Vin 5
Vdd 5.3

Csh+ 

55p

Csh- 

55p
R6 96

R8 96

C
4

 4
p

- +


-+


- +


-+


+

Vacq

+

Vconv

V
+

Vcsh

-

+

-

+

VCVS1 1

C
5

 4
p

Voa_SS 4.999963

V +

Verror

-

+ + U1 OPA320

Voa

Vflt

R1 24.9

C1 

1.1n

R2 24.9

ADS8860 Input Model

AINP

AINM

Vref = 5V

tacq = 290ns

tconv=710ns

Vin _FS =5V

LSB = 5V / 2^16 = 76.3uV

1/2_LSB = 38.15uV

tacq tconv

Verror = Vcsh - VoaVoa Steady State Voltage

Replace voltage 

controlled resistors 

with standard resistors 
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What if we didn’t meet the error target? 

2. If no RC combination 

works, try an amplifier 

with wider bandwidth. 

1. Try reiterating on 

Rfilt using Cmin.  If 

Cmin doesn’t work try 

Cmax. 

 

Note 1: Typically step 1 and 2 will not be required. 

Note 2: Output impedance can also impact settling.  Ideally 

open loop output impedance is low (R < 100Ω) and flat. 
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Agenda  
1. SAR Operation Overview 

2. Use the Calculator to find amplifier and RC filter 

3. Verify the Op Amp Model 

4. Building the SAR Model 

5. Refine the Rfilt and Cfilt values 

6. Final simulations 
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Expand the acquisition time to check settling 
T

Adjusted End of tacq

actual end of tacq

Time (s)

1.00u 1.50u 2.00u

V
o
lt
a
g
e
 (

V
)

-50.00m

0.00

50.00m

actual end of tacq

Adjusted End of tacq

T

End of tacq
Verror

Time (s)

1.00u 1.50u 2.00u

V
o
lt
a
g
e
 (

V
)

-50.00m

0.00

50.00m

Verror
End of tacq

  Vacq   A:(1.29u; 0)

  Vconv   A:(1.29u; 0)

  Verror   A:(1.29u; -30.020287u)

Don’t count on luck!  The 

signal isn’t really settled. 

The error is less than ½ 

LSB (-30uV).  Will this 

circuit work? 

tacq change in simulation only to test for 

marginal design.  Not adjusted in real circuit. 
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Look at Op Amp Settling 
T

Time (s)

1.00u 1.50u 2.00u

Vacq

0.00

1.00

Vconv

0.00

1.00

Verror

-100.00m

100.00m

Vopa

4.95

5.05 Amplifier settled to ½ LSB 

or better after tacq ends. 
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Check settling for multiple cycles 

T

Time (s)

0.00 2.50u 5.00u

Vacq

0.00

1.00

Vconv

0.00

1.00

Verror

-100.0u

100.0u

Vopa

4.95

5.05

Make sure that 

settling is consistent 

from cycle to cycle. 

Always discard 

the first cycle. 



tacq tconv

tacq tconv

Vdd 5.3

Csh+ 

55p

Csh- 

55p
R6 96

R8 96

C
4

 4
p

- +


-+


- +


-+


+

Vacq

+

Vconv

V
+

Vcsh

-

+

-

+

VCVS1 1

C
5

 4
p

-

+ + U1 OPA320

Voa

Vflt

R1 22

C
1

 1
n

R2 22

ADS8860 Input Model

AINP

AINM

Vref = 5V

tacq = 290ns

tconv=710ns

Vin _FS =5V

LSB = 5V / 2^16 = 76.3uV

1/2_LSB = 38.15uV

tacq tconv

+

Vin
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AC Input Signal Simulation Example 

PROBLEM: 

• The phase shift introduced by the 

amplifier and the RC circuitry make it 

difficult to estimate the error or settling 

signal 
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Results for an AC Simulation:  What about error 
T

Time (s)

0.00 50.00u 100.00u

Vacq

0.00

1.00

Vconv

0.00

1.00

Vfilt

484.91m

4.50

Vin

500.00m

4.50

Vsh

0.00

4.50



T

Time (s)

0.00 1.00u 2.00u 3.00u 4.00u 5.00u 6.00u 7.00u 8.00u 9.00u 10.00u

O
u
tp

u
t

2.50

2.53

2.55

2.57

2.60
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AC Input Signal Simulation Example 

PROBLEM: 

• The phase shift introduced by the amplifier and 

the RC circuits make it difficult to estimate the 

settling error in the sample and hold 

T

Vfilt

Vin

Vsh

Time (s)

1.20u 1.60u 2.00u 2.40u 2.80u 3.20u 3.60u

O
u
tp

u
t

2.54

2.55

2.56

2.57

2.58

Vfilt

Vin

Vsh

Phase Shift

Vin 
Vfilt 

Vsh 



tacq tconv

tacq tconv

Vdd 5.3

Csh+ 

55p

Csh- 

55p
R6 96

R8 96

C
4

 4
p

- +


-+


- +


-+


Vacq

+

Vconv

V
+

Vcsh

-

+

-

+

VCVS1 1

C
5

 4
p

-

+ + U1 OPA320

Voa

Vflt

R1 22

C
1

 1
n

R2 22

ADS8860 Input Model

AINP

AINM tacq tconv

+

Vin

+

Vdd 5.3

Csh+ 

55p

Csh- 

55p
R6 96

R8 96

C
4

 4
p

V
+

Videal

-

+

-

+

VCVS1 1

C
5

 4
p

-

+ + U1 OPA320

Vflt

R1 22

C
1

 1
n

R2 22

ADS8860 Input Model – phase shift only

AINP

AINM

Vin

V
+

Verror
-

+

-

+

VCVS1 1
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AC Input Simulation Example 
S/H switching with 

conversions 

“Ideal” signal 

Sees phase shift without 

sample and hold 
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AC Input Signal Simulation Example 

“Ideal” Signal from 

non-switching S/H 

Sampled Signal 
Solution: 

• The “Ideal” Signal generated from non-switching 

S/H has same phase as the Sampled Signal; 

allowing the calculation of settling errors 

Phase difference no longer  

present 

 

Sampled Signal 

“Ideal” Signal from 

non-switching S/H 
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Check the error for AC simulations 

Place the cursor at the end of 

an acquisition cycle.  Generate 

a legend.  The error should be 

less than ½ LSB. 

T

Time (s)

0.00 50.00u 100.00u

Vsh

0.00

4.50

Check the error at 

multiple locations 
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Thanks for your time! 
 


