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1 Design Summary 

The design requirements are as follows: 

 System Supply Voltage: 5 V  

 ADC Supply Voltage: 3.3 V 

 ADC Reference Voltage: 4.5 V 

 ADC Sampling Rate: 1 MSPS 

 Input Voltage Step: 2 Vpp 

The design goals and performance are summarized in Table 1.  Figure 1 depicts the measured transfer 
function of the design. 

Table 1. Comparison of Design Goals, Simulation, and Measured Performance 

 Goal Simulated Measured 

Settling Time <500 ns 341 ns 390 ns 

Effective Resolution 15.5 bits N/A 15.72 bits 

Signal-to-Noise RatioSYS(SNRSYS) > 83 dB N/A 83.51 dB 

Total Harmonic DistortionSYS(THDSYS) < -100 dB N/A -102.99 dB 

Effective Number of BitsSYS(ENOBSYS) > 13.5 bits N/A 13.57 bits 

 

Figure 1: Measured Settling Times 
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2 Theory of Operation 

Figure 2 shows a complete system block diagram of the multiplexed DAQ. The system consists of an input 
low pass filter, multiplexer, SAR ADC driver, anti-aliasing filter, SAR ADC, and a reference driver. To 
achieve the fast settling required at a sampling rate of 1MSPS each block in the system must carefully be 
designed. 

 

Figure 2: System Block Diagram 

2.1 Understanding ADC Static and Dynamic Performance 

The overall performance of a system is determined by measuring specifications such as SNR, THD, 
SINAD, ENOB, and effective resolution. The ac performance is determined using SNR, THD, SINAD, and 
ENOB while dc performance is determined using effective resolution. Please refer to TIPD173 for more 
details about these specifications. 

2.2 Understanding Multiplexed DAQ Linearity Requirements 

In a multiplexed DAQ, two main design considerations must be taken with the multiplexer to ensure high 
linearity and fast settling of the system. The first is to drive the input of the multiplexer with a low 
impedance source and provide sufficient charge transfer when the multiplexer is switched to eliminate 
voltage errors. The second is to provide a high impedance at the output of the multiplexer to eliminate gain 
error and gain non-linearity introduced by the multiplexer’s on resistance. 

2.2.1 Low Impedance Input and Charge Transfer 

Figure 3 shows a simplified model of a multiplexer. Multiplexers typically have ohms of on resistance (Ron) 
and tens of picofarads of drain capacitances (CD). When the multiplexer is switched, CD needs to quickly 
settle to the voltage applied to the input of the newly selected channel. If a high impedance source is at the 
input of the multiplexer, CD will take a long time to settle to the new channels input voltage, creating a 
voltage error at the output of the multiplexer. Therefore, the input of the multiplexer must be driven with a 
low impedance source as shown in Figure 4. 

http://www.ti.com/tool/TIPD173
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Figure 3: Simplified Multiplexer Model 

It is important to select an appropriate value for CFLT to allow for instant charge transfer between CFLT and 
CD when the multiplexer is switched. Small values for CFLT cause the voltage on CFLT to droop, causing 
long settling times. The value of CFLT can be calculated using Equation ( 1 ). For a derivation of Equation ( 1 

), please refer to TIPD151. 
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Figure 4: Low Impedance Input and Charge Distribution Circuitry 

In Figure 4, RFLT acts as an isolation resistor to stabilize the op amp driving the multiplexer. Choosing a 
large value for RFLT will increase the phase margin of the op amp but also increases the settling time. 
Therefore, choose RFLT such that the op amp is stable but the settling time does not exceed the design 
requirements. 

The bandwidth of the input to the multiplexer (BWFLT) is dependent upon RFLT and CFLT and can be 
calculated using Equation ( 2 ). 

http://www.ti.com/tool/TIPD151
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2.2.2 High Impedance at the Multiplexer Output 

The Ron of a multiplexer can vary between channels of the multiplexer and is dependent on the common 
mode voltage. These variances in Ron cause gain error and gain non-linearity. To eliminate these errors, 
the output of the multiplexer must connect to a high impedance node. Equation ( 3 ) and Equation ( 4 ) show 
the equations for gain error and gain non-linearity at the output of the multiplexer. 
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Where: Rout is the resistance at the output of the multiplexer 

  Ron is the on resistance of the multiplexer 

  ΔRon is the change in on resistance of the multiplexer due to common mode voltage 

Equation ( 3 ) and Equation ( 4 ) show that higher multiplexer output impedances result in lower gain errors 
and gain non-linearities. Buffering the output of the multiplexer with a non-inverting amplifier results in a 
very high multiplexer output impedance. 

2.3 Settling Time Requirements 

In a multiplexed DAQ, the ADC input must settle to within the desired error band in less than the combined 
acquisition and conversion times of the ADC. For a robust design, the ADC input should settle in half of 
that time. This allows for variation in component specifications, temperature drift, process shift, and aging 
over the products life. Equation ( 5 ) estimates the total settling time of the system (tSystem) by calculating the 
root sum square (RSS) of each block in Figure 2. 
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ADCFilterDriverADCOPArMultiplexeSystem ttttt   ( 5 ) 

Where: tMultiplexer is the settling time of the multiplexer. 

  tOPA is the settling time of the amplifier in the input low pass filter circuit. 

  tADC_Driver is the settling time of the ADC driver. 

  tFilter_ADC is the settling time of the anti-aliasing filter. 

2.3.1 Multiplexer and ADC Timing 

Figure 5 shows a timing diagram that is optimized to allow for the longest time possible for the system to 
settle. 
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Figure 5: Multiplexer Timing Diagram 

During the conversion phase (CONV), the ADC input is disconnected from the circuit and converts the 
previous acquired sample (N-1) into a digital value. Because the input to the ADC is disconnected from the 
circuit during conversion, the multiplexer can switch and have no effect on sample N-1. After the 
conversion phase, the acquisition of the current sample (N) begins. During acquisition (ACQ), the ADC 
input is connected to the circuit and the internal sample and hold capacitor of the ADC charges to the 
voltage at the input of the ADC. To avoid a conversion error of sample N, the system must settle before 
the conversion of sample N begins, indicated by the red line in Figure 5. Switching the multiplexer at the 
start of conversion gives the combined conversion and acquisition times of the ADC for the system settle. 
To prevent the multiplexer from switching before the conversion begins, a time delay (tdelay) is added after 
the convert start goes high. The total time the system has to settle is shown in Equation ( 6 ).  

 delayconvacqsettle tttt   ( 6 ) 

Where: tsettle is the maximum time the system has to settle. 

  tacq is the acquisition time of the ADC. 

  tconv is the conversion time of the ADC. 

 

2.3.2 SAR ADC Driver/Multiplexer Buffer Settling Time Considerations 

In multiplexer applications, large steps can be applied to the input of the amplifier when the multiplexer 
switches. When a large step is applied to a non- inverting amplifier with differential input clamp diodes, the 
diodes will conduct. During this time, the non-inverting input and inverting input are shorted together 
through the forward biased diodes. When the diodes conduct, the output of the multiplexer is connected to 
the gain network of the amplifier as shown in Figure 6. This allows current flow through the diodes, which 
can damage the device if not limited properly. The current through the diodes can be calculated using 
Equation ( 7 ).  
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Where: Vpositive is the positive full-scale input  

  Vnegative is the negative full-scale input 

  Vdiode is the voltage drop across the diode 

 

Figure 6: Amplifier Gain Network Connected to the Output of Multiplexer 

When current flows through the diodes, a large voltage droop will occur on CFLT resulting in long settling 
times. To limit the voltage droop on CFLT, the resistors in the gain network can be increased to reduce the 
current or CFLT can be increased to supply more charge for the increase in current. Increasing the resistors 
in the gain network introduces more noise in the system and degrades the ac performance and increasing 
the capacitance of CFLT decreases the bandwidth of the input to the multiplexer as shown in Equation ( 2 ). 
Therefore, a balance must be made to meet the design requirements. 

2.4 SAR ADC Driver Requirements 

The amplifier that buffers the output of the multiplexer also operates as the SAR ADC driver as shown in 
Figure 2. To properly drive a SAR ADC, the amplifier must have low total harmonic distortion (THD), low 
noise, high slew rate, fast settling, and high bandwidth. Low THD and low noise is required so that the 
amplifier does not degrade the ac performance of the ADC. High slew rate and fast settling are required to 
achieve fast settling when large steps are required on the output of the amplifier. When the output of the 
amplifier is required to change rapidly, the rate at which the output can change is dominated by the slew 
rate. Therefore, driving the SAR ADC with an amplifier with high slew rate, high bandwidth, and fast 
settling allows the output to transition at a fast rate with minimal ringing.  

2.5 Anti-Aliasing Filter Requirements 

The RC anti-aliasing filter, shown in Figure 2, filters out noise introduced by components in the signal 
chain and reduces kick back from the sample and hold capacitor of the ADC. The capacitor of the anti-
aliasing filter should be sized according to the datasheet of the ADC. The capacitor acts as a charge 
bucket to quickly charge the sample and hold capacitor of the ADC during the acquisition phase. Having a 
capacitor on the output of an amplifier degrades the phase margin; therefore, an isolation resistor must be 
used to stabilize the amplifier. The resistor must be large enough to stabilize the amplifier but should be 
kept below what is recommended in the ADC datasheet. The bandwidth of the filter should be chosen such 
that it does not attenuate the input signal but kept low enough to filter out noise fed into the ADC to 
increase the SNR of the system. The bandwidth of the anti-aliasing filter can be calculated using Equation 
( 8 ). 
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2.6 Noise and THD Requirements 

The total noise of the system is the contribution of each component in the signal chain shown in Figure 2. 
The components should be chosen carefully to not degrade the overall SNR of the system. It is important 
to do a full noise analysis of the system to determine what the main source of noise is. It is best to refer all 
noise sources to the input of the amplifier so that the noise calculations are not dependent on gain.  

The bandwidth of the input filter can be calculated using Equation 2 and should be used as the cutoff 
frequency (fc) for the noise calculation of the input filter. The noise bandwidth of the OPA320 (BWn_OPA320) 
can be calculated using Equation ( 9 ). 

 cnOPAn fKBW 320_  ( 9 ) 

Where Kn is the brickwall filter multiplier. 

The broadband noise (en_bb) can be calculated using Equation ( 10 ). 

 
320_320__ OPAnbbOPAbbn BWee   ( 10 ) 

To calculate the noise due to the 1/f region (en_1/f) , the noise must be normalized (en_normalized) . This is 
done using Equation ( 11 ). 

 
ffOPAnormalizedn fee /1/1320__   ( 11 ) 

Where :  f1/f = the frequency at which the 1/f noise is measured at.  

  e1/f = the noise spectral density measured in the 1/f region. 

The noise due to the 1/f region is then calculated using Equation ( 12 ).  
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The total input referred noise of the input filter (en_Total_OPA320) can then be calculated by taking the root sum 
square (RSS) of the 1/f noise and the broadband noise as shown in Equation ( 13 ). 

 
2

/1_

2

_320__ fnbbnOPATotaln eee   ( 13 ) 

The input referred noise due to the SAR ADC driver circuitry (en_Total_SAR_Drive) can be calculated in a similar 
manner as used for the input filter. However, the calculation must also include the noise due to the current 
noise of the amplifier and noise due to resistors.  

The cut off frequency used to calculate the noise bandwidth of the SAR ADC driver circuit (BWn_OPA625) 
should be used as the bandwidth of the anti-aliasing filter calculated in Equation ( 8 ). The same process 
can then be used to calculate the broadband (en_bb_OPA625) and 1/f noise (en_1/f_OPA625) as described above 
using the newly calculated noise bandwidth. 

The noise due to the current noise of the SAR ADC driver (en_I) can be calculated using Equation ( 14 ). 

 
gfOPAnIn RRIe //625__   ( 14 ) 

To calculate the current noise in units of Vrms, Equation 14 must be multiplied by the noise bandwidth of 
the SAR ADC driver circuit as shown in Equation ( 15 ). 

 
625___ OPAnInIn BWeE   ( 15 ) 

The thermal noise due to the resistors in the gain network (en_R) can be calculated using Equation ( 16 ). 
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  
gfOPAnRn RRBWTke //4 625__   ( 16 ) 

Where: k = Boltzmann’s constant 

  T = Temperature in Kelvin 

The total noise at the input of the SAR ADC driver circuitry can be calculated by taking the RSS of the 
broadband noise, 1/f noise, current noise, thermal noise, and the total noise of the input filter as shown in 
Equation ( 17 ). 
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The total input referred noise, shown in Equation ( 17 ), can be multiplied by the gain of the SAR ADC driver 
to give the total output-referred noise (en_Total_Out) as shown in Equation ( 18 ). 
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To calculate the total RMS noise of the system, the ADC noise must also be considered. The noise of the 
ADC can be calculated using Equation ( 19 ). 
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The total noise of the system (en_Total_System) can then be calculated using Equation ( 20 ). 
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To prevent degrading the THD performance of the ADC each device should be chosen such that it is at 
least 10dB lower than the THD performance of the ADC. It is important to check the THD specification for 
the load that the device will have. It is also important to choose C0G or NP0 capacitors where applicable 
as these capacitors have stable electrical characteristics under varying voltages, frequencies, time, and 
temperature. 

2.7 Reference Driver Circuitry 

The reference driver circuit, shown in Figure 7, uses the composite amplifier topology with a high precision 
low drift and low noise reference to provide a high bandwidth low noise circuit with high dc precision. For 
more details on the composite amplifier reference driver, please refer to TIPD115. 

 

Figure 7: Reference Driver Circuitry  

http://www.ti.com/tool/TIPD115
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3 Component Selection 

3.1 ADC Selection 

The ADC is selected to be the ADS8860. This single ended SAR ADC has 16-bit resolution and can 
sample at 1 MSPS, therefore meeting the resolution and sampling rate requirement of the design. Table 2 
lists the parameter of the ADS8860 relevant to this design.  

Table 2: ADS8860 Specifications 

Parameter Value 

Resolution 16-bit 

Sampling Rate 1 MSPS 

tacq 290 ns 

tconv 710 ns 

Reference Voltage 2.5 V – 5 V 

AVDD 2.7 V – 3.6 V 

DVDD 2.7V – 3.6V 

SNR 93 dB 

THD -108 dB 

As stated in section 2.3.1, the total time the system has to settle is dependent on the acquisition and 
conversion times of the ADC. Using Equation ( 6 ), with a time delay of 10 ns, the total time the system has 
to settle is 990 ns. However, for a robust design, the system should settle in less than half of the combined 
acquisition and conversion time. Therefore, this system must settle in less than 500 ns. 

3.2 Multiplexer 

The multiplexer is selected to be the TS5A3159. This multiplexer was chosen for the low on resistance (R-

on), Ron flatness, excellent Ron matching between channels, and fast transition between channels. Table 3 
lists the parameter of the TS5A3159 relevant to this design.  

Table 3: TS5A3159 Specifications 

Parameter Value 

ON Resistance (Ron) 1 Ω 

Ron Flatness 0.233 Ω 

Ron Matching 0.1 Ω 

Drain Capacitance (CD) 84 pF 

Source Capacitance (CS) 23 pF 

Supply Voltage 1.65 V – 5.5 V 

Transition Time 69.5 ns 

3.3 Input Low Pass Filter Passive Component Selection 

Using Equation ( 1 ), the minimum value for CFLT is calculated as 733 pF. CFLT is chosen to be 22 µF to 
supply enough charge for the increased current when the back-to-back diodes of the SAR ADC driver turn 
on to reduce the voltage droop on CFLT. The resistor RFLT is chosen to be 10 Ω to stabilize to output of the 
amplifier and will be discussed in 4.1. The bandwidth of the input to the multiplexer is calculated to be 
723.43 Hz using Equation ( 2 ). 

3.4 Multiplexer Input Buffer 

The multiplexer input buffer was chosen as the OPA320 for its high bandwidth, low noise, low offset, fast 
settling, and capacitive load drive capability. Table 4 lists the parameters of the OPA320 relevant to this 
design. 
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Table 4: OPA320 Specifications 

Parameter Value 

Vos(max) 150 µV 

Bandwidth 20 MHz 

Noise @ 1 kHz 8.5 nV/√Hz 

2V Step Settling to 0.0015% 0.5 µs 

Supply Voltage 1.8V – 5.5V 

3.5 SAR ADC Driver 

As discussed in Section 2.4, the amplifier that drives the SAR ADC must have low THD, low noise, high 
slew rate, fast settling, and high bandwidth. Therefore, the OPA625 was chosen as the SAR ADC driver. 
Table 5 lists the parameters of the OPA625 relevant to this design. 

Table 5: OPA625 Specifications 

Parameter Value 

THD @ 10 kHz -135 dB 

Noise @ 10kHz 2.5 nV/√Hz 

Slew Rate 115 V/µs 

16-bit Settling with 4 V Step 280 ns 

Gain Bandwidth (G=100) 120 MHz 

Supply Voltage 2.7 V – 5.5 V 

3.6 SAR ADC Driver Gain Network  

The components, Rf and Rg, in the gain network of the OPA625 are chosen as 5 kΩ to limit the current 
through the back-to-back diodes to 520 µA, using Equation ( 7 ). Setting Rf = Rg also sets the amplifier in a 
gain of 2 V/V, resulting in a full scale step of 4 V on the output of the OPA625. The component Cf is 
chosen to be 1 pF to increase the phase margin of the OPA625. 

3.7 Anti-Aliasing Filter 

As recommended by the ADS8860 datasheet, the capacitor in the anti-aliasing filter must be greater than 
590 pF and should be a C0G or NP0 type capacitor. The resistor must be less than 22 Ω. The capacitor for 
this design was chosen to be a 1.2 nF C0G capacitor and the resistor was chosen as 12 Ω which will be 
discussed in 4.2. 

3.8 Total Calculated Settling Time 

The total settling time calculation is shown below using Equation ( 5 ). 
 

2

_

2

_

22

ADCFilterDriverADCOPArMultiplexeSystem ttttt    

 nsnsnsnsnstSystem 5788.282805005.69 2222    

However, since the output of the OPA320 is not a 2 V step, the settling time is expected to be less than 
what is calculated. 

3.9 Noise Analysis 

Using the process shown in 2.6, the total noise of the input driver circuitry is calculated to be 61.746 
µVrms and the total noise of the system is calculated to be 71.28 µVrms. For a full noise analysis, please 
see Appendix B. 
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3.10 Reference Driver Amplifier and Passive Component Selection 

The amplifiers for the reference driver circuitry were chosen to be the OPA333 for its low drift and high dc 
precision and the THS4281 for its high bandwidth and low output impedance. For more details about 
designing the reference driver circuitry, refer to TIPD115. 

  

http://www.ti.com/tool/TIPD115
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4 Simulation 

4.1 Multiplexer Input Buffer Stability 

Driving a capacitive load can cause the amplifier to become unstable and oscillate due to the degraded 
phase margin; therefore, the stability must be checked in simulation. Figure 8 and Figure 9 shows the 
circuit used to check the phase margin of the multiplexer input buffer and the phase margin measurement 
using TINA-TI™. The simulation shows a phase margin of 87°. 

 

Figure 8: Multiplexer Input Buffer Stability Simulation Circuit 

 

Figure 9: Phase Margin Simulation Result of Multiplexer Input Buffer 

4.2 SAR ADC Driver Stability 

Figure 10 shows the circuit used to simulate the phase margin of the SAR ADC driver. The simulated 
phase margin of the SAR ADC driver is 54° as shown in Figure 11.  
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Figure 10: SAR ADC Driver Stability Simulation Circuit 

 

Figure 11: Phase Margin Simulation Result of SAR ADC Driver 

4.3 System Settling Time 

The system settling time can be simulated using the circuit shown in Figure 12. Since the differential input 
clamp diodes of an amplifier are not modeled, two diodes have been added across the input of the 
OPA625. The switch on resistance is set to 1 Ω and a capacitor of 84 pF is added to simulate the effects of 
the multiplexer. The simulation shows that the system settles in 341 ns as shown in Figure 13. 
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Figure 12: System Settling Time Simulation Circuit 

 

Figure 13: System Settling Time Simulation Measurement 

4.4 Noise Analysis 

The noise of the input drive circuitry is simulated using the circuit shown in Figure 14. The simulated noise 
of the input drive circuitry is 45.68 µVrms as shown in Figure 15. 
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Figure 14: System Noise Simulation Circuit 

 

Figure 15: System Noise Simulation Measurement 
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5 PCB Design 

The PCB schematic and bill of materials can be found in Appendix A. 

5.1 PCB Layout 

The PCB shown in Figure 16 is composed of four layers with signals were routed on the top and bottom 
layers while power and ground layers were in the middle layers. Basic good layout techniques were used 
in this design such as keeping traces as short as possible and placing decoupling capacitors close to the 
pin of the device. Special attention was given to the layout of the reference driver. The reference driver 
circuitry was placed as close to the ADC reference pin to minimize trace inductance and potential issues 
with settling of the reference voltage. 

 

Figure 16: PCB Layout 
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6 Verification & Measured Performance 

6.1 Settling Time Measurement 

Figure 17 and Figure 18 show the settling time of the rising and falling edge, respectively. Each data point 
taken is an average of 1000 points to average out the noise. The rising and falling edge settles within the 
desired error band in 390 ns and 360 ns respectively. 
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Figure 17: Rising Edge Settling Time Measurement 
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Figure 18: Falling Edge Settling Time Measurement 
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6.2 AC Performance 

The ac performance of the system is determined by measuring the SNR and THD. Figure 19 shows an 
Fast-Fourier Transform (FFT) of the system with a full-scale 10 kHz sine wave input to the SAR ADC 
driver. The system performance has an SNR of 83.51 dB and a THD of -102.99 dB. The ENOB of the 
system is calculated as 13.57 bits. 

 

Figure 19: AC Performance of the System 

6.3 DC Performance 

The dc performance of the system is determined by measuring the effective resolution. Figure 19 shows 
the dc performance of the system. The measurement was taken with a dc input to the OPA625. The 
voltage input to the OPA625 was 1/4

th
 the voltage of the reference voltage of the ADC. This set the output 

of the OPA625 to be mid-scale of the ADC. Figure 20 shows the effective resolution as 15.72 bits. 

 

Figure 20: DC Performance of the System 
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7 Modifications 

To improve the ac performance of the system, the gain network resistors, Rf and Rg, can be reduced to 
reduce the overall noise of the system. This will improve the SNR of the system, which gives a higher 
ENOB and effective resolution. Due to the decrease in resistors, the current through the differential input 
clamp diodes of the SAR ADC driver will increase which results in a larger voltage droop on CFLT. Table 6 
shows the system performance using 3.48 kΩ resistors in the gain network. 

Table 6: System Performance with Modifications 

 Measured 

Settling Time 1330 ns 

Effective Resolution 16-bits 

Signal-to-Noise RationSYS(SNRSYS) 88.03 dB 

Total Harmonic DistortionSYS(THDSYS) -106.45 dB 

Effective Number of BitsSYS(ENOBSYS) 14.33 bits 
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Appendix A.  

A.1 Electrical Schematic  

 

 



 

www.ti.com 

TIDUAD9-January 2015 Fast Settling 16-bit 1MSPS Multiplexed Data Acquisition Reference Design 23 
Copyright © 2015, Texas Instruments Incorporated 

A.2 Bill of Materials 

 

Figure A-2: Bill of Materials 
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Appendix B.  

B.1 Noise Calculations 
 kHzBW OPAn 357.1320_    

 nVrmse OPAbbn 901.235320__    

 nVe OPAnormalizedn 93.173320__    

 nVrmse OPAfn 1.823320_/1_    

 nVrmse OPATotaln 23.856320__    

 MHzBW OPAn 676.8625_    

 Vrmse OPAbbn 363.7625__    

 nVe OPAnormalizedn 6.31625__    

 nVrmse OPAfn 198.135625_/1__    

 

Hz

nV
e In 7_   

 

 VrmsE In 618.20_    

 Vrmse Rn 75.21_    

 Vrmse OPATotaln 873.30625__    

 Vrmse OutTotaln 746.61__    

 Vrmse RMSADCn 61.35__    

 Vrmse SystemTotaln 28.71__    
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