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Part II: Input Behavior of SAR ADCs 
 
 
The second of a three-part series, this TechNote examines the load that the input of a 
modern successive approximation register (SAR) ADC presents to external circuitry. 
Unlike what may be implied in a product data sheet, this input is a very dynamic load that 
changes as the sampling and conversion process takes place. Selecting the external 
charge reservoir circuitry to achieve optimal ac and dc performance, and minimize charge 
injection effects, is discussed. 
 
The equivalent input of the ADS8361 (Part I http://analogzone.com/acqt0221.pdf and 
Fig. 1), which is representative of SAR-type ADCs. A review of the operation of these 
parts is relevant in order to understand their performance limitations. 
 
The analog input signal to be measured is connected differentially to the positive VIN+ 
and negative VIN- inputs. The sampling and conversion of the input signal was described 
in detail previously. 

 
Fig. 1: Equivalent Input Circuit SAR ADC 

 
As a starting point for the following analysis, several facts must be considered: at the end 
of the sampling period the voltages on the capacitors CP1 and CN1 are stable, the switches 
S1 and S2 will disconnect the input signal from the sampling capacitors, and the 
conversion process will start. The result of the conversion will be proportional to the 
voltage that was captured on the sampling capacitors at the end of sampling period. 
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Analysis Of ADC Input During Sampling Time 
 
In a typical application the analog signal to be measured is first conditioned by an 
operational amplifier, and then filtered with an R-C circuit before being applied to the 
ADC. In the equivalent input circuit of the ADC (see Fig. 2) sampling capacitor CSH 
corresponds to the sampling capacitors CP1 or CN1 (Fig. 1). Before switch SW1 connects 
CSH to the input signal, it will have an initial charge voltage V0, the result of the 
previous conversion process. During acquisition SW1 is closed, SW2 is open. The 
sampling capacitors CSH will be charged through the switch resistor RS1 and resistor R1 
from the signal source. In our case the switch resistance RS1 is about 20 Ω. 
 

 
Fig. 2: Illustrating ADC Behavior During Input Signal Sampling 

 
General Analysis Of Sampling Process 
 
While sampling CSH will be charged to the input voltage E through resistor RS1 and 
switch SW1. The initial charge on the sampling capacitor CSH is V0 (fig. 3). 
 

 
Fig. 3: General Circuit Showing Sampling Of Input Signal 

 
After switch SW1 closes the charging process starts. The voltage on the sampling 
capacitor, denoted VC(t), can be described by Equation 1: 

V C t V 0 E V 0 1 e
t

     Eq 1 
 
where, t = RS1 * CSH 
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Our goal is to determine the acquisition time needed to charge the input capacitor to the 
value that is less than one-half the LSB in error with respect to the input signal. This 
condition is described by Equation 2: 

E V C t AQ
1
2

LSB
       Eq 2 

 
A plot of Equation 1 (Fig. 4) shows the voltage change across CSH after SW1 closes. 

 
Fig. 4: Voltage Across Sampling Capacitor During Sampling Period 

 
The full-scale range (FSR) of the analog input signal of the ADS8361 in single-ended 
mode is ±Vref around Vref. When the internal 2.5 V reference voltage is used as the 
reference voltage the analog input signal range is ±2.5 V around 2.5 V. So, the input 
signal range is from 0 V to 5 V. The difference between the most positive and most 
negative analog input of the converter operating range is the FSR, in this case 5 V. To 
analyze the worst-case situation the input signal voltage, E, from the signal source will be 
equal to the full-scale voltage. The ideal code width of an N-bit converter is 1LSB. 
 
Replacing the value of 1LSB in Equation 2, it is possible to calculate the value to which 
the input capacitor needs to be charged at the end of the acquisition time: 

V C tAQ E 1 1
2N 1

      Eq 3 
 
Substituting Equation 3 into Equation 1, and assuming that this condition is satisfied at 
the end of the acquisition time, we get the following result: 

E 1 1
2N 1 V 0 E V 0 1 e

tAQ

    Eq 4 
 
Now it is easy to calculate what value is required for t: 

t AQ

ln
E V 0

E
2N 1

      Eq 5 
 

Equation 5 can also be written as: 
t AQ k         Eq 6 
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Using Equation 5, it is possible to calculate the coefficient k from equation 6. For 
different ADC resolutions, k will be different. Table 1 lists the theoretical values of k. 
 

Table 1. Theoretical k Values 
Resolution of ADC [bits] k 
8 5.5 
10 6.9 
12 8.3 
14 9.7 
16 11.1 
18 12.5 

 
In the case of the 16-bit ADS8361 the acquisition time must be at least 11 times greater 
than the RC time constant. An error margin for component variations and other errors 
inherent in the ADC the actual recommended factor for k can range from 13 to 18. 
 
 
Analysis Of Return Voltage At The Input To ADC 
 
Given the SAR equivalent input circuit (Fig. 3) the values of the equivalent sampling 
resistor RS1 and capacitor CSH must be known. ADC manufacturers will often provide 
these values for their converters. What remains unknown is the initial charge V0 on the 
sampling capacitor at the moment when switch SW1 closes. 

 
 

Fig. 5: Example Of Sampling Capacitor Voltage With Constant V0 
 
One example of the voltage on CSH (Fig. 5) during sampling shows the initial voltage V0 
on the capacitor is always the same, and equal to half the full-scale range of the input 
signal. It is possible to see that acquisition time tAQ requirements are different for 
different input voltages. The worst-case scenario occurs when the input signal is close to 
0 or full scale. It is obvious that acquisition time tAQ2 must be greater than tAQ1, and is 
used as the initial parameter of the input filter and buffer design. 



Fig. 6 presents the case where the initial voltage on the sampling capacitor is variable. 
When the input voltage of the previous conversion was greater than half FSR, the initial 
charge on the sampling capacitor is constant and equal to half the FSR. Also, when the 
input voltage from the previous conversion is less than half the FSR the initial charge on 
the sampling capacitor is variable. Note that converters can present different scenarios 
regarding the initial charge of the sampling capacitor, not covered in these examples. 
 

 
Fig. 6: Sampling Capacitor Voltage With Variable V0 

 
Determining Initial Charge On The Sampling Capacitor 
 
A simple technique (Fig. 7) can be used to determine the initial charge on the sampling 
capacitor of the converter, as a function of input voltage, with a relatively high-value 
resistor on the input magnifying the effect of the sampling capacitor. A signal generator 
connnected to the resistor applies a sinusoidal signal that covers the converter FSR. 
 

 
Fig. 7: Test Circuit To Measure Initial Voltage On Sampling Capacitor 

 
During this measurement, special care must be taken to use a low capacitance probe. The 
capacitance of CSH is around 20 pF and can be easily masked by introducing a scope 
probe capacitor. The following measurements were made using a Tektronix P6202A 
ActiveFET probe with 500-MHz input bandwidth and less than 2 pF input capacitance. 
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Fig. 8: Sampling Signal And Positive Analog Input Of Converter 
 
Fig. 8 shows the sampling signal, or the state of the sampling switch SW1 from Fig. 7, in 
the top trace. The bottom trace is the capture of the analog input voltage where the initial 
voltage on the sampling capacitor can be seen, in this case V0 is half the FSR for the 
input signal that is equal to or greater than that voltage. For the input voltage that is 
lower, the initial charge on the input capacitor is 0 V. The charging process of the 
sampling capacitor is shown in more detail in Fig. 9. 
 

Fig. 9: Charging Of Sampling Capacitor CSH on the Positive Analog Input 



The same converter has a completely different pattern on the negative analog input. 
Independent of the input voltage, the initial charge V0 of the sampling capacitor CSH on 
the negative input is always half the FSR. Fig. 10 shows the results of this measurement. 

Fig. 10: Charging Sampling Capacitor CSH On Negative Analog Input 
 
This charge effect is a charge injection coming out of the converter input pin during each 
acquisition time when switch SW1 is closed. The effect of this charge is to present a 
dynamic load to the driving circuitry. As can be seen from the detail (Fig. 9) the example 
converter causes current to flow in the input pin disturbing it for a period of about 500 ns. 

 
 

Fig. 11: Transient Signals Op Amp Sees In Typical Data Acquisition System 
(a) Line From Switching Of Input Multiplexer (b) Load From Input Of ADC 

 
Fig. 11 is a simplification of this scenario, showing transient signals that the driving op 
amp must contend with. If we view the op amp like a voltage regulator, Fig. 11(a) shows 
the input signal as it might come from an input multiplexer, similar to a line transient to a 
voltage regulator. Fig. 11(b) shows the dynamic load of the ADC on the op amp, similar 
to a load transient to a voltage regulator, which regularly specify performance under line 
and load transient conditions, but op amps do not. The load on the op amp is the often 
difficult to handle capacitive, potentially causing output drive and stability problems. 
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Choosing The External RC Filter Components 
 
Because this dynamic load will disturb the output of the driving op amp some means of 
isolating the op amp from this load is required. Often this isolation would be by placing a 
resistor in series from the op amp to the load. But in the case of a SAR ADC the charge 
injection would still disturb the op amp and a path must be provided for the charge 
coming out of the ADC. This is done by placing a capacitor across the input of the ADC. 
 
Placing a capacitor across the ADC input creates a simple RC circuit in front of the ADC. 
Naturally, this RC circuit is a low-pass filter, and can be used to limit the bandwidth of 
the signal presented. Without this external RC filter the input bandwidth of the ADS8361 
is limited only by RS1 and CSH (Fig. 3), so the input bandwidth alone would be 
1/(2π*20 Ω*25 pF) or close to 320 MHz; for a 500-ksample/s converter, this wide 
bandwidth serves only to add noise into the signal, even after the signal has been 
appropriately band-limited by the system anti-aliasing filter. Since the RC is already 
needed to help isolate the op amp from the dynamic load, we can also use it to limit the 
signal bandwidth, thereby preserving the converter's SNR. 
 
Capacitors have a voltage-dependent characteristic, meaning that capacitance changes 
with the voltage applied. For the ADC input sampling capacitor CSH this voltage 
coefficient is apparent (Fig. 12). 

Fig. 12: Voltage-Dependent Characteristic Of CSH 
 
An equation that describes this change in one region of the voltage curve is C = C0 (1 + 
KV), where C0 is the nominal capacitance, V is the voltage across the capacitance, and K 
is the voltage coefficient of the capacitor. This voltage-dependent capacitance causes the 
current necessary to charge the capacitance to vary with voltage (in addition to 
frequency). This current travels through the ADC driving impedance creating a voltage 
drop error, which again varies with voltage. Since it is voltage dependent, it creates a 
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non-linear error. For a sine wave this error contains harmonics since it originates as a 
current charging a capacitance: non-existent at dc growing larger with frequency. 
 
One other function of the external RC circuit is to use a highly-stable external capacitor 
to minimize the effects of the internal CSH capacitive voltage coefficient. This function 
requires that the external capacitor be of a value much larger than CSH and have a low 
voltage coefficient, a condition requiring the selection of a suitable dielectric. Fig. 13 
shows the performance of different dielectrics versus voltage and frequency. For best 
results silver-mica or C0G capacitors should be used; X7R, Z5U and other types show 
significant voltage and frequency dependency, and will result in poor dynamic 
performance with a degradation in the resulting total harmonic distortion (THD). 

 

 
Fig. 13: Capacitor Dielectric Effects on THD+N Vs (top) Voltage (lower) Frequency 

Green Silver Mica And C0G; Yellow Signal Generator Unfiltered; 
Light Blue X7R; Dark Blue Y5V; Red Z5U 
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So, the values of the external RC filter components (R1 and C1 from Fig. 2) can be 
chosen by following some guidelines. First, the value of C1 should be at minimum 
greater than 20 times CSH,  and either silver mica or C0G dielectric type. This capacitor 
value will allow the effects of the voltage coefficient of the internal sampling capacitor , 
CSH, to be minimized. For the ADS8361, with CSH equal to 25 pF, this means that C1 
should be larger than 500 pF. 
 
To choose the resistor, R1, the time constant of the RC circuit, τfil, must be considered. 
Referring to Equation 6, we see that τfil depends on the acquisition time tAQ and the 
converter resolution as shown in Table 1. For a 16-bit converter τfil must be set so that at 
least 11 time constants are allowed within the converter's operating acquisition time. 
Assuming that tAQ is 5 µs and C1 is 1 nF, then R1 can be determined from: 

R1 C1
t AQ

k
5 s
12

416 ns
 

 
So R1 must be less than 416 Ω for C1 = 1 nF. 
 
 
Conclusion 
 
The analysis has shown the dynamic and nonlinear nature of the load presented by the 
ADC analog input to the driving op amp. A simple RC circuit will minimize the impact 
of this dynamic load on the driving op amp. In addition it will limit the noise bandwidth 
presented to the ADC and further compensates for  the nonlinear behavior of the input 
sampling capacitor. Criteria for the minimum requirements for the RC component values 
have been established. However, finding the optimum values for a specific application 
will require creating a test methodology for best results. This methodology will be 
presented in Part III of this TechNote series. 
 
 
References 
 
Downs, R and Oljaca, M, Designing SAR ADC Drive Circuitry 
http://analogzone.com/acqt0221.pdf analogZONE: acquistionZONE 
 
Kuglestadt, T, Switched Capacitor ADC Analog Input Calculations, Texas Instruments, 
SLAA036. Available for download at http://www.ti.com 
 
Oljaca, M. and Mappes, B, ADS8342 SAR ADC Inputs, Texas Instruments, SBAA127. 
Available for download at http://www.ti.com 
 
Klein, W and Oljaca, M, Quantifying Amp to ADC - Distortion Considerations, 
http://cmpnetseminars.com/tsg/yns.asp?q=160&K=HOME Aalog eLAB WebCast 
 



Oljaca, M and Klein, W,Quantifying Amp to ADC Interface Performance 
http://w.on24.com/r.htm?e=8841&s=1&k=6E8FAEE8D5DBDA989EDD1488ED50328
D&partnerref=Netseminar Analog eLAB WebCast 
 
Oljaca, M (2004.) Understand the Limits of Your ADC Input Circuit Before Starting 
Conversions, http://analogzone.com/acqt1101.pdf analogZONE: acquistionZONE 
 
McEldowney, J and Oljaca, M, Using a SAR ADC for current measurement 
http://www.ednasia.com/article.asp?id=376  
 
Oljaca, M and Hendrick, T, Data Converters for Industrial Power Measurements, Texas 
Instruments Application Report SBAA117A. Available for download at 
http://www.ti.com 
 
Ohnhauser, F and Oljaca, M, Analog-to-Digital Converters for simultaneous sampling, 
http://archive.chipcenter.com/analog/c053.htm 
 
 
About The Authors 
 
Rick Downs is applications engineering manager for Texas Instruments' Data Acquisition 
Products group in Tucson, AZ. Over the past 20 years, he has held various positions in 
applications and marketing of analog semiconductors, with focuses on audio, data 
acquisition, digital temperature sensors and battery management products. Rick holds a 
bachelor of science in Electrical Engineering from the University of Arizona, and has 
three patents. He has authored several articles and application notes on analog topics, and 
prepared and delivered several seminars on data acquisition. 
 
Miroslav Oljacac has over 17 years of design and manager experience in the field of 
motor control and power conversion. His design experience ranges from the several watt 
to megawatt range. Miroslav currently specify and support products that provides motor 
control solutions targeted at high precision motor control applications. He earned his 
BSEE and MSEE degrees in electrical engineering from the Electrotechnical University 
in Belgrade (Yugoslavia) in 1986 and 1988. Miroslav is a member of the AEI, CNI, IEE 
and IEEE. He also holds the following titles: Eur Ing, Dott.Ing., MSc and CEng. He can 
be reached at oljaca_miroslav@ti.com 
 
 

 
 


