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ABSTRACT 

This study deals with the requirement for driving the inputs of SAR ADCs used in 

data acquisition systems. The goal of the study is to develop an analysis technique for 

selecting amplifiers to drive the inputs of single supply, low power SAR ADCs. One of 

the conditions is that the amplifier selected must be capable of operating on the same 

power supply as the SAR ADC. The background and work directed towards achieving 

the above mentioned goal is outlined in the six chapters of this paper. The first chapter 

gives an overview of data acquisition systems and ADCs in data acquisition systems. 

The second chapter discusses the operation of CD AC capacitor array for unipolar, 

bipolar, differential, and single-ended SAR ADCs. The third chapter goes through the 

requirements of the SAR ADC and an analysis of operational amplifier's parameters and 

their required values. The fourth chapter shows how to simulate the selected operational 

amplifier's performance using Pspice. The fifth chapter describes empirical tests 

characterizing the amplifier's performance. The last chapter is the analysis of the data, 

conclusion, and recommendation. 
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CHAPTER 1 

INTRODUCTION 

I. I Overview of Data Acquisition Systems 

The desire to monitor, control, and communicate with our environment and each 

other has lead to an increasing demand for Data Acquisition Systems. Data Acquisition 

Systems are comprised of a few key components, such as an Anti-Aliasing Filter, an 

Analog-to-Digital Converter, a Processor, a Reconstmction Digital-to-Analog Converter, 

and an Anti-imaging or Smoothing Filter. As the name indicates, these systems are 

involved in gathering information, analyzing it through high-speed computations, and 

outputting the result in a manner that is understandable for the environment it operates in. 

Together these systems serve a wide range of applications: from small, portable systems, 

such as touch screen controllers to large, manufacturing systems, such as motor 

controllers. Data Acquisition Systems are used in cleanrooms to monitor temperature, 

pressure, humidity, dewpoint, particle count, airflow, electrostatic discharge, and process 

fluid purity. In Addition, Data Acquisition Systems are also used in production to 

monitor machines and critical processes, just to mention a few areas. A block diagram of 

a typical Data Acquisition System is shown in Figure 1.1. 
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Figure 1.1: Diagram of a Typical Data Acquisition System. 

1.2 ADCs in Data Acquisition Systems 

It is an analog world, but unfortunately analysis in the analog domain is difficult 

and the components required are cumbersome. Hence it is advantageous to carryout this 

analysis in the digital domain, which makes Analog-to-Digital Converters are an essential 

part of a Data Acquisition System. A wide variety of Analog-to-Digital Converters exists 

including Successive Approximation, Delta Sigma, Flash, and Pipeline Converter types. 

They can be used in monitoring of analog variables (e.g., pressure and temperature). For 

instance the Analog-to-Digital Converter can report changes in temperature using the 

output of a temperature sensor as a signal source or in the case of pressure, strain gages in 

a wheatstone bridge. The changes in the variable can be viewed as a varying voltage 

source as modeled in Figure 1.2 [14]. As the value changes the Analog-to-Digital 

Converter output responds proportionately, outputting a digital code with respect to the 

transfer function Equation 1.1 for bipolar and Equation 1.2 for unipolar ADCs. 
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Equation 1.2 

Where n is the ADC's number of bits, G is the gain internal to the ADC or the gain 

applied to the input signal, FSR is the ADC's full-scale range, and Vd,„ is the differential 

input signal voltage to the ADC. 

•-Vdd 

Figure 1.2: ADC and A Variable Signal Source. 

1.3 Application of Data Acquisition Systems 

A manufacturing company that implements the investment casting process can 

use a data acquisition system to monitor the density of the ceramic slurry used to make 

the shells for the castings. A force transducer as a load cell can be used to measures the 

upthmst of the slurty, which is directly related to its density. The transducer output can 

be electrically connected to an ADC. The electrical signal is converted to a digital code. 



which is sent to a micro-controller that computes and keeps track of the slurry's density, 

schedules replacement, and interfaces with other automated equipment as robots. This 

data acquisition capability offers remote control and is advantageous in reducing 

manufacturing lead times and risks to operators associated with automation and robotics. 

Figure 1.3 shows a block diagram of the data acquisition system. 

Electnc Robot 

Figure 1.3: A Data Acquisition System Application Diagram. 

1.4 Implementation of an ADC 

When implementing an ADC in a system there are a number of special matters to 

consider: 

• Required level of system accuracy: For example a system accuracy of 

0.012% (12 bits) requires an ADC that is more accurate, perhaps 0.006% (13 

bits), which allows the analog front end an error budget of one least 

significant bit. This accuracy for static time domain (DC) signals includes 

specifications as differential non-linearity, integral non-linearity, offset, and 

gain error. Dynamic time domain signals specification includes signal to 

noise ratio, total harmonic distortion, and effective number of bits. 

• Number of bits of resolution: This should not be confused with accuracy. 

Resolution is the number of states (2"), which the analog input could be 



resolved into, where n is the number of bits. Accuracy indicates how close the 

converter can come to the actual value. The resolution required is tied to the 

range over which the signal changes and the size of the changes to be 

monitored. 

• Nature of the analog input signal: This refers to whether the signal is AC or 

DC, contains discontinuities, and is noisy, the signal's source impedance and 

its amplitude. 

• Conversion speed (throughput) required: Some signal variations can be slow 

(DC) in some applications and fast (AC) in other cases. Therefore, the 

frequency of the variation plays a major role in the analog-to-digital converter 

selected for an application. The Nyquist Criterion requires the sampling 

frequency to be at least twice the highest frequency of the variation. Hence a 

converter's throughput must be at least the required Nyquist Frequency (for a 

lOkHz signal variation the minimum ADC throughput or sampling rate 

required is 20ksps). 

For more information on selecting an ADC, consult Burr Brown (Texas Instmments) 

application bulletin AB-089 [9]. 

1.5 The Scope of this Study 

This study assumes that the ADC is already selected. For example of a typical 

SAR ADC that can be used in this study is Texas Instmment's ADS8325: a 16-bit, 

lOOksps, low power, low noise, linear SAR ADC illustrated in Figure 1.4. This ADC can 

be used in battery-operated systems, remote data acquisition, isolated data acquisition, 

industrial controls, robotics, and vibration analysis [1]. 
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Figure 1.4: Block Diagram of the ADS8325. 

Ideally, an analog signal can go directly into an Analog-to-Digital Converter, but 

due to special requirements of the ADC to achieve a particular level of accuracy, most of 

the analog signals must undergo conditioning. Frequently signal conditioning is done 

through a buffer that isolates the analog signal from possible ADC interference during 

sampling that can dismpt the overall system accuracy. As a result of the sensitive nature 

of the ADC, particularly when higher resolutions and lower powers are required, special 

consideration must be given to selecting the operational amplifiers or buffers to condition 

the signal. 

This paper deals with the analysis of selecting the best available operational 

amplifier to drive a single supply SAR ADC, where both ADC and amplifier must 

operate off of the same power supply. Chapter 2 explains the operation of the SAR 

ADCs, especially the CDAC. Chapter 3 discusses the need for operational amplifiers and 

the difficulties selecting single supply amplifiers that fully satisfies the ADC's 

requirements. Chapter 4 lists the operational amplifiers' parameters that are important to 

the ADC, calculates the required values, and simulates the operational amplifiers 



behaviors for optimal performance. Chapter 5 describes and applies the empirical tests to 

verify the theoretical results. Chapter 6 is conclusions and recommendations based on the 

analysis of the data and comparisons to previous predictions. 



CHAPTER 2 

SUCCESSIVE APPROXIMATION REGISTER ANALOG-TO-DIGITAL 

CONVERTERS 

This chapter explains the operation of successive approximation register Analog-

to-Digital converters (SAR ADCs). The SAR ADCs referred to in this study use a 

capacitor divider network similar to the traditionally known resistor divider network, 

which divides voltages with respect to the ratio of the resistors in order to convert analog 

signals into binary codes. It is assumed that the capacitors divider divides the voltages in 

some kind of relationship to the capacitors' ratio. However, instead of dealing with 

currents and voltages, charges must be considered. Working in the charge medium 

provides the advantages of low power consumption and low temperature co-efficient. To 

assist with understanding of the operation of these Capacitor SAR ADCs, this chapter 

discusses the charge distribution technique and the unipolar and bipolar configuration, 

sampling and hold mode, and redistribution or bit test mode. 

2.1 SAR ADCs' Charge Distribution Technique 

Before the charge can be distributed among the capacitors the analog signal must 

be captured across a capacitor(s). This phase is referred to as the sampling mode. Figure 

2.1 shows the setup for capturing the analog signal, VIN, across C/ [8]. 



/ s o 
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Figure 2.1: Analog Signal VIN Being Captured by Ci. 

The analog signal is captured when the switch. So, is closed. It connects the top 

plate of C] to ground or a voltage, VHOLD, which is discussed later in this chapter. The 

bottom plate of Cj is connected to analog signal, VIN- This configuration results in the 

storage of a charge across C;, QINIT-

Equation 2.1 

Once the charge is captured by the capacitor Cj, switch So is opened and the 

charge is distributed among the other capacitors. As illustrated in Figure 2.2, C2 

represents the other capacitors in the array for simplification [8]. 



\ 3 

r? 

0 

VOUT 
— • 

Figure 2.2: The Charge Distribution Configuration. 

The bottom plates of the two capacitors are connected to ground and the top plates 

are connected to Vout, an assumed high impedance node. This results in a distributed 

charge, QFLOAT-

QFLOAT=Cr{Vo..-0)+C,-{V„,-0) 

Equation 2.2 

QFLOAT ~ 1^2 + ^ i / ' %i 

Equation 2.3 

It can be assumed that the charge at the top plate is unchanged, i.e. there is no 

capacitor leakage. This denotes that 

^iNiT ~ AFLOAT 

Equation 2.4 

By equating the two equations. Equation 2.1 and Equation 2.3, the following 

transfer function is derived. 

10 



V c 
""' (c,+c,) 

Equation 2.5 

Thus illustrates the distribution of charge in the capacitor divider network by 

dividing the voltage with respect to the ratio of the capacitors. 

2.2 SAR ADCs' Unipolar Configuration 

The term unipolar applies to ADCs that can only sample signals with a single 

polarity. In most cases this polarity is positive. Whether sampling single ended or 

differentially the positive input of the ADC must be at a higher potential than the 

negative input. This study is geared at single supply, unipolar and bipolar ADCs with 

capabilities of being driven both single ended or differentially. Figure 2.3 is an example 

of the CDAC array of a unipolar ADC. The capacitors in the network are binary-

weighted. Each capacitor has half the capacitance of the previous with the largest of 

these (the first capacitor) being the Most Significant Bit (MSB). This scaling is a key part 

of the charge redistribution in the ADC. The voltage is divided among the capacitors in a 

proportion related to the capacitor ratio. 

11 
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Figure 2.3: A Four-Bit, One-Stage Binary-Weighted CDAC. 

Figure 2.3 is a diagram of a 4-bit, single-stage, Binary-Weighted CDAC. As 

mentioned above, the capacitive ladder network is binary weighted with an additional 

capacitor called a termination capacitor of equal size to the Least Significant Bit (LSB). 

The termination capacitor's purpose is to equalize the magnitude of the sampling to non-

sampling capacitors and provide the exact proposed binary weight of the capacitor array. 

Section 2.2.1 , Sample Mode, will explain the effect of the ratio of sampling capacitance 

to the total capacitance of the capacitor array. 

In the unipolar configuration, the output of the ladder network is fed into the 

positive input of the comparator. It is important that the comparator has auto-zero 

capability to minimize its initial offset voltage error or the comparator operates in a 

region where its offset voltage error is negligible (less than the LSB size). The output of 

the comparator forms the input of the Successive Approximation Register, which controls 

the switches and makes its decisions based on the comparator's output. Later in section 

2.2.2 , Bit Test Mode, how this offset voltage error affects the SAR's decision and the 

overall accuracy of the SAR ADC result is presented. 

12 



In Figure 2.3, the current setup of the switches is for sampling only on the MSB, 

Bit 1. The voltage, VHOLD. is the common mode voltage, which the non-inverting input 

of the comparator attempts to converge to during its successive approximation in the bit 

test mode. This voltage is selected based on the comparator's common mode 

characteristics in order to minimize its offset voltage error and taking into consideration 

that these CMOS switches are diodes and must remain reversed biased when connected 

to VHOLD in order to minimize leakage. For simplicity, it is assumed VHOLD is grounded 

or A.C. ground, and the sampling is single ended with reference to ground. Differential 

sampling of signals is presented in section 2.3 . 

BIT 1 BIT 2 BIT 3 BIT 4 V3J 

r—I 
VIN+ 

•— 
SI 

8C 

8C 

4C 2C IC 

C Oh/IP AR.ATOR 

+ \ _ TO SAR 

IC 

/,- L'' / S4 

VFEF 

Figure 2.4: A Simplified Four-Bit, One-Stage Binary-Weighted CDAC. 

Figure 2.4 illustrates the simplification mentioned above. The bottom plates of the 

capacitors are connected to single pole-double throw, Complimentary Metal Oxide 

Semiconductor (CMOS) switches. These switches enable the capacitors to be connected 

to a reference voltage, Vref, or analog ground during a conversion. In principle an Analog-

to-Digital conversion takes place in three steps: Sample mode, Hold mode, and 

13 



Redistribution mode [8]. 

2.2.1 Sample Mode 

The decision on the number capacitors to use from CDAC capacitor array for 

sampling is not one based on functionality or Bipolar versus Unipolar, but is more closely 

related to whether an internal reference is designed into the SAR ADC. For instance, a 

single supply (0 -5V) SAR ADC with a Full Scale Range (FSR) of 5V and an internal 

reference using all of its available capacitors in the array for sampling would require a 5V 

reference. The reference is the same value as the supply, which makes it extremely 

difficult to regulate. In this case, the better option is to use only a fraction of the total 

capacitor array for sampling. For example, using only the MSB requires half of the total 

capacitor array in a binary weighted CDAC. 

Figure 2.4 indicates, assuming all the bits after conversion are ones that the input 

signal value is equal to the FSR of the SAR ADC, and the comparator converges to a 

common mode voltage, OV. If sampling is done on all capacitors in the array, then 

'' 16 '" 16 '-'. 

Equation 2.6 

Since after conversion, the comparator's inputs are at the common mode voltage 

Vsj = OV 

Equation 2.7 

therefore, 

FSR^V„=V^^, 

14 



Equation 2.8 

but by using only the MSB 

Equation 2.9 

and 

FSR = V„ = 2V„, 

Equation 2.10 

Hence for the SAR ADC with a FSR of 5V, it can have an internal reference of 2.5V, 

which is much easier for the chip to regulate internally with a 5V supply. Although the 

number of capacitors used for sampling does not affect the functionality of the CDAC, it 

does affect the accuracy of the input signal being sampled. The larger the number of 

capacitors used for sampling means a greater capacitive load on the device, which 

provides the input signal. The capacitive loading effect on the accuracy of the input 

signal being sampled and the device driving the signal is the basis of this study, and is 

discussed in section 3.2 and through out this paper. In addition, the thermal noise, 

sometimes referred to as the KT over C noise, due to the sampling capacitance can also 

set minimum capacitance that can be used for sampling since it must be less than or equal 

to half an LSB. 

In Figure 2.4, the analog signal is sampled on the bottom plate of the MSB, bit 1, 

and the remaining capacitors' bottom plate are connected to ground. The configuration 

of the switches is also illustrated. Switch, Si, connects the bottom plate of the MSB 

15 



capacitor to VIN. Simultaneously, hold switch. So, switches the top plate of the capacitor 

array to VHOLD, ground in this case, and switches S2-S4 connect the remaining capacitors 

in the array to analog ground. A simplified circuit diagram of this sampling 

configuration is shown in Figure 2.5 [8]. 

VIN 

:] gc (high impedance node) 

^ 

S0 

isfZ-t 
.8C 

Figure 2.5: Simplified Sample Mode Configuration. 

The charge, Q, stored on the MSB capacitor during sampling, which is 

proportional to Vsj, is described by the following expression. 

Equation 2.11 

Vsjis the summing junction voltage and is the potential at the high impedance node (non-

inverting input node to the comparator) referenced to ground. 

16 



2.2.2 Hold Mode 

VIN 

•..<v:t n 
^ 

\ 
3C 

bin 

so 
VSJ 

hif^-t'T 
8C 

Figure 2.6: Simplified Hold Mode Configuration. 

In the hold mode shown in Figure 2.6, the switch Si disconnects the bottom plate 

of the MSB capacitor from Vnsj and connects it to analog ground, while switch So 

simultaneously disconnects the top plate of the capacitor array from VHOLD, which is 

analog ground. The instantaneous value of VIN captured on the MSB capacitor is the 

stored charge Q transferred to the common top plates of all the capacitors in the array, 

and results in a potential of Vsj appearing on the comparators non-inverting input as 

Q c,-v„_ sc-v„ 
VSJ- C.. 16C 

Equation 2.12 

Vsj=-\-V„ 

Equation 2.13 

where Ctot represents the total capacitance of the capacitor array. For simplicity, the ideal 

condition: of no capacitor leakage or induced offset errors caused by charge injection is 

17 



assumed. Hence the Charge Q remains constant during the hold mode due to the 

comparator's high input impedance. 

2.2.3 Bit Testing Mode 

VIN 

\^i n 
r SI 

\ 
8C 

,biti 

SO 

VSJ 

Htl-t 
-SC 

Figure 2.7 A Simplified MSB Bit Testing Configuration. 

The bit testing or redistribution mode is the final step of the SAR ADC's 

conversion process and is the successive approximation process [8]. As illustrated in 

Figure 2.7, the bit test begins with the MSB. The potential of the MSB capacitor's 

bottom plate is raised to Vref- The other capacitors in the array bottom plate remains 

connected to analog ground. Since the value of 

Equation 2.14 

The new summing junction voltage, which was formerly VIN/2, is increased by half of 

the reference voltage. 
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Vsj=-\-V„^jV^^, 

Equation 2.15 

If VSJ is greater than the voltage on the inverting input of the comparator, ground, the 

comparator's output changes state, and the bottom plate of the MSB capacitor is returned 

to analog ground. The MSB is rejected and interpreted as logic 0. But if Vsj < 0, the 

MSB capacitor's bottom plate stays connected to the reference voltage, and the MSB is 

accepted and interpreted as logic 1. 

The successive approximation continues testing the remaining bits up to the LSB 

(Bit 4 in Figure 2.4), accepting bits if the comparator's output remains unchanged and 

rejecting if it changes. After the LSB is tested, it signals the End Of Conversion (EOC). 

At this point, the comparator is assumed to converge. Ideally, the two inputs to the 

comparator are the equal in value or at least half and LSB, the closest the two values can 

come to being equal is dependant on the resolution of the ADC, the LSB size. 

LSBsize = 
2" 

Equation 2.16 

where n is the number of bits of the ADC's CDAC capacitor array. 

Typically, an n-bit ADC requires n -I-1 clock cycles to determine the final output 

code, which implies that one clock cycle is used for the sample and hold mode 

(depending on the speed of the ADC). In most SAR ADCs the decision at each step 

ultimately determines the accuracy of the output data. The inaccuracies in the output data 

can be internal to the ADC as well as external. 
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Internal inaccuracies can stem from the capacitors in the CDAC array not being 

properly binary-weighted. Parasitic capacitance, and mismatches in the comparator can 

cause an offset voltage. The links in the CDAC array can be trimmed when the part is 

manufactured in an effort to minimize the error due to improperly binary-weighted 

capacitors. Offset nulling techniques are also implemented in the design stage (choppers) 

to reduce this offset voltage. Figure 2.7 can be examined how an offset can affect the 

ADC's decision can result in an inaccurate output code. If the comparator has an offset 

of ILSB, then Vg^ =1LSB, and VIN = Vref. In the bit testing mode, the ADC starts with 

the MSB. The potential at Vsj, the non-inverting input to the comparator is 

V = V H V =0 

Equation 2.17 

Hence the ADC should accept the bit and reject the others resulting in an output code of 

1000, but because of the comparator's offset, the potential at Vsj appears as 

V =-—-y -\-—v +v =v 
^ SJ ry ^ ref ^ J ^ ref ^ ^ OS ^ os 

Equation 2.18 

The comparator changes state from negative rail to positive rail and the MSB is rejected. 

Assuming the rest of the conversion goes well, the remaining bits will be accepted, 

resulting in an output code of 0111, which is equivalent to 

Equation 2.19 
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V^j = -ILSB 

Equation 2.20 

15 And VIN is interpreted as being V,̂  = ^ • V , an error of ILSB due to the offset of the 
16 

comparator. 

External inaccuracies such as improper capturing of the input signal during the 

sampling mode and unstable reference voltage during the bit-testing mode are discussed 

later in this chapter and through out this paper. These external inaccuracies mentioned 

above form the basis of this study and can be minimized by having the right operational 

amplifiers driving both the reference and the input. 

so BIT 1 BIT 2 BIT 3 BIT 4 V5J 

J: 

VtN+ SI 

8C 4C 2C IC IC 
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TO SAR 

Figure 2.8: CDAC Configuration at the End of a Conversion. 

Figure 2.8 illustrates the final switch positions after a conversion process [8]. The 

output code is 0101 and the potential at Vsj can be expressed as 

21 



y.=-^^-v,.-U,„^l^-v,„ 

Assuming the two inputs to the comparator are the same, then 

Equation 2.21 

VSJ=-YV„ + 
, 4 ^ 1 6 , Kf=o 

Therefore 

V - — -V 
™ 8 " 

Equation 2.22 

Equation 2.23 

CCLDCK 

-V in 
2 

-V in V r e f 

r" + ( ^ ""V ^''^^ 

-Vin 
2 : 4 - V r e f 
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{^^^) 

Figure 2.9: Changes in Vsj as the ADC Goes Through Its Conversion Cycles. 
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Figure 2.9 shows the changes in Vsj as the converter goes through its five (n+1) 

clock cycles, a clock cycle for each bit and an extra cycle at the beginning for sample and 

hold. The period of the first clock cycle, cycle 1, is shared equally in this example by the 

sample and hold modes. 

2.3 SAR ADCs' Bipolar Configuration 

The term bipolar as the prefix suggest refers to ADCs with the capability of 

sampling signals with both positive and negative polarities. Since the bipolar ADCs are 

similar to the unipolar ADCs in many ways, this section is a brief overview of bipolar 

ADCs' configuration highlighting the differences between the two configurations, but 

with more emphasis on illustrating differential sampling. 
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Figure 2.10: CDAC Configuration for Bipolar Differential Sampling. 

In Figure 2.10, the configuration is similar to Figure 2.3 with the addition of a capacitor, 

Cy, between the inverting input of the comparator and analog ground. Also the switch. 
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5,5, switches from VIN. to V,.,,/during the hold mode instead of analog ground. The 

configuration on the non-inverting input of the comparator remains the same. The two 

input nodes to the comparator are designated as VCNEG for the inverting and Vcpos for the 

non-inverting. The initial charge capture on the positive node during sampling, Qvcpos, 

can be expressed as 

QVCPOS = 8 " C{V,^LO " V ,̂̂  J + 8 • C{V,^,^ - O) 

Equation 2.24 

and the initial charge capture on the negative node, QVCNEG as 

QvcNEo = 8• C{V,^,^ -V„_)+S-C{V,^,^ -0) 

Equation 2.25 

The capacitors with their bottom plates connected to Vref are designated as Chigh 

and those connected to ground as Ciow After a conversion, the charge stored in the 

capacitors on the positive node is given by 

QVCPOS ~ ZJ high VCPOS ~ ^ref /'^ 2J low VCPOS ~ ^ ) 

Equation 2.26 

and the capacitors on the negative node 

QVCNEG = 8 • C{V,,,^ - O) + 8 • c(v,,,^ - y„, ) 

Equation 2.27 

Assuming that charge is conserved during the conversion process, the sampling and post 

conversion charges can be equated and then solving for Vcpos and VCNEG gives 

i6-c-y«o,„-8-c-y,̂ ,+2c,„.-v,,, 
v, 

Zj^high '^ 2j^k 
CPOS ^ ^ ^ , . 

low 
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Equation 2.28 

and 

VCNEG ~ VHOLD ^'V,N^+ — - V^^^ 

Equation 2.29 

Since ^ C^igh + 2 ^ w = 16 • C , Vcpos can be written as 

^CPOS ~ ^HOLD » • Vi^+ + 
Ic, high 

1 6 C 
ref 

Equation 2.30 

Assuming conversion drives both VCPOS and VCNEG to the same value, the two can be 

equated [3]. 

V - i .v ^^'^ high 1 1 
.V =V - _ . V + — .V HOLD J " IN+ ' ^f.,(^ ' <'^f ' HOLD ^ ' IN- ' ^ 'ref 

Equation 2.31 

Solving for V/̂ + - V;;v_ gives 

V -V -V 
' W+ ' IN- ^ ref 

yc 
8 C 

Equation 2.32 

For generalization, let 16 • C = C,^,, the total capacitance of the capacitors in the array on 

the non-inverting node of the comparator. Therefore 

^ Tc ^ 
V -V -V 
' IN+ ' IN- * ref c„ 

Equation 2.33 
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and 

-Y <y -Y <Y 
^ ref — ^ IN+ ^ IN- — * ref ' 

depending on the number of capacitors left high (connected to Vref) after the bipolar 

conversion. 

This same analysis can be applied to unipolar SAR ADCs. The only difference is 

that after sampling the bottom plate of Cg in Figure 2.10 is connected to ground not Vref-

Therefore in carrying out the analysis Vrefin Equation 2.27 is replaced by zero volts. The 

result is 

2J ^high 
V -V =2-V 
^ IN+ ^ IN- ^ ^ ref c 

1 '•^lot 

Equation 2.34 

Note that the coefficient of K^/is 2 in this particular case because half of the total 

capacitance of the capacitors in the array on both the positive and negative SAR ADC 

inputs was used for sampling. The ratio of sampling capacitance to total capacitance is 

first introduced in the initial charge equations and determines this coefficient and the 

ADC's maximum FSR. A generalized version Equation 2.34 is 

f\C -C ^ 
*IN+ ^IN- ^ref 

Cs 

Equation 2.35 

where Cs is the sampling capacitance and CR is the non-sampling capacitance, also 

assuming that the same ratio of sampling to non-sampling capacitance is used on both the 

positive and negative inputs to the ADC. 

26 



During a full conversion cycle, the analog input signal is sampled once and the 

reference n-bit times for single-ended inputs and n+l-bit times for differential inputs. 

The sampling of these inputs to the ADC results in capacitive loading of the inputs; hence 

these inputs must be capable of driving these capacitive loads accurately each time they 

are sampled. The inability of any of the inputs to drive its sampling capacitive load 

affects the ADC's present and subsequent decisions and is reflected as an error in the 

output code at the end of conversion, reducing the accuracy of the ADC. The next chapter 

will explains the requirement of the input drivers in order to maintain the accuracy of the 

ADC. 
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CHAPTER 3 

SINGLE SUPPLY OPERATIONAL AMPLIFIERS FOR SINGLE SUPPLY ADCs 

This chapter discusses the input requirements of the SAR ADCs for achieving 

specific levels of accuracy, the reason for using operational amplifiers, and the problem 

in finding operational amplifiers that meets these requirements, especially when 

operating on a single supply, ft is assumed that the ADC selected is a SAR ADC, 

although the analysis may apply to other types of ADCs; and that the ADC and the 

operational amplifier required are single supply, typically 0-5V or less. An analysis of 

operational amplifiers' parameters and specifications that is important to the ADC and 

circuit limitations is also included in this discussion. 

3.1 ADC's Input Accuracy Requirements 

The SAR ADC has two or three inputs (depending on whether it samples single-

ended or differentially and not including the supply) that affect the decisions it makes and 

the accuracy of the ADC, which can be derived from either Equation 1.1 or Equation 1.2. 

These inputs: the reference and the positive and negative signal source input, must 

maintain a typical combined accuracy and/or stability of less than one LSB each time 

they are sampled. The sensitivity of the ADC's output code to any one of the inputs can 

be determined by the following equations [16]. 

dx y 

Equation 3.1 

^S! — 
Ay _ ^, Ax 

y X 

Equation 3.2 
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where S; is the sensitivity of the output code, y, with respect to an input, x. 

For instance, the output code sensitivity to the reference of a 16-bit ADC with a 

5V reference can be obtained, assuming that the error in the reference must be less than 

one-half LSB error in output code. Using Equation 1.1, where the FSR is equal to 

reference voltage 

Outputcode = 2" 
^V G^ 

•̂  din ^ 

\ 
Vref 

Equation 3.3 

If y = Outputcode, x = Vref, and A = 2" * Vdm* G, then Equation 3.3 can be written as 

A 
y = — 

X 

dx X' 

Equation 3.4 

Equation 3.5 

y A " 

X x^ 

Equation 3.6 

Substituting into Equation 3.1 gives 

S'. - -1 

where the 1 is the sensitivity factor and the negative sign indicates an inverse relationship 

between x and y. The allowable change in the output code during a conversion or series 

of conversions is 0.00076%. Hence substituting the values into Equation 3.2 yields 

A;c = 0.0000076-SV 

Ax = 38pV. 
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As mentioned in section 2.2.1 , the reference value has a direct effect on the LSB size, 

since it is used to determine the FSR of the ADC. A change in the reference results in a 

change in the LSB size and hence the output code changes. 

Similar requirements apply to both the positive and negative signal inputs to the 

ADC. Typically, their combined error must be less than one-half LSB of output code of 

the instantaneous input signal voltage at the start of conversion, and this accuracy must 

be accomplished by the end of the sampling period. 

3.2 Operational Amplifiers' Purpose on the Inputs to the ADC 

In addition to the stringent requirements that the SAR ADCs desire from their 

inputs, the SAR ADCs contribute to their input sources' difficulty in achieving the 

needed accuracy level. Each time the SAR ADC samples its inputs they are hit with a 

capacitive load, which must be charge to within half an LSB of accuracy by the end of 

the sampling period. Figure 3.1 shows a typical analog input diagram for a SAR ADC 

[1]. Figure 3.2 shows a first-order charging of the sampling capacitor of an 8-bit ADC to 

within 1/16 of an LSB of accuracy [15]. 

i VDD 

R Q N ^(SAMPLE) 
20Q 20pF 

ANALOG IN 

GND 

vw— "̂̂ ^̂ ^̂ —\̂  

Figure 3.1: Analog Input Circuit for ADS8325. 

The analog input source resistance couples with the on resistance of the CMOS 

switch and the capacitance of the sampling capacitor, hence creating an extra pole in the 

transfer function of the input source that can cause the source to become unstable: 
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Unstable not in the strict sense of the word, but the phase margin of the system is reduced 

so that it does not settle to the required accuracy in the allotted time frame. 
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Figure 3.2: First-Order Charging of an 8-bit ADC to 12-bit Accuracy. 

Depending on the previous state of the positive and negative analog inputs' 

sampHng capacitors, these capacitors may have an initial charge stored that the input 

source must compensate for. In order to charge these capacitors to with in V2 LSB 

accuracy the input source may be required to source or sink current based on the voltage 

level the input must be driving to. If the potential that the input must be driven to is 

higher than the potential of the bottom plate of the sampling capacitor, then the input 

source must sources a current to charge the capacitor; but if the input potential is less, 

then the input source must sink a current to charge the capacitor and must do so with in 

the sampling period. The magnitude of the current is dependant on the potential 

difference between input and the bottom plate of the sample capacitor. In addition, the 

input sources must be stable to within the specified accuracy for the duration of the 

conversion(s) for all possible combinations of the ADC's capacitance, especially the 
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reference input source. Some input sources may be able to handle the capacitive loading 

and provide the current drive needed, but unfortunately most input sources, for example, 

a temperature sensor, cannot drive the input of the ADC to the desired accuracy. To 

accomplish this rigid level of accuracy requires a system with feedback capability; hence 

operational amplifiers are used to provide the accuracy, current drive, capacitive load 

capability, and filtering in some cases. The caveat of using operational amplifiers is that it 

is an extra component added to the circuitry, which means a possible extra error source. 

Therefore, the goal when selecting an operational amplifier is to minimize its effect on 

the ADC's overall performance. For instance, the ADC's integral and differential 

linearity, gain, offset, and signal to noise plus distortion. 

3.3 Important Operational Amplifiers' Parameters 

When selecting an operational amplifier to drive the inputs of an ADC, a few 

important operational amplifier parameters must be considered: 

• Power 

• Input Offset Voltage and its temperature drift specification 

• Output Voltage Swing 

• Gain Bandwidth Product 

• Slew rate and Settling Time 

• Noise 

• Total Harmonic Distortion plus Noise. 

These parameters listed above were chosen because they exhibit the properties of the 

operational amplifier needed to justify using an operational amplifier and to achieve the 

required accuracy level. Based on the application, some of these parameters may not be 

important. For a D.C. application, total harmonic distortion is not as important as noise 

or offset, but total harmonic distortion is important for A.C. applications. 
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3.3.1 Power 

Power in this sense refers to the supply voltage and current available to the 

operational amplifier. Depending on the application, the ADC selected must operate 

from a predetermined supply voltage and once the decision is made to use an operational 

amplifier, in most cases, it is expected that the amplifier should operate from the same 

supply. In addition, the supply has a current limit for the required voltage, hence the 

amplifier's quiescent current must be considered. Although it may not be very obvious 

how power affects the ADC's accuracy, it does by limiting the achievable FSR and for 

operational amplifiers with poor power supply rejection ratio their input offset voltage 

changes with changing supply voltages. 

3.3.2 Input Offset Voltage 

Input offset voltage refers to the D.C. voltage that must be applied between the 

two input terminals to force the quiescent D.C. voltage to zero or another specified level. 

This parameter is not a very critical one since its error can be calibrated out during a 

system calibration of the application. However, typically an acceptable input offset is 

0.1% of the supply voltage. Therefore, a 5mV input offset is reasonable for a 5V 

operational amplifier. The offset drift with temperature must also be considered, 

especially if the application is not carried out in a control environment. The system errors 

would have to be calibrated out regularly to meet the desired accuracy. However, this 

frequent system calibration is timely and not feasible in some applications; hence, a very 

low offset and temperature drift amplifier is ideal. 

3.3.3 Output Voltage Swing 

Output voltage swing refers to the maximum peak-to-peak voltage that can be 

obtained without the waveform clipping [7]. The voltage swing is a concern since most 

rail-to-rail operational amplifiers only swing to with in millivolts of both their positive 

and negative supply voltages. It becomes a problem when both ADC and operational 
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amplifier operate from the same supply and the ADC's and the input signal's FSR are the 

same as the supply. Therefore it is advantageous to select an operational amplifier with 

an output swing greater than or equal to the FSR of the input signal, but if it is not always 

possible to find an amplifier with the desired swing, the closer the better. Although there 

is a trade-off between the output voltage swing and the total harmonic distortion as an 

operational amplifier swings closer to the rail. 

3.3.4 Gain Bandwidth Product 

Gain bandwidth product (GBW) refers to the product of the open-loop voltage 

amplification and the frequency at which it is measured [7]. 

GBW = fAy^ 

Equation 3.7 

where AVD is the voltage gain and/is the frequency at which it is measured. Although 

similar to unity gain bandwidth (Bi), which is the range of frequencies that the open-loop 

voltage amplification is greater than unity, these two parameters should not be confused 

or used interchangeably unless the voltage gain is equal to one. For many operational 

amplifiers, their GBW is equal to their Bj in the frequency of interest, which is after the 

dominant pole. 

B,=f@Ay^=l. 

Equation 3.8 

Gain Bandwidth Product is useful in several ways. It is handy in predicting the 

capacitive load that the operational amplifier can drive stably and a good indicator of 

settling time performance. When selecting an operational amplifier, it is important that 

the operational amplifier can stably drive the capacitive load of the ADC. Some data 

sheets specify the maximum capacitive load that the amplifier can drive, but for those 

that do not, GBW can assist in this regard. Connecting the ADC to the amplifier creates 

a pole in the transfer function of the system due to the capacitive load coupling with 
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output resistance of the amplifier. This coupling effect can cause the loop to become 

unstable depending on the location of this pole, therefore it is key to approximate the 

location of the pole and determine whether the system will be stable or not. 

Cload 

Figure 3.3: Operational Amplifier Connected to Capacitive Load. 

Figure 3.3 shows a buffer connected to a capacitive load (Cload). Rout is the 

output resistance of the amplifier that couples with the load. The frequency location (fp) 

of the pole introduced is 

/ . = 
1 

2 • ;r • Rout • Cload 

Equation 3.9 

Typically, this pole should occur at least one decade above the gain bandwidth product in 

order to maintain stability by not drastically reducing the system's phase margin [6]. 

Hence 

/„ > \f)GBW 

Equation 3.10 

Therefore, the maximum capacitive load the amplifier is capable of driving can be 

expressed as 
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Cload = 
2-n-RoutlOGBW 

Equation 3.11 

Generally, the relationship between settling time and bandwidth is one of inverse 

proportionality. As the bandwidth increases, the settiing time decreases almost like a 

decaying exponential function. 
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Figure 3.4: Plot of Settling Time Versus Gain Bandwidth Product. 

This trend is evident in Figure 3.4, which illustrates the decreasing settling time 

for increasing bandwidth for seven single supply operational amplifiers used in this study 

plotted on a logarithmic scale. If the larger the bandwidth the faster the amplifier's 

settiing time then an amplifier with a large bandwidth is desirable, but there is always a 
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trade-off in that the larger the bandwidth the more susceptible the amplifier is to higher 

frequency noise and may require filtering before the signal goes to the ADC. 

In addition to using the GBW to predict and indicate the amplifier's capabilities, 

the ADC has its own share of bandwidth requirements that it expects from its input 

circuitry. The required bandwidth (f^B) of the recharge process can be calculated by 

making these three assumptions: (I) the amplifier must settle to half an LSB within the 

acquisition time (To), (2) the recharging is first-order exponential, and (3) the potential 

difference between the input signal (Vjn) and the bottom plate of the sampling capacitor is 

FSR at the start of sampling. Then 

V,{t)-V,„=FSR-e'''^ < 
FSR 

a. 

2«+i 

Equation 3.12 

where Vc is the instantaneous voltage across the sampling capacitor. Then 

• " ^ ^ < - ( « + ! ) • In 2 

Equation 3.13 

{n + i)-\n2 

Equation 3.14 

f = 1 

T< 

2-n-x 

Equation 3.15 

Therefore substituting Equation 3.14 into Equation 3.15 yields the minimum allowable 

bandwidth for the ADC's input circuitry, 

^ ( « + l)-ln2 

^"" 2-n-T^ ' 

Equation 3.16 
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In section 3.6 , some techniques for stabilizing the operational amplifiers' drive 

capability is discussed. In cases where an external resistor is used to add some phase 

margin, then the amplifier's bandwidth needs to be greater than or equal to the 3dB 

frequency of the external resistance (R) and capacitance (C), which includes the ADC's 

capacitive load. 

/ 3 idB.RC 
2nRC 

Equation 3.17 

3.3.5 Slew Rate and SettHng Time 

Slew rate refers to the average rate of change of the close-loop output voltage for 

a step signal input, and settiing time is the period it takes the close-loop output voltage to 

come within specified percentage of accuracy of the final value for a step input [7]. In 

some applications, the output drive current of the operational amplifiers becomes limited. 

Therefore, the settling is no longer exponential but linear for a majority of the time. This 

effect is illustrated in Figure 3.5 [5]. 

Figure 3.5: Sketch of Exponential Settiing with and without Slewing. 

The operational amplifier is said to be slewing and this increases the settiing time. 

To ensure that the operational amplifier's slewing does not hinder its settling, the 

following calculation can be made to find the required slew rate based on two 
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assumptions: half the acquisition time is used for slewing and the delta of the input signal 

between two conversions is the FSR. 

FSR C, 
SR> 'ADC 

0.5 T^ C, 

Equation 3.18 

where CADC and C/̂ are the capacitance of the sampling capacitor and the capacitive load 

used to specify the operational amplifier's slew rate in the data sheet, respectively. 

Since the amplifier settling time has already factored in its slew rate in some 

current limited applications, settling becomes a very important parameter in achieving the 

targeted accuracy. Assuming the settling is first order exponential, the number (m) of 

time constants (x) needed to achieve a particular n-bit accuracy level can be calculated by 

m-T >n\n2 

Equation 3.19 

And the percentage accuracy (A%) is 

A % = — 100 
2" 

Equation 3.20 

The problem with settiing time is that most data sheets only specify up to 0.01% 

or 13-bit accuracy, so for higher accuracies it is difficult to predict whether an operational 

amplifier is capable or not. But if first order exponential behavior is assumed, then 

0.01% settiing requires at least 9.2T. Therefore the maximum 0.01% settling time 

allowed to achieve the desired accuracy level is given by 

T 
0.Q\% settling _time < 9.2 • - ^ 

m 
Equation 3.21 

where m is the number of time constants for the specified accuracy and Ta is the 

acquisition time. 
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3.3.6 Noise 

Noise in operational amplifiers is associated with a parasitic noise source. The 

noise is measured at the output of the amplifier and referenced back to the input. Hence, 

it is called equivalent input noise or input referred noise [7]. This parameter can be 

confusing to some, so a brief review of noise characteristics is necessary. The equivalent 

input noise specifications are giving in two ways: spot noise, the equivalent input noise as 

a voltage or current per square root hertz at a specified frequency and peak-to-peak or 

root mean square noise over a frequency band. 

The spectral density of noise in operational amplifiers has a 1/f and a white noise 

component. The 1/f noise is inversely proportional to frequency and is usually significant 

at low frequencies. White noise is spectrally flat. These components are illustrated in 

Figure 3.6, where fee is the comer frequency, the transition between 1/f and white noise. 

Log 
Noise 
Volage 

wtiits Noise 

Log Frequency 

Figure 3.6: A Typical Noise Spectmm of an Operational Amplifier. 

Usually spot noise is specified at two frequencies. The first frequency is around 

lOHz, where the noise exhibits 1/f spectral density. The second is around IkHz, where 

the noise is spectrally flat. The units are usually UVRMS/VKZ or PARMS/VHZ. The peak-to-

peak noise voltage specification is specified over a frequency band, typically O.lHz to 

IHz or O.lHz to lOHz. The units are usually nVpk.pk- To convert a noise voltage given in 
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RMS to pk-pk, a factor around six is typically used to account for the high crest factor 

[7]. 

'pk-pk ~ " • ^RMS 

Equation 3.22 

Since the driving operational amplifier is adding noise to the application, it is 

necessary to ensure that the amplifier noise is not dominating the system noise. 

Therefore, the amplifier's total RMS noise should be smaller than the noise of the ADC. 

If the ADC has an RMS noise, N, which is equivalent to 6N peak-to-peak, then the noise 

of the amplifier should be less than the rough estimate in Equation 3.23. 

Noise < 
yJGBW 

Equation 3.23 

A good estimate of the noise is Equation 3.24 for single-ended and Equation 3.25 for 

differential application [5]. 

Noise < = 

i-GBW 

Noise < 

Equation 3.24 

N 

yln • GBW 

Equation 3.25 

3.3.7 Total Harmonic Distortion Plus Noise 

Total harmonic distortion plus noise (THD -I- N) refers to the ratio of the RMS 

noise voltage and RMS harmonic voltage of the fundamental signal to the total RMS 

voltage at the output [7]. This parameter compares the frequency content of the output 

signal to the frequency content of the input signal. Ideally, if the input is a pure sine 

wave, the output is a pure sign wave; but because of non-linearity and noise sources 

within the operational amplifier, the output is never pure. Two major reasons for 
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distortion in operational amplifiers are the limit on output voltage swing and slew rate. 

THD -I- N is normally specified as percentage. 

7 (Harmonic voltages + Noise voltages) 
THD + N = ^^ = = ^ ^ x 100%. 

Total _ output _ voltages 

Equation 3.26 

To express THD + N in dB, 

\ (Harmonic voltages + Noise voltages) 
THD+ N ^20-log-^^^ = ^-^. 

Total _ output _ voltages 

Equation 3.27 

Figure 3.7 shows a hypothetical graph where THD -i- N is 1%. The fundamental 

is the same frequency as the input signal and makes up 99% of the output signal [7]. The 

non-linear behavior of the operational amplifier results in harmonics of the fundamental 

being produced in the output. The noise in the output is mainly due to the input referred 

noise of the operational amplifier. All the harmonics and noise added together accounts 

for 1% of the output signal. 
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Figure 3.7: An Output Spectmm with THD-i-N = 1 % . 

The operational amplifier selected should have a THD -i- N less than or equal to 

the total harmonic distortion of the ADC (THD), whether compared in % or dB. 

THD + N < THD ADC 

Equation 3.28 

The resulting total harmonic distortion of the operational amplifier and ADC is very 

difficult to predict or compute mathematically, since not only the magnitude must be 

considered, but also the phase component of the harmonics too. A very rough 

approximation is taking the RMS sum of the ratios (not in dB or %) of their distortion 

and noise to the total output voltage. 

THD^ys.e. = ^{THD + N^^^J+{THD,,, f 

Equation 3.29 
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A word of caution, the THD -i- N specified in most data sheets are not done at the 

operational amplifier's maximum specified magnitude for its output voltage swing. 

Hence, some applications that utilize the maximum output swing of the amplifier will do 

so at the expense of THD. The increase in harmonic distortion can be attributed to the 

amplifier's increased non-linearity, as the output swings closer to its rail. Also, the 

frequency at which THD is specified is typically IkHz. For higher frequency 

applications, there is a risk of increased THD associate with the amplifier's slew rate not 

being large enough. 

3.4 ADS8325 Input Operational Amplifier Requirement 

Using the analysis outlined in section 3.3 , the specification of the operational 

amplifier for driving the inputs of the SAR ADC, ADS8325, was calculated. 

Table 3.1: Summary of ADS8325 Input Requirements. 

Operational Amplifier 

Parameter 

Supply Voltage 

Quiescent Current 

Input Offset 

Output Swing 

Gain Bandwidth Product 

Slew Rate 

(Assuming lOOpF load) 

0.01% Settling Time 

Noise 

Differential 

Single-end 

Total Harmonic Distortion 

plus Noise 

ADC Required Value 

5V 

Depends on app 

<5mV 

>Vref, ADS8325 

>lMHz 

>l. lV/ps 

< I.44|.is 

<llnVRMs/VHz 

< 16nVRMs/VHz 

< -lOOdB or < ADC's THD 

Equation 

Equation 3.16 

Equation 3.11 

Equation 3.21 

Equation 3.25 

Equation 3.24 

Equation 3.28 
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As mentioned previously, not all of the parameters in Table 3.1are equally 

important. Their importance depends on the application and its sensitivities. Table 3.2 

lists some operational amplifiers whose specifications are close or better than the 

calculated value desired [10, 11, 12, 13]. For instance, OPA364 may not be the best 

performer for an A.C. application because of its THD + N, but could possibly be a great 

performer in a D.C. application. 

Table 3.2: Some Single Supply Operational Amplifiers and Their Specifications. 

Supply Voltage 

Quiescent Current 

Offset Voltage 

Gain Bandwidth Product 

Slew Rate 

Settling Time 

Noise 

THD + N 

Amplifiers 

Units 

V 

mA 

mV 

MHz 

V/us 

us 

nV/sqrt Hz 

dB 

OPA340 

5 

0.95 

0.5 

5.5 

6 

1.6 

25 

-103 

OPA350 

5 

7.5 

0.5 

38 

22 

0.6 

5 

-104 

OPA355 

5 

11 

9 

450 

300 

0.12 

5.8 

OPA363/4 

5 

0.9 

0.5 

7 

5 

1.5 

14 

-94 

There are some operational amplifiers in Table 3.2 that do not meet the 

requirements of Table 3.1, but due to the difficuftly of finding single supply operational 

amplifiers that meets all the requirements and the dependency of the importance of the 

parameters on the application, some that are close to meeting all of the requirements are 

included. Also in the case of noise, some applications allow for external filter circuitry to 

filter out some of the noise. 
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3.5 Limitations of the Single Supply Operational Amplifiers 

This study deals with approaches and techniques for selecting single supply 

operational amplifiers that are capable of operating from the same power supply as the 

ADC. As a result of this condition, there are some obstacles that occur. First, in cases 

where the FSR needed for the input signal is the same magnitude as the supply voltage, it 

is impossible to realize the full code span of the ADC. These operational amplifiers, 

even those specified as rail-to-rail amplifiers, can only get within millivolts of either rail. 

Secondly, these amplifiers are linear within a specified range of their mid-supply voltage. 

Hence the envelope is pushed in order to achieve FSR, as mentioned previously, the 

operational amplifier looses its linearity and introduces linearity error into the ADC's 

transfer function. Thirdly, ADC's that are driven single-ended on its positive/negative 

inputs suffers from the inability to drive the input to zero, but raising the potential of the 

ADC's ground to a level that the amplifier can achieve can combat this problem. Using a 

driven ground, driven by the same amplifier or with a similar offset from the rail may 

help in this regard. 

3.6 Operational Amplifier Performance Enhancement Techniques 

Several techniques exist to improve an operational amplifier's performance. In the 

interest of this study three techniques are briefly explored in this section: one for 

stabilizing the amplifier under a required capacitive load, another is for reducing 

accuracy error induced each time the ADC samples its inputs, and the last one is 

achieving output swing to the operational amplifier's negative or positive rail. 

3.6.1 Stabilizing Operational Amplifiers for Capacitive Loads 

As mentioned in section 3.3.4 , adding the capacitive load creates an additional 

pole in the amplifier's transfer function. One method of stabilizing the amplifier is out-of-

loop compensation. This type of compensation is achieved by placing a resistor, Rx, 

between the amplifier's output terminal and the load capacitance, as shown in Figure 3.8. 
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Though apparent that Rx is outside the feedback loop, it acts with the load capacitor to 

introduce a zero into the transfer function of the feedback network. This zero helps in 

reducing the loop phase shift at high frequencies [6]. 
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LOOP GAIN B0D6 PLOT 

POLE AND ZERO 
FROM CtWITH R, 

POLE FROM q . 
VflTHGLrrRj 
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LOOP PHASE SHIFT BODE PLOT 

WrTHOUTRx WITHRi 

ĉ y r 
• + • — 1 — 1 — 

ySllH Rx WITOOUTR, 

Figure 3.8: Out-of-Loop Compensation. 

To ensure the amplifier's stability, the value of Rx should be such that the added 

zero (fz) is at least a decade below the close loop bandwidth of the operational amplifier 

circuit. The circuit performance does not suffer with increased output noise from the 

addition of Rx as some other methods, but the output impedance the load sees will 

increase. This can decrease the signal gain due to the resistor divider Rx and RL- If RL is 
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known and reasonably constant, increasing the gain of the operational amplifier circuit 

can compensate for the gain lost. 

Another method of stabilizing the amplifier is in-loop compensation [6]. This 

method is used when RL is unknown or dynamic. In order to keep the effective output 

resistance of the gain stage low Rx is connected inside the overall feed back loop, as 

shown in Figure 3.9. For this configuration, the D.C. and low frequency feedback come 

from the load itself, which allows the signal gain from the input to the load to remain 

unaffected by the voltage divider, Rx and RL. 

RG 

RF 

Rx 

_ R O R G -

RF 

<^4 JRL <^F=^V' • CL ^tc" •̂ i|«. ^ -^ 
•CONOmON; Rf >:• RQ RG » RQ RL *'• RQ 

Figure 3.9: In-Loop Compensation. 

Adding the capacitor, Cp, shown in Figure 3.9; allows cancellation of the pole and 

zero contributed by CL. The zero from Cp coincides with the pole from CL and the pole 

from Cp coincides with zero from CL- Therefore, the overall transfer function and phase 

responses are exactly like there was no capacitance at all. 

It is important to note that CL must be a known, constant value in order for this 

technique to be applicable. In applications where CL can vary significantly from one load 

to the next, this method can be used only when CL is part of a closed system. For 

instance, applications involving buffering or inverting of a reference voltage or driving a 

large load decoupling capacitor. This method offers the benefit of low D.C. out 

impedance and low noise. 
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3.6.2 Glitch Reduction 

Each time the SAR ADC samples its inputs there are current spikes in both 

directions depending on the potential of the bottom plate of the sampling capacitor(s) 

with respect to the input voltage. These spikes cause glitches in the wave form of the 

input signal that cause an error in the output of the ADC if the signal does not recover by 

the end of the sampling period. Figure 3.10 shows glitches on a sine wave caused by the 

ADC sampling its input. As shown in Figure 3.10, the glitches increase in magnitude due 

to the increasing potential difference between the input signal and the bottom plate of the 

sample capacitor. 

.Mm 
-\ 

I
'l 1 

^ ^ T I T ^ 1 M[ 

Figure 3.10: A Sine Wave with Glitches. 

Placing a resistor, Rx, between the output terminal of the amplifier and the 

sampling capacitor helps to dampen the effect of the glitch. The larger the resistor the 

greater the dampening effect, but because of the resistor divider formed between Rx and 

the load resistance, there is a gain loss, which increases, as Rx gets larger. Also another 

limitation on the size of Rx is the RC time constant needed to achieve the desired settling 

accuracy. To overcome the limitation of the RC time constant, two RC time constants can 

be created on the output in the form of a T-network as shown in Figure 3.11. 
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ADC svi'itch 

CADC 

Figure 3.11: Buffer and ADC with T-network Connection. 

The two resistors in the T-network each assist in absorbing the glitches caused by 

the spikes. They do so by allowing some of the voltage from the glitch to be dropped 

across them. Also the capacitor in the network helps by sourcing and sinking current 

along with the operational amplifier, depending on the direction of the current spike. 

Normally the capacitance of this capacitor is much larger than the capacitance of the 

sampling capacitor. The maximum value for the resistance value for each of the RC time 

constants can be calculated using the following equations. For the RC time constant of 

the first resistor (Rx) and capacitor (Cj) of the T-network and the output resistance of the 

amplifier. 

i?v = 
Cj • m • In 2 

Rr 

Equation 3.30 

For the second RC time constant 

Ry = 
CADC-^-^^^ 

Equation 3.31 

where Ta is the acquisition time, Rx is the first resistor in the T-network's resistance, Ry 

is the second resistor of the T-network, Ro is the output resistance of the amplifier, m is 
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the number of bits of settling accuracy, Cj is the capacitor in the T-network's 

capacitance, and CADC is the sampling capacitance of the ADC. 

This technique is useful in working around the desired time constant, but does not 

deal with the problem of gain loss, which can be compensated for in the gain of the 

amplifier if the load resistance is known, as explained in section 3.6.1 . It is also more 

useful for applications where Cj is being discharged and charged by CADC- Therefore, 

the error induced can be minimized, if not canceled out. 

3.6.3 Output Swing to a Rail Improvement 

Some applications require that the output swings closer to the rail [4]. With most 

single supply amplifiers problems arise when the output signals approaches the rail, for 

example OV for a 0-5V supply amplifier. A good single supply operational amplifier 

may swing close to its single supply ground, but will not reach ground. 

A minor change in the circuit design may allow some operational amplifiers to 

swing to ground, or even slightiy below [4]. This technique requires an additional resistor 

in the kilo-ohms range and an additional more negative supply than the lower supply of 

the amplifier for improved output swing to the negative rail. The same technique applies 

for the positive rail, but the additional supply must be more positive. 

L 

^ I 5V 
4 

• {^• 

V n 

\ * U t 

RP S2k 

1 
Figure 3.12: Operational Amplifier with Pull-Down to Achieve Vout = Ground 
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This method can only be applied for one of the rails, not both. The technique 

works with some output stage; the amplifier must have an output stage that allows the 

output voltage to be pulled to the negative or positive supply, or slightly pass it. The 

value of the resistor, Rp, depends on the amplifier's design. A starting point for 

calculating the resistor value is to assume that approximately half of the supply current 

goes through the output stage and voltage drop is equal to the additional supply. The 

resistance may need adjusting based on trial and error (typically lower than the initial 

value) and observing the amplifier behavior. Typically, a lower resistor values allow a 

greater swing pass the supply. 

When testing the operational amplifier in this configuration, the following should 

be observed before the amplifier is approved for use: 

• Ability to be overdriven and return to its linear operation after overdriving. 

• Ability to function regardless of the start up sequence of the additional supply and 

its power supplies. 

• Acceptable output swing capability under hot and cold conditions. 

• Maintenance of acceptable AC signal parameters. 
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CHAPTER 4 

SELECTED OPERATIONAL AMPLIFIER'S PERFORMANCE SIMULATION 

This chapter gives insight on simulating the performance of a selected operational 

amplifier in Pspice. ft is an approach to help understand how the selected amplifier will 

behave in the desired application and to demonstrate how some of the external circuitry 

affects its performance. The first step is verifying the quality of the operational 

amplifier's model. The second step is addition of external circuitry to optimize the 

amplifier's performance, monitoring its behavior, and understanding the effects. The 

final step is modeling the desired application and simulating it. 

4.1 Model Quality Verification 

After the amplifier has been selected, it is always useful to do an inexpensive 

sanity check before making a financial commitment. This can be done through 

simulation. Most operational amplifier producers provide Spice models of their product 

on their websites that can be downloaded. Some also provide literature on how to set up 

the models in Pspice. One example of such literature is Texas Instmments' application 

report, SLOA070, "Using Texas Instmments Spice Models in Pspice" [17]. Although a 

lot of effort goes into modeling the operational amplifier's behavior, the parameters that 

are important to a particular application may not be modeled properly. Hence before 

diving into simulating the application, the model's quality should be verified because the 

simulation result is only as good as the model. 

To verify the operational amplifier's model, some of the important parameters 

listed in section 3.3 , such as output swing, gain bandwidth product, slew rate, settling 

time, noise, and total harmonic distortion; are simulated. Parameters such as power and 

input offset voltage will not be used for verification since in most cases they are modeled 

as ideal. 
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4.1.1 Output Swing Simulation 

Output swing is one of the parameter that should be verified, since some 

operational amplifier models do not model output swing well. A rail-to-rail 0-5V 

operational amplifier simulated output voltage swing should not swing pass its rails, but 

there can be models that do so. This is certainly true with some of the older models. The 

disadvantage to having a model with a larger output voltage swing than possible is that 

when modeling a particular application the result could be deceptive. For instance, when 

examining how an operational amplifier's behavior affects the A.C. performance of an 

ADC, the simulation result would suggest that it is possible for the input to be a 5Vpk.pk 

sine wave when in actuality the amplifier can not reproduce the sine wave due to the 

limitation of its output swing. Therefore, the wave would be clipped. Although keeping 

in mind the product data sheet specification is useful in avoiding this deception, a proper 

output swing model is even more effective in realizing the amplifier's limitation. 

To verify that the output voltage swing is modeled properly, a 0-5V, single supply 

operational amplifier is used as an example. Figure 4.1 shows the schematic circuit used 

for simulating the output voltage swing of an OPA350. 

= _ 5V 
VI 

OV V2 OPA3S0/BB^ 
R1 

^^A^ 1 
IDOk 

Figure 4.1: Output Voltage Swing Simulation Schematic for OPA350 

The output voltage swing was simulated using a buffer configuration shown in 

Figure 4.1. A D.C. sweep from -1V to 6V was performed on the voltage source, V2, to 
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the positive input terminal of the amplifier while monitoring the output voltage measured 

across the lOOkQ resistor, Rl. 
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Figure 4.2: Output Voltage Swing Pspice Simulation Plot. 

In Figure 4.2, although the input to the buffer was swept from - IV to 6V the 

output only swung from 24mV to 4.976V, an offset of 24mV from either rail. The 

product data sheet specifies that the output of the OPA350 can swing to within less than 

50mV of either rail. Since the simulated output voltage swing was between 0 and 50mV 

of the rail and did not exceed the amplifier's supply voltage we can assume that the 

output voltage swing behavior of the amplifier was modeled properly. 

4.1.2 Gain Bandwidth Product 

It is also important to verify the gain bandwidth product of the selected 

operational amplifier, since it is a characteristic of the amplifier's frequency response and 

affects the amplifier's stability under capacitive load, settling, and range of frequencies 

that it can safely reproduce at specific gains. If the bandwidth is not modeled properly 

the amplifier most often appears as having infinite bandwidth and the frequency response 

behavior looks very ideal, hence the frequency limitations are not realized in the 
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application simulation. Poor modeling of the gain bandwidth product may be evident 

other parameters such as slew rate, settling, and noise. 
in 

To verify that the gain bandwidth product is modeled property, the small signal 

unity gain bandwidth of the OPA340, a 0-5V single supply operational amplifier with a 

typical GBW of 5MHz at a gain of one, was simulated. Figure shows the schematic of 

the circuit used to simulate the gain bandwidth product. 
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Figure 4.3: Gain Bandwidth Product Pspice Simulation Circuit for OPA340. 

An A.C. sweep from IHz to lOOMHz was performed on the input source, V3, 

with amplitude of ImV. The output voltage measure across a lOOkQ resistor, Rl, was 

monitored as the frequency was swept. 
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Figure 4.4: Unity Gain Bandwidth Simulation Plot of Output Voltage Versus Frequency. 

Figure 4.4 shows the plot of the output voltage verses frequency of the OPA340 

for a small signal input of ImVpk. At approximately lOOkHz the gain starts to role off. 

To determine the bandwidth of the amplifier, the -3dB frequency must be located. To 

assist with this, a Bode Plot shown in Figure 4.5 was used 
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Figure 4.5: Bode Plot of the Simulated Frequency Response of OPA340. 

In addition to obtaining the bandwidth of the amplifier at unity gain bandwidth, 

gain and phase margin can be determined, which can be useful when analyzing the 
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amplifier's stability under different capacitive loads. From Figure 4.5, the -3dB 

frequency occurs at 2.5MHz, which is the same order of magnitude as the typical 

specification, 5.5MHz. If the application requires a larger bandwidth, then it becomes 

complicated to simulate the bandwidth performance of the amplifier, especially knowing 

that the actual part may have a bandwidth greater than the simulated one. However it is 

safe to assume that the amplifier's GBW was modeled property for unity gain and the 

simulation is useful in applications that require a bandwidth of 2.5MHz or less. The 

simulated gain and phase margin of the amplifier is 13dB and 118 degrees, respectively, 

which makes the amplifier appear very stable and capable of driving large capacitive 

load. 

4.1.3 Slew Rate 

As part of the amplifier's frequency response, the amplifier's current drive 

capability under a capacitive load must be verified. The capacitive load specified in the 

product data sheet for OPA340 is lOOpF. Hence to verify the slew rate a 5V step, 0-5V 

supply, unity gain, and a lOOpF capacitive load are used, as shown in Figure 4.6. 

Figure 4.6: Pspice Simulation Circuit for OPA340 Slew Rate. 
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A transient analysis of the output voltage measured across the capacitor, Cl, was 

performed on the circuit above and the result is displayed in the plot of output voltage 

Versus time, Figure 4.7. 
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Figure 4.7: Plot of Output Voltage Versus Time for OPA340. 

The linear region of both the rising and falling edge of Figure 4.7 is the region 

where the amplifier is current limited or slewing. The slewing occurs on both edges and 

is an indicator of the amplifiers ability to source and sink current. Normally, the product 

data sheet specifies the slew rate for only one edge, which ever is the slowest edge of the 

two. To verify that this current limiting effect is modeled, the slew rate for both edges 

was calculated. The slew rate of the amplifier is the magnitude of the slope for the rising 

or falling edge of the output voltage versus time plot in Figure 4.7. 
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Figure 4.8: Plot of the Rising Edge of the Pspice simulated Slew Rate for OPA340. 

The rising edge in Figure 4.7, the slew rate can be calculated from the two point 

selected in Figure 4.8, (261.9ns, 2.7573V) and (158.9ns, 1.7816V). The slew rate is 

expressed as 

AV 
SR = 

tst 

Therefore, the slew rate for the rising edge is 

0.9757V 

Equation 4.1 

SR = = 9.5% 
0.103Ai5 

Equation 4.2 

The slew rate for the falling edge was calculated in a similar manner using the 

two points, (2.1282US, 3.5253V) and (2.1863us, 2.9431V) from Figure 4.9. 

0.5822V 
SR = = 10.0% 

0.0581/is 

The slew rate for both edges seems to be modeled similariy. The simulation 

result gives a more optimistic slewing capability than the typical specification, which 

may be also reflected in the amplifier's settling performance being faster than typical. 

60 



The product data sheet specifies 6V/us where as the simulation results indicate lOV/us. 

This is feasible because it is possible that an OPA340 has a slew rate of lOV/us, since 

6V/us is just a typical value. Therefore, the slew rate of the OPA340 can be considered 

modeled properly. 
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Figure 4.9: Plot of the Falling Edge of the Pspice Simulated Slew Rate for QPA340. 

4.1.4 Settling Time 

The settling time of an amplifier, in most cases, includes its ability to slew. 

Hence if the slew rate was not modeled properly, it would be futile to simulate the 

amplifier's settiing time. Most amplifiers have second order settling. Simulating settiing 

time after verifying slew rate is useful to ensure the amplifier's second order behavior is 

modeled. The second order behavior increases the ampHfier's settling time depending on 

the percentage accuracy desired. 
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Figure 4.10: Settling Time Pspice Simulation Circuit for QPA340. 

A transient analysis similar to the slew rate simulation was performed for settling 

time. A 0-5V, 250kHz square wave was used. The output voltage was monitor across 

the lOOpF capacitor, Cl. A plot of output voltage verses time was made, shown in Figure 

4.11. 
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Figure 4.11: Plot of Output Voltage Versus Time for OPA340. 

As in slew rate, the product data sheet specification for settling time most often 

specifies the time for one of the two edges, the worse case time. Since there can be 
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variations in settling between the two edges, both edge models must be checked, 

especially if currents source and sink in the application in which the amplifier is used. 

Most product data sheets specify settling to 0.1% and 0.01%, but for this verification, 

only 0.01% is used. The step used is 5V, therefore settling time being verified is the time 

that the output takes to come with in and remains with in ±0.5mV of the final value on 

the falling or rising edge of the step. 
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Figure 4.12: Plot of the Rising Edge of the Pspice Simulated Settling for OPA340. 

The settling time for the rising edge of the output voltage is the time it takes the 

amplifier's output voltage to come with in ±0.5mV of 5V. The plot in Figure 4.12 shows 

the y-axis scaled to ±0.5mV of 5V. The time ft took the output voltage to achieve this 

percentage of accuracy from the time the input step transitioned from 0-5V is 0.8us. The 

product data sheet specifies a typical time of 1.6us, but the simulation resuft, although 

feasible, is half the data sheet's value. A positive indicator that settling time was 

modeled is in the overshoot and undershoot of the output voltage as it settles. 
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Figure 4.13: Plot of the Falling Edge of the Pspice simulated Settiing for OPA340. 

The settling time for the falling edge of the output voltage is the time it takes the 

amplifier's output voltage to come with in ±0.5mV of OV. The plot in Figure 4.13 shows 

the y-axis scaled to ±0.5mV of OV. The time it took the output voltage to achieve this 

percentage of accuracy from the time the input step transitioned from 5-OV is 0.8us. The 

product data sheet specifies a typical time of 1.6us for one or both of these edges, but the 

simulation result, although feasible, is half the data sheet's value. A positive indicator 

that the settling was modeled is in the overshoot and undershoot of the output voltage as 

it settles. It is apparent that the settling time for both edges of the OPA340 was modeled 

similarly, hence taking the same amount of time to settle to the required accuracy, ft also 

implies that the amplifier has the same ability to source and sink current, but this is not 

tme for all amplifiers. 

Even though the results of the settling time simulation seem more optimistic than 

that of the data sheet, they are practical, ft can be assumed that the settling of the 

OPA340 was modeled properly. 
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4.1.5 Noise 

Equivalent input noise of the amplifier is another modeling parameter that may be 

overlooked. To verify that the amplifier's noise model is included can be a simple 

simulation using the circuit shown in Figure 4.14. 
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J' P 1 
R1 ^ 100k 

4 

Figure 4.14: Pspice Simulation Circuit for QPA340 Noise. 

The simulation requires an A.C. sweep with the noise analysis enabled, ft also 

requires the output voltage source, the input voltage or current source, and an integer of 

the interval. For this simulation, we used a 3Vpk-pk sine wave was used and swept from 

IHz to 2.5MHz, the simulated bandwidth of the amplifier. A plot of the output noise 

verses frequency, as shown in Figure 4.15, can be obtained directiy from Pspice. This 

shows the noise spectmm of the amplifier, which may be important in an application 

simulation. 
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Figure 4.15: Pspice Simulated Noise Spectmm for OPA340. 

For an A.C. application, it may be important to know the amplifier's noise model 

in nV/sqrt Hz at a particular frequency. After the simulation, the output file provides the 

useful information of equivalent input noise for each frequency. For example, the 

simulated equivalent input noise at IkHz is 13nV/sqrt Hz. For some D.C. applications, 

the RMS noise, Â™̂ , may be important, so it can be calculated by multiplying the 

equivalent input noise by the square root of the bandwidth. 

^m. = 13"%^ • V(2-5xlO^//z) = 20/iV„ 

Equation 4.3 

The results from the noise simulation in Figure 4.15 illustrate the roll-off of the 

noise with the open-loop gain and the output file shows that the noise of the amplifier 

was modeled property, despite the fact that the simulated value was half of the specified 

typical value of 25nV/sqrt Hz at IkHz. 

4.1.6 Total Harmonic Distortion 

The last parameter to verify is total harmonic distortion. This parameter is 

important in A.C. applications and demonstrates the amplifier's ability to reproduce the 
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A.C. input signal correctly. This simulation was done using the circuit shown in Figi 

4.16. 
ure 

%. 

V1 

V3 

R 
V-

5V 

0PA340/BEr;>J. 

11 

% 

R1 < 100k 

Figure 4.16: Pspice Simulation Circuit for OPA340 Total Harmonic Distortion. 

A 3Vpk.pk, IkHz sine wave was applied to the input and a transient analysis of the 

output was performed. The plot of the output voltage Vs time, shown in Figure 4.17, was 

converted to the frequency domain using the Fast Fourier Transform (FFT). 

Ss 
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Figure 4.17: Pspice Simulated Time Domain Plot of the OPA340's Output Signal. 
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The result of the FFT is displayed using a log scale for the y-axis and linear scale 

for the X-axis, as shown in Figure 4.18. The magnitudes of the first nine harmonics were 

labeled on the plot. The actual values obtained from the simulation output file are shown 

below. The output file also generates the total harmonic distortion as a percentage of the 

total output voltage, which is also shown below. 
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Figure 4.18: Pspice Simulated FFT Plot of OPA340's Output Signal. 

The output file displays the results of the FFT in the following way: 

HARMOMC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED 

NO (HZ) COMPONENT COMPONENT (DEG) PHASE (DEC) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

l.OOOE+03 

2.000E+03 

3.000E+03 

4.000E+03 

5.000E+03 

6.000E+03 

7.000E+03 

8.000E+03 

9.000E+03 

L499E+00 

2.829E-05 

2.923E-05 

1.299E-05 

1.284E-05 

2.250E-05 

L71IE-05 

4.258E-06 

1.920E-05 

LOOOE+00 

1.887E-05 

L949E-05 

8.663E-06 

8.564E-06 

L501E-05 

L141E-05 

2.839E-06 

1.281E-05 

-L471E-02 

L784E+01 

-6.710E+01 

-L429E+02 

-8.031E+01 

-L564E+02 

L258E+02 

L691E+02 

L235E+02 

O.OOOE+00 

L787E+01 

-6.705E+01 

-L428E+02 

-8.024E+01 

-L563E+02 

1.259E+02 

L692E+02 

L236E+02 
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TOTAL HARMONIC DISTORTION = 3.757272E-03 PERCENT 

Based on the simulation data, the total harmonics distortion is "0.00375272%" of 

the total output voltage, which is approximately -89dB. The spikes at the different 

harmonics and the data from the output file combined are a good indicator of that the 

total harmonic distortion of the amplifier is modeled property. 

4.2 Enhancement Techniques Simulations 

The enhancement technique simulated is the out-of-loop compensation for 

stability. In this sense, the instability referred to is not the strict instability of continuous 

or growing oscillations, but one based on accuracy required in a specific time frame. The 

signals may settle or converge to the final value, but are considered unstable if it is not 

done within the allotted time frame. The behavior of the operational amplifier, OPA340, 

for increasing capacitive loads was simulated using the circuit shown in Figure 4.19. 
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Cl -

^ 0 
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Figure 4.19: Pspice Simulation Circuit for OPA340 Capacitive Load Capability. 

The capacitance, Cl, was given a variable called "joe," which assumed the values 

of InF, 50nF, and lOOnF. A transient analysis was performed to monitor the step 

response of the output for the different capacitive loads. The simulation results are shown 

in Figure 4.20. 
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Figure 4.20: Pspice Simulated Output Step Response for Different Capacitive Loads. 

As the load capacitance increases the slew rate decreases because the current is 

limited, so it takes longer to charge the capacitance to a particular voltage. The decrease 

in slew rate means an increase in settiing time, which indicates that the amplifier is 

becoming less and less stable, by our definition. 

3.75U 
O.lus U.Ous 
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16.0US 
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28.0US 

Figure 4.21: Settiing Behavior of the Above Output Step Response. 

70 



A closer look at the settiing, as shown in Figure 4.21, shows the settling time 

increases with the increasing capacitance of the load. It takes a lOOnF capacitor a longer 

time to come within the selected error band than the InF capacitor. The InF capacitor 

settles in a much shorter period. 

The amplifier may be considered unstable with a 50nF capacitive load for our 

application. To compensate for this instability, a resistor, Rl, is added between the 

amplifier's output and the 50nF capacitive load and its resistance is varied to see the 

effect on the system's step response. The simulation circuit used is shown in Figure 4.22. 
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V3 
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5V 
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C1 SOnF 

'̂ ^ 

Figure 4.22: Pspice Capacitive Load Stabilization Simulation Circuit. 

The resistor was given a variable name, "roe," that assumed the values of 0, 50, 

and 100 ohms. The same transient analysis of the step response was performed and the 

result was plotted. 
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Figure 4.23: Pspice Capacitive Load Stabilization Simulation Plot. 

It is apparent that adding the external resistor, Rl, decreased the slew rate and 

dampened the oscillation. 
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Figure 4.24: Settling Plot of the Pspice Capacitive Load Stabilization Simulation. 

As shown in Figure 4.24, the increased resistance significantiy reduces the 

ampHfier's ringing and overshoot, allowing the amplifier to enter and remain within the 

required error band much faster. Hence the amplifier is considered more stable, ft may 

be tempting to assume that the larger the resistance of Rl, the faster the settiing, which is 
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not always the case. A careful examination of the plot in Figure 4.24 shows that although 

the lOOQ-resistor overshoot is less than the 50Q-resistor, but the 50^-resistor recovers 

and settles faster than the 100i2-resistor. Varying the resistance helps to retain phase 

margin for stability purposes, but it also affects the bandwidth of the system. Therefore as 

the system's bandwidth decreases, the settling time increases. The behavior is 

application specific and there will be other factor that may limit the flexibility of the 

optimization process, so it is necessary to be creative and to work with in or around the 

amplifier's Hmitations. 

4.3 Application Simulation 

The simulated application is the sampling of an input signal by an ADC's 

sampling capacitor. This is a transient simulation to look at the effect on settling as the 

operational amplifier tries to drive a pre-charged sample capacitor, Cl, to a desire 

voltage. A transient analysis was performed for a 10p,s period using a 40nF capacitor for 

the sample capacitor as shown in Figure 4.25. 
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Figure 4.25: Pspice Application Simulation Circuit Using OPA340. 
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This size capacitor was used to demonstrate the long settling time of the 

amplifier's output. The capacitor, Cl, was charged for l^is with the switch, tOpen, 

closed. At 1.5̂ 18 the switch, tClose, closed and the amplifier's output voltage was 

monitored to see how long it took to settle within 0.01% of the final value after being hit 

with the charge from the sample capacitor. 
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Figure 4.26: Pspice Application Simulation Plot of the Output Voltage. 

A plot of the results is illustrated in Figure 4.26. It shows a 3Vpk-pk-voftage spike 

that occurred when the capacitor sampled the amplifier's output voltage. In actuality, at 

the instant the switch was closed the voltage at the node of interest should be equal to the 

voltage across the capacitor, Ci, due small resistance between capacitor and the node of 

interest. In this case it is 5V and it is not apparent in the plot above because of the number 

of point selected on the time axis for the simulation. Increasing the resolution would 

enable this behavior to be displayed in the plot window. The time it took the amplifier to 

settie within 0.01% of its final value after the sampling occurred can be examined by 

setting the scale to ±0.01% of IV for the y-axis and 1.5|.is to SjAs for the x-axis, as shown 

in Figure 4.27. 
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Figure 4.27: Settling Plot of the Simulated Application Output Voltage. 

Based on the simulation it took the amplifier 364ns to recover to within 0.01% 

from the glitch without a step applied to the input of the amplifier (DC value with the 

occurrence of only the glitch). This result indicates that the glitch caused by the pre-

charged sampling capacitor increased the settling time of the amplifiers step response. 

This increase in the amplifier's settiing time with a step applied to the input of the 

amplifier along with the occurrence of a glitch was simulated and the result is shown in 

Figure 4.28. 
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Figure 4.28: Pspice Simulated Step Response with Glitch. 

The added glitch resulted in the amplifier taking 973ns to settie to within 0.01% 

of the final value. A 22% increase in the original simulated settiing time. In some cases, it 

may be more and less in others, it depends on when the glitch occurs. 
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Figure 4.29: Application Simulated Glitch Reduction Attempt. 

In some applications, the increased settling time by the glitch may render the 

selected amplifier undesirable, so external components may be added in order to reduce 

the settiing time, as shown in Figure 4.29. However, modifications can have a number of 
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effects. One concern is placing a resistor between the amplifier's output and the 

sampling capacitor hoping that the resistor dampens any oscillation caused by the glitch 

allowing the output to settle faster. The caveat is that this technique may only help if the 

present capacitive load caused instability in the amplifier's settling as discussed in section 

4.2 . Also adding a resistor only reduces the overshoot while increasing the high of the 

peak of the glitch. The larger the resistance values the higher the peak. 

t Loaflu--! 

-1- 1 1 1 

; : :"fi 
1 1 ' I V 

1 1 1 

/ T i i 
.'"' 1 Ophms 1 

1 1 1 

1 1 I 

1 1 1 

-^-, , ^-go^jL-g—-, , , 

i \ y\ 
1 ^ / f 1 

1 1 1 

1 1 1 

; ; ; 
: 1 1 
\ \ 1 

1 1 1 

i i i 
1 1 . 1 1 

O.SUS 
;. » V U(R1:2) 

1.6US 

Tim 

Figure 4.30: Simulation Plot of Glitch Reduction Attempt with Stable Load. 

Figure 4.30 shows the simulation results if a resistor is added to the application 

circuit and the capacitive load does not cause instability in the operational amplifier 

settiing, which was discussed previously. To demonstrate that adding the resistor helps if 

the capacitive load caused instability. The circuit was simulated using a 5TIF load and the 

same set of resistor values as the previous simulation: OQ, 10^2, and 50Q. The results are 

illustrated in Figure 4.31. 
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Figure 4.31: Simulation Plot of Glitch Reduction Attempt with Unstable Load. 

In a situation where the capacitive load is not too large for the driving operational 

amplifier, but the glitch makes it not feasible for the application, it might be 

advantageous to select a different amplifier than to add external components. 
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CHAPTER 5 

BENCH SETUP AND TESTING OF SELECTED BUFFERS FOR 

DRIVING SAR ADCs 

This chapter deals with the more practical aspects of this study, the actual 

performance of the operational amplifier when tested on the bench, ft discusses the 

design of the adaptor board used with the input amplifiers on board, the test systems 

used, the measurements made and their techniques, the specific operational amplifiers 

used and the results of their measurements, and the possible explanation for the behavior. 

Also through out this chapter some of the difficulties in obtaining the data will be 

mentioned. 

5.1 The Adapter Board 

The adaptor board was designed to interface with a dual inline package (DIP) 

socket test board for both A.C. and D.C. testing. The purpose of these adapter boards is 

to allow the flexibility of changing out different operational amplifiers used to drive three 

of the SAR ADC inputs: reference and positive and negative inputs. The interface with 

the test board facilitates the use of the current test system to measure the amplifiers' 

performance. 

The socket for the device under test (DUT) and the pins from the adapter board 

going into the DIP socket on the test board are offset so that the analog signal from the 

test board can be routed through the adapter board and operational amplifiers when 

measuring the adapter board or amplifiers' performance as shown in Figure 5.1. The 

signals from the test board that are routed through the adapter board are the ADC's 

reference voltage and positive and negative input voltages. The adapter board has 

jumpers that offer the capability of passing the signals through the operational amplifiers 

or by passing them. The adapter board also has jumpers for selecting the appropriate 

supply voltage for the operational amplifier. 
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The majority of the passive components on the adapter board are socketed, so the 

values can be easily altered for optimization and special amplifier requirements. The 

non-inverting inputs to the amplifiers have the option of putting a low pass filter (RC) to 

filter the input signal into the amplifier. For amplifiers with high input capacitance, if the 

low pass filter option is used, there is the option of placing a resistor in the feedback loop 

to balance the input bias current and a capacitor in parallel with the resistor to roll-off the 

gain at high frequency caused by the impedance of the input capacitance and the 

impedance of the feedback loop. 

On the amplifiers' output and inside their feedback loops there is an option for a 

resistor to increase the output impedance, which helps stabilizing some operational 

amplifiers when driving large capacitive loads by shifting the zero in the closed loop 

transfer function inward toward the y-axis and increasing the amplifiers' phase margin. 

Between the feedback loop and the inputs to the ADC there is the option of a T-network, 

for trying to optimize the amplifier's performance, with a low pass filter, to filter the 

noise from the amplifier going into the ADC. The adapter board has 5 test points. For 

each buffer there is a label with the order-buffer's purpose. For example, the first test 

point label for the reference is 1-VREF, and it is used to monitor the reference signal 

coming from the test board. 

The flexibilities included in the adapter board are used to optimize the amplifiers' 

performance, to understand the amplifiers' behavior and limitations, and to characterize 

the amplifiers' capability in driving the SAR ADC. The amplifiers used in this study are 

all characterized in the non-inverting buffer configuration. 
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Figure 5.1: Schematic of the Adapter Board. 
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5.2 Types of Measurements and Techniques 

The SAR ADC measurements made to characterize the operational amplifier's 

performance on the front-end of the ADC can be broken up into two categories: A.C. 

tests and D.C. tests. 

A.C. tests 

1. Total Harmonic Distortion (THD). 

2. Signal to Noise Ratio (SNR). 

3. Signal to Noise plus Distortion (SINAD). 

4. Spurious Free Dynamic Range (SFDR). 

D.C. tests 

1. Offset 

2. Gain Error 

3. Integral Non-Linearity (INL). 

4. Differential Non-Linearity (DNL). 

Some of these test share commonality and can be combined since the principles 

behind them are the same. For educational purposes each one is described separately and 

their similarities are referenced. The first category dealt with is A.C. test. 

5.2.1 A.C. Tests 

All the tests listed under A.C. tests involve the use of an A.C. signal; normally the 

signal is a pure sine wave. These four A.C. tests are the ones of concern for this paper 

and will be explained in the same order that they are listed above. The results for these 

A.C. tests are obtained using the same configuration and method, but with different 

interpretation of the Fast Fourier Transform result through calculation. A sine wave of 
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particular frequency is applied to the ADC via an operational amplifier in the buffer 

configuration. The resistors and capacitors in the T-network are configured to optimize 

the buffers for driving the input and the reference of the ADC. The combination of the 

buffers and the ADC is referred to as the device under test (DUT). Once the sine wave is 

feed into the DUT the ADC starts a series of conversions and the output code is feed into 

a microprocessor. A FFT of a selected number of points (the resulting number of bins), 

8192, is performed on the output codes and based on the parameter being considered the 

appropriate calculations are made. 

Figure 5.2: Plot of FFT Result for an ADC. 

Figure 5.2 represents a plot of the FFT results from an ADC's output codes [9]. 

The amplitude of the spikes in the various bins is the RMS sum of the amplitude real and 

imaginary energy from FFT results, ft is expressed as 

Amplitude = ^la^ +(bf 

Equation 5.1 
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where a is the real part and b is the imaginary part. The alphabetic labels on the plot each 

express an A.C. specification for an ADC. "A" represents the spectral bin of the 

fundament. "B" represents the spurious free dynamic range (SFDR). "C" represents the 

average noise floor of the DUT. "D" represents the noise performance of the DUT, the 

signal to noise ratio. "E" represents the headroom, which is used to avoid clipping of the 

input signal in the case of offsets from the DUT or sine generator. For most ADCs these 

specifications are listed in dB. 

5.2.1.1 Total Harmonic Distortion Test 

Total Harmonic Distortion is a measure of the DUT's ability to reproduce the 

input sine wave without alterations. The alterations to the sine wave produced by the 

DUT are called distortions and they are monitored at different frequency bins after the 

FFT, referenced to the carrier converts the output code results from the time domain to 

the frequency domain. The distortions are referred to as harmonic distortion since they 

occur at frequencies that are some multiple of the fundamental frequency, the frequency 

of the input sine wave. 

^ 
DUT d ) DFT C n ) , 

Figure 5.3: AC Test Flow. 

To measure total harmonic distortion, the adapter board shown in Figure 5.1 is 

configured with the operational amplifier type driving both the input and the reference. 

The resistors and capacitors in the T-network values are adjusted for optimum 

performance. The THD is measured by inputting a pure sine wave from a sine generator, 

for example a Bmel and Kjaer sine wave generator, into the DUT. The DUT is comprised 

of the operational amplifier and the SAR ADC. The output codes from the DUT are 
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converted from binary to a decimal value. A FFT is performed on the decimal values and 

the real and imaginary parts of the energies associated with the signal are placed into 

different spectral bins then the two parts, the real and imaginary, are RMS summed and 

plotted as shown in Figure 5.3. For the purpose here, the first nine harmonics were used 

to calculate the total harmonic distortion as demonstrated by Equation 3.26. The 

measurement was done at three different frequencies: IkHz, lOkHz, and 45kHz. The 

optimal result for that amplifier was recorded and is shown in section 5.3. 

5.2.1.2 Signal-to-Noise Ratio 

Signal-to-Noise ratio is measured at the same frequencies as THD and its result 

can be obtained from the FFT. The SNR is the ratio of the sum of RMS summed real and 

imaginary amplitudes for all the spectral bins excluding the bins used for the THD to the 

RMS summed amplitude of the fundamental. 

5.2.1.3 Signal to Noise plus Distortion 

Signal-to-Noise plus Distortion is the most important A.C. parameter because it 

combines both the SNR and THD measurements. Similar to SNR, SINAD SNR is the 

ratio of the sum of RMS summed real and imaginary amplitudes for all the spectral bins 

including the bins used for the THD to the RMS summed amplitude of the fundamental, 

ft is also a good indicator of the Effective Number Of Bits (ENOB), a measure of the 

resolution to which DUT can actually reproduce the signal. 

5/A^AD-1.76 
ENOB = 

6.02 

Equation 5.2 

5.2.1.4 Spurious Free Dynamic Range 

The spurious free dynamic range, similarly to the other test is derived from the 

FFT results, ft is the distance form the top of the highest harmonic to the top of the 

fundamental as illustrated in Figure 1.1, labeled "B." 
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5.2.2 D.C. Tests 

The D.C. tests listed above, like the A.C. tests, share some commonality. The 

D.C. tests use the servo-loop method to find and lock on to the desire code. The servo-

loop is comprised of several components: a pedestal digital to analog converter, an 

integrator, a summing amplifier, and a comparator. In some cases, depending on the DAC 

input and the ADC output serial to parallel converters are included. The principle behind 

the servo-loop is that the desired ADC output code is sent to the pedestal DAC and the 

DAC outputs a voltage, which goes into the summing amplifier and sums with the output 

of the integrator. The output of the summing amplifier goes into the ADC or the DUT 

and the ADC converts the voltage to output codes. Each bit of the output codes goes to a 

digital comparator and the bits are compared with each bit of the desired code going into 

the DAC. The output from the digital comparator controls a single-pole, double-throw 

switch, which makes the integrator integrate up or down depending on the result of the 

comparison. The comparison is based on a less than or equal to response. If the ADC's 

output code is greater than the desired code, the integrator is switched to the low voltage 

to reduce the ADC's output code, and if the ADC's output code is less than or equal to 

the integrator is switched to the high voltage to increase the ADC's output code. Once 

the servo-loop finds the desired code, it continues up and down over the desired code and 

the servo-loop is considered locked on to the code. Since the digital comparator logic is 

set up for less than or equal to, the servo-loop locks on the left hand edge of the code, 

which is the transition of the desired code and the code below it. The servo-loop is now 

ready for the measurements to be taken. In this case, the measurement is the input 

voltage to the ADC. 
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Figure 5.4: Simplified Diagram of the Servo-Loop. 

5.2.2.1 Offset Test 

The servo-loop is used to measure the ADC's offset. The offset in this case can 

be referred to as the negative full-scale error, which is different for a bipolar ADC. The 

offset of the ADC is the shift in the code 0 and 1 transition voltage in the ADC's transfer 

function compared to the expected voltage. A desired code of 1 is sent to the pedestal 

DAC. The servo-loop locks onto the code 0 and 1 transition because of the digital 

comparator logic. A voltmeter measures the input voltage into the ADC. This voltage is 

compared to an ideal voltage that is related to the reference voltage and the ADC's 

resolution. The difference between the measured voltage and the ideal voltage is the 

ADC's offset. The offset can be expressed in volts or LSBs. 

Ojfset _ error - measured _ voltage - ideal _ voltage 

Equation 5.3 
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5.2.2.2 Gain Error Test 

The ADC's gain error is also measured using the servo-loop. It is the deviation of 

the actual slope of the ADC's transfer function from an ideal slope of a straight line 

through the ADC's transfer function. The gain error is measured by subtracting the 

negative full-scale error (NFS) from the positive full-scale error (PES). The positive full-

scale error is the difference in the measured voltage of the full-scale code minus one and 

the code below (full-scale code minus two) transition and ideal voltage for that transition 

calculated from the measured input and reference voltages. Sending the full-scale code 

minus one as the desired code to the pedestal DAC and measuring the voltage at the 

transition once the servo-loop is locked onto the code provides the actual voltage for this 

transition. 

Gain _ error = PFS - NFS 

Equation 5.4 

5.2.2.3 Integral Non-Linearity Test 

This test makes extensive use of the servo-loop to find and lock onto code edges. 

The endpoints of the transfer function (the first and last voltage) are measured to obtain 

the slope of the transfer function. The slope is used as the ideal LSB size and 

interpolated to get the ideal voltage for each transition measured for INL. The voltages 

for the selected transitions are measured and the INL is calculated by subtracting the ideal 

transition voltage from the measured transition voltage then dividing the result by the 

slope of the transfer function. 

(measured _ voltage - ideal _ voltage) 
INL _ error = 

ideal _ Isb _ size 

Equation 5.5 

In most cases, the INL measurement is done for a few select code called the worst case 

codes. This technique of using a few codes instead all codes greatiy reduces test time. 

The selected codes are chosen for a series of all codes test of a sample of ADC part and 

the codes that seem to be repeatedly problematic are selected. 
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5.2.2.4 Differential Non-Linearity Test 

DNL test makes use of some of the measured transition voltages made in the INL 

test. DNL is the error in the width of each code with respect to the ideal LSB size. The 

DNL for a particular code is the difference between the its measured transition voltage 

and the measured transition voltage of the successive code above it, all divided by the 

slope of the transfer function with one subtracted from the result. The one subtracted 

represents one LSB and the answer is given in LSBs. 

^ . , , meas code trans-meas code +1 trans . 
DNL _ error = 1 

ideal _ Isb _ size 

Equation 5.6 

Similarly to INL, some codes are selected instead of all codes for DNL measurement. 

These codes are selected base on worst-case performance on a series of all codes test 

and/or codes that are trimmed to bring the ADC's transfer function closer to ideal. 

5.3 AC Test Results 

The performance of the SAR ADC used in this study does not reflect the typical 

performance of the ADS8325 SAR ADC. The Dual Inline Package needed for the 

adapter board required a wafer die that had not been through final test to be place in 

metal DIP casing. The typical A.C. performance of an ADS8325 that have been final 

tested is shown in Figure 5.5. The SNR, SINAD, SFDR, and THD are 90.5dB, 90.5dB, 

105.9dB, and -108.2dB, respectively. 
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Frequency Spectrum (8192 Point FFT) 
Fs = 800,0000 l<Hz Fin = 4 9438-18 kHz 

SNR = 30 544 SINAD = 90.470 SFDR =105.857 THD ( 9 )= •108.210 ARL = 84.188 

Figure 5.5: ADS8325 Typical AC Performance atlkHz. 

The A.C. characteristics of four operational amplifiers were tested with a SAR 

ADC, ADS8325, and the results are presented in this section. The amplifiers tested are 

OPA340, QPA350, OPA355, and OPA364. The operational amplifiers' performance was 

characterized over three input signal frequencies: IkHz, lOkHz, and 45kHz. Since the 

converter is a lOOksps converter the maximum input frequency allowed by the Nyquist 

criterion is 50kHz. The amplifiers' effect on the ADC's performance is tested using the 

adapter boards then compared to the ADC's performance on the test system, which uses 

an OPA627 (a ±15V operational amplifier) to drive the positive and negative inputs and 

the reference. 

5.3.1 Test System AC Results 

The test system uses an OPA627 to drive the positive and negative inputs and the 

reference to the ADC. ft is assumed that the QPA627 performance is better than the 

ADC and the resulting measurements reflects the ADC's performance, and not the 
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operational amplifier used by the test system. The measured ADC's performances for the 

various A.C. tests at the three different frequencies are shown below. 

Frequency Spectrum (8192 Point FFT) 
Fs-SOO.0000 kHz Fin = 4.943848 kHz 

SNR = 88 177 SINAD = 85.897 SFDR = 93.009 THD ( 9 )=-95 505 ARL = 82.508 

Figure 5.6: The Test System FFT Results at IkHz. 

At a frequency of IkHz, the FFT result indicated that the ADC has an SNR of 

86.2dB, a SEvfAD of 85.7dB, a SFDR of 99.0dB, and a THD of-95.5dB. This result is 

listed in a summary table at the end of this section. Table 5.1. 
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Frequency Spectrum (8192 Point FFT) 

-20 • 

-GO -

-80 -

100 

Fs - SOO.OOOO kHz Fin = 49.987793 kHz 

• 

• 

SNR = 85.370 SINAD = 84.537 SFDR = 94.886 THD ( 9 )=-92.118 ARL = 81.824 

Figure 5.7: The Test System FFT Results at lOkHz. 

At a frequency of lOkHz, the FFT result indicated that the ADC has an SNR of 

85.4dB, a SINAD of 84.5dB, a SFDR of 94.9dB, and a THD of -92.1dB. This resuft is 

listed in a summary table at the end of this section. Table 5.1. 
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Frequency Spectrum (8192 Point FFT) 

-20 • 

-40 • 

-60 

-80 -

100 -

Fs - 500,0000 kHz Fln-22S.03G621 kHz 

• 

SNR = 79 991 SINAD = 77.989 SFDR = 82.825 THD ( 9 )=-82.314 ARL = 78.018 

Figure 5.8: The Test System FFT Results at 45kHz. 

At a frequency of 45kHz, the FFT result indicated that the ADC has an SNR of 

80.0dB, a SINAD of 78.0dB, a SFDR of 82.8dB, and a THD of -82.3dB. This resuft is 

listed in a summary table at the end of this section. Table 5.1. 

Table 5.1: Summary of the Test system AC Results. 

SYSTEM 

FREQ 

1kHz 

10kHz 

45kHz 

SNR 

86.2 

85.4 

80.0 

SINAD 

85.7 

84.5 

78.0 

SFDR 

99.0 

94.7 

82.8 

THD 

-95.5 

-92.1 

-82.3 

As shown in Table 5.1, as the frequency of the ADC's input signal increases its 

overall A.C. performance decreases. The parameter that special emphasis is placed on is 
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SE^AD, since it includes the results of two of the ADC's parameters: SNR and THD. 

The reduction in SINAD can be attributed to the ADC's inability to rapidly convert the 

analog signal to digital code as the frequency of the input signal increases. This result in 

an increased distortion and a reduction in the height of the fundamental harmonic, which 

is evident in the increased THD and decreased SNR with increasing input frequencies. 

5.3.2 OPA340 AC Results 

The QPA340 is used to drive the positive and negative inputs and the reference to 

the ADC. It is assumed that the overall performance is a combination of the ADC and 

the OPA340. The measured ADC's performances for the various A.C are optimized for 

the OPA340 through filtering of amplifier's output with a passive low pass filter. The 

results of the A.C. tests at the three different frequencies are shown below. 

Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 k Hz Fi n = 4.943848 k Hz 

SNR = 88.443 SINAD = 87.145 SFDR = 96.763 THD ( 9 )=-93.026 ARL = 81.610 

Figure 5.9: OPA340 FFT Results at IkHz. 
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At a frequency of IkHz, the FFT result indicated that the ADC has an SNR of 

88.4dB, a SINAD of 87. IdB, a SFDR of 96.8dB, and a THD of -93.0dB. This result is 

listed in a summary table at the end of this section. Table 5.2. 

Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 kHz Fin = 49.997793 kHz 

SNR = 86 973 SINAD = 85.624 SFDR = 94.273 THD ( 9 )=-91.359 ARL = 81 759 

Figure 5.10: OPA340 FFT Results at lOkHz. 

At a frequency of lOkHz, the FFT result indicated that the ADC has an SNR of 

87.0dB, a SINAD of 85.6dB, a SFDR of 94.3dB, and a THD of -91.4dB. This resuft is 

listed in a summary table at the end of this section. Table 5.2. 
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Frequency Spectrum (8192 Point FFT) 
Fs = SOO.OOOO kHz Fin = 225,036621 kHz 

SNR = 31 455 SINAD = 78.248 SFDR = 81.904 THD { 9 )=-81.070 ARL = 75.971 

Figure 5.11: QPA340 FFT Results at 45kHz. 

At a frequency of 45kHz, the FFT result indicated that the ADC has an SNR of 

81.5dB, a SE^AD of 78.2dB, a SFDR of 81.9dB, and a THD of-81.0dB. This resuft is 

listed in a summary table at the end of this section. Table 5.2. 

Table 5.2: Summary of OPA340 AC Resufts. 

OPA340 

FREQ 

IkHz 

10kHz 

45kHz 

SNR 

88.4 

87.0 

81.5 

SINAD 

87.1 

85.6 

78.2 

SFDR 

96.8 

94.3 

81.9 

THD 

-93.0 

-91.4 

-81.1 

As shown in Table 5.2, as the frequency of the ADC's input signal increases its 

overall A.C. performance decreases. The reduction in SE^AD can be attributed to the 
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ADC's inability to rapidly convert the analog signal to digital code as the frequency of 

the input signal increases along with two other errors introduced by the amplifier. One 

the increased noise resulting from increasing the bandwidth of the low pass filter for 

higher frequencies, and harmonic distortions introduced by the passive components used 

to make the low pass filter. This result in an increased distortion and RMS noise, which 

is evident in the increased THD and decreased SNR with increasing input frequencies. 

5.3.3 OPA350 AC Results 

The OPA350 is used to drive the positive and negative inputs and the reference to 

the ADC. It is assumed that the overall performance is a combination of the ADC and 

the OPA350. The measured ADC's performances for the various A.C are optimized for 

the OPA350 through filtering of amplifier's output with a passive low pass filter. The 

results of the A.C. tests at the three different frequencies are shown below. 

Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 kHz Fin = 4.943848 kHz 

SNR = 86.130 SINAD = 82 547 SFDR = 90.609 THD ( 9 )=-85.051 ARL =82 628 

Figure 5.12: OPA350 FFT Results at IkHz. 
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At a frequency of IkHz, the FFT result indicated that the ADC has an SNR of 

86. IdB, a SINAD of 82.5dB, a SFDR of 90.6dB, and a THD of -85.IdB. This result is 

listed in a summary table at the end of this section, Table 5.3. 

Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 kHz Fin = 49.987733 kHz 

SNR = 88.351 SINAD = 83.217 SFDR = 89.811 THD ( 9 )=-84 807 ARL = 81.801 

Figure 5.13: OPA350 FFT Results at lOkHz. 

At a frequency of lOkHz, the FFT result indicated that the ADC has an SNR of 

88.4dB, a SINAD of 83.2dB, a SFDR of 89.8dB, and a THD of-84.8dB. This resuft is 

Hsted in a summary table at the end of this section. Table 5.3. 
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Frequency Spectrum (8192 Point FFT) 
Fs = SOO.OOOO kHz Fin = 225.036621 kHz 

SNR = 33.451 SINAD = 81.310 SFDR = 87 446 THD ( 9 )=-35 408 ARL = 76.062 

Figure 5.14: OPA350 FFT Resufts at 45kHz. 

At a frequency of 45kHz, the FFT result indicated that the ADC has an SNR of 

83.5dB, a SEvfAD of 81.3dB, a SFDR of 87.4dB, and a THD of-85.4dB. This resuft is 

listed in a summary table at the end of this section. Table 5.3. 

Table 5.3: Summary of OPA350 AC Results. 

OPA350 

FREQ 

IkHz 

10kHz 

45kHz 

SNR 

86.1 

88.4 

83.5 

SINAD 

82.5 

83.2 

81.3 

SFDR 

90.6 

89.8 

87.4 

THD 

-85.0 

-84.8 

-85.4 

As shown in Table 5.3, as the frequency of the ADC's input signal increases its 

overall A.C. performance decreases, normally. In this case, there is an exception at a 

frequency of lOkHz for OPA350. ft is apparent that even though its ability to accurately 
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reproduced the input signal at the output was reduced, fts performance was better than at 

the other two frequencies because its SNR improved more than its degradation due to 

THD. A possible explanation for this behavior is that OPA350 noise level is lower at 

lOkHz than at the other frequencies resulting in a larger ratio of signal to noise for the 

same size signal, ft can be deduced that the noise of OPA350 is not uniform for all 

frequencies above the comer frequency, but with its bandwidth. Normally, the reduction 

in SINAD can be attributed to the ADC's inability to rapidly convert the analog signal to 

digital code as the frequency of the input signal increases along with two other errors 

introduced by the amplifier. One is the increased noise resulting from increased the 

bandwidth of the low pass filter required for higher frequencies, and harmonic distortions 

introduced by the passive components used to make the low pass filter. This result in an 

increased distortion and RMS noise, which is evident in the increased THD and 

decreased SNR with increasing input frequencies. 

5.3.4 OPA355 AC Results 

The OPA355 is used to drive the positive and negative inputs and the reference to 

the ADC. It is assumed that the overall performance is a combination of the ADC and 

the QPA355. The measured ADC's performances for the various A.C. are optimized for 

the OPA355 through filtering of amplifier's output with a passive low-pass filter. The 

results of the A.C. tests at the three different frequencies are shown below. 
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Frequency Spectrum (8192 Point FFT) 
Fs - 500.0000 kHz Fin - 4.943843 kHz 

SNR = 88 251 SINAD = 86.993 SFDR = 99 253 THD ( 9 )=-92.983 ARL = 82.775 

Figure 5.15: OPA355 FFT Results at IkHz. 

At a frequency of IkHz, the FFT result indicated that the ADC has an SNR of 

88.3dB, a SINAD of 87.0dB, a SFDR of 99.3dB, and a THD of-93.0dB. This resuft is 

listed in a summary table at the end of this section. Table 5.4. 
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Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 kHz Fin = 43.987793 kHz 

SNR = 37.527 SINAD = 86.186 SFDR = 38.433 THD (9 )=-91.942 ARL=82.097 

Figure 5.16: OPA355 FFT Results at lOkHz. 

At a frequency of lOkHz, the FFT result indicated that the ADC has an SNR of 

87.5dB, a SINAD of 86.2dB, a SFDR of 98.4dB, and a THD of-91.9dB. This resuft is 

Hsted in a summary table at the end of this section. Table 5.4. 
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Frequency Spectrum (8192 Point FFT) 
Fs = SOO.OOOO kHz Fin = 225.036621 kHz 

SNR = 82 246 SINAD = 78.999 SFDR = 82 342 THD ( 9 )=-81 785 ARL = 76.293 

Figure 5.17: OPA355 FFT Results at 45kHz. 

At a frequency of 45kHz, the FFT result indicated that the ADC has an SNR of 

82.2dB, a SINAD of 79.0dB, a SFDR of 82.8dB, and a THD of-81.8dB. This result is 

listed in a summary table at the end of this section. Table 5.4. 

Table 5.4: Summary of OPA355 AC Results. 

FREQ 

IkHz 

10kHz 

45kHz 

OPA355 

SNR 

88.3 

87.5 

82.2 

SINAD 

87.0 

86.2 

79.0 

SFDR 

99.3 

98.4 

82.8 

THD 

-93.0 

-91.9 

-81.8 

As shown in Table 5.4, as the frequency of the ADC's input signal increases its 

overall A.C. performance decreases. The reduction in SINAD can be attributed to the 
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ADC's inability to rapidly convert the analog signal to digital code as the frequency of 

the input signal increases along with two other errors introduced by the amplifier. One 

the increased noise resulting from increasing the bandwidth of the low pass filter for 

higher frequencies, and harmonic distortions introduced by the passive components used 

to make the low pass filter. This result in an increased distortion and RMS noise, which 

is evident in the increased THD and decreased SNR with increasing input frequencies. 

5.3.5 OPA364 AC Results 

The QPA364 is used to drive the positive and negative inputs and the reference to 

the ADC. It is assumed that the overall performance is a combination of the ADC and 

the OPA364. The measured ADC's performances for the various A.C are optimized for 

the OPA364 through filtering of amplifier's output with a passive low pass filter. The 

results of the A.C. tests at the three different frequencies are shown below. 

Frequency Spectrum (8192 Point FFT) 
Fs = 500.0000 kHz Fin = 4 943843 kHz 

SNR = 85 810 SINAD = 85 447 SFDR = 99.063 THD ( 9 )=-96 402 ARL = 33.122 

Figure 5.18: OPA364 FFT Results at IkHz. 
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At a frequency of IkHz, the FFT result indicated that the ADC has an SNR of 

85.8dB, a SINAD of 85.4dB, a SFDR of 99.0dB, and a THD of -96.4dB. This result is 

Hsted in a summary table at the end of this section, Table 5.5. 

Frequency Spectrum (8192 Point FFT) 
Fs = SOO.OOOO kHz Fin = 49.387793 kHz 

SNR = 84.989 SINAD = 33 360 SFDR = 90.731 THD ( 9 )=-83.407 ARL = 81.302 

Figure 5.19: QPA364 FFT Results at lOkHz. 

At a frequency of lOkHz, the FFT result indicated that the ADC has an SNR of 

85.0dB, a SINAD of 83.4dB, a SFDR of 90.8dB, and a THD of-88.4dB. This result is 

listed in a summary table at the end of this section. Table 5.5. 
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Frequency Spectrum (8192 Point FFT) 
Fs " SOO.OOOO kHz Fin = 225.036621 kHz 

SNR = 73 168 SINAD = 67.919 SFDR = 70.506 THD ( 9 )=-68 257 ARL = 75.958 

Figure 5.20: OPA364 FFT Results at 45kHz. 

At a frequency of 45kHz, the FFT result indicated that the ADC has an SNR of 

79.2dB, a SINAD of 67.9dB, a SFDR of 70.5dB, and a THD of -88.3dB. This result is 

listed in a summary table at the end of this section, Table 5.5. 

Table 5.5: Summary of OPA364 AC Results. 

OPA364 

FREQ 

IkHz 

10kHz 

45kHz 

SNR 

85.8 

85.0 

79.2 

SINAD 

85.4 

83.4 

67.2 

SFDR 

96.8 

94.3 

81.9 

THD 

-93.0 

-91.4 

-81.1 

As shown in Table 5.5, as the frequency of the ADC's input signal increases its 

overall A.C. performance decreases. The reduction m SINAD can be attnbuted to the 

ADC's inability to rapidly convert the analog signal to digital code as the frequency of 

106 



the input signal increases along with two other errors introduced by the amplifier. One 

the increased noise resulting from increasing the bandwidth of the low-pass filter for 

higher frequencies, and harmonic distortions introduced by the passive components used 

to make the low pass filter. This result in an increased distortion and RMS noise, which 

is evident in the increased THD and decreased SNR with increasing input frequencies. 

5.3.6 AC Resufts Analysis 

As shown in Table 5.6 at IkHz, OPA340 had the best SNR result along with 

OPA355, which indicates that these two are relatively low noise at IkHz frequencies. 

OPA364 exhibited the best THD followed by QPA340 and QPA355. The overall top 

performers at IkHz frequency were OPA340 and OPA355. They both have a better 

combination of SNR and THD, SINAD, which resulted in a better effective number of 

bits (ENOB) of 14.2LSB. 

Table 5.6: IkHz AC Test Summary. 

IKHz 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

SYS 

SNR 

88.4 

86.1 

88.3 

85.8 

86.2 

SINAD 

87.1 

82.5 

87.0 

85.4 

85.7 

SFDR 

96.8 

90.6 

99.3 

99.1 

99.0 

THD 

-93.0 

-85.0 

-93.0 

-96.4 

-95.5 

As shown in Table 5.7, at lOkHz QPA350 had the best SNR result followed by 

OPA355 then OPA340. This is because QPA350 was able to maintain the same peak 

amplitude of its fundamental lOkHz as it did at IkHz, which gave it an edge over the 

other amplifiers and is evident in the change in THD as the input signal went from IkHz 

to lOkHz. OPA355 exhibited the best THD followed closely by OPA340. The decrease 

the THD performance as the input signal frequency increases may be as results of the 
m 
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operational amplifiers' limits of slew rate and seftling is being approached. The overall 

top performer at lOkHz frequency is OPA355 with QPA340 not too far behind. OPA355 

had a better combination of SNR and THD, SINAD, which resulted in an ENOB of 

14.0LSB. 

Table 5.7: lOkHz AC Test Summary. 

lOKHz 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

SYS 

SNR 

87.0 

88.4 

87.5 

85.0 

85.4 

SINAD 

85.6 

83.2 

86.2 

83.4 

84.5 

SFDR 

94.3 

89.8 

98.4 

90.8 

94.7 

THD 

-91.4 

-84.8 

-91.9 

-88.4 

-92.1 

As shown in Table 5.8, at a frequency of 45kHz OPA350 performed the best 

followed by OPA355 then OPA340. QPA350 was able to maintain the same level of 

signal integrity for the various frequencies, which illustrated in its constant THD 

performance for these frequencies. This ability to maintain a constant level of signal 

integrity has allowed OPA350 to have the best SNR and THD performance, and an 

ENOB of 13.2. 

Table 5.8: 45kHz AC Test Summary. 

45KHZ 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

SYS 

SNR 

81.5 

83.5 

82.2 

79.2 

80.0 

SINAD 

78.2 

81.3 

79.0 

67.2 

78.0 

SFDR 

81.9 

87.4 

82.8 

70.5 

82.8 

THD 

-81.1 

-85.4 

-81.8 

-68.3 

-82.3 
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5.4 DC Test Results 

The D.C. performance of the SAR ADC used in this study does not reflect the 

typical performance of the ADS8325 SAR ADC. The Dual Inline Package needed for 

the adapter board required a wafer die that had not been through final test to be place in 

metal DIP casing. The typical D.C. INL and DNL performance of an ADS8325 that have 

been final tested is shown in below. 

INL Error 
Servo Loop 

MIN = -0.933 @61936d, MAX = 0,866 @32765d 

Figure 5.21: ADS8325 Typical INL Performance. 
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DNL Error 
Servo Loop 
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MIN = -0.338 (g 43538d, MAX = 0 698 © e5207d 

Figure 5.22: ADS8325 Typical DNL Performance. 

The D.C. characteristics of four operational amplifiers were tested with a SAR 

ADC, ADS8325, and the results are presented in this section. The amplifiers tested are 

OPA340, OPA350, QPA355, and OPA364. The operational amplifiers' D.C. 

performance was characterized from four D.C. tests: Offset, Gain error, INL, and DNL. 

Of these four D.C. tests, INL and DNL are the two important ones, and they really 

determine the amplifier performance. Although offset and gain error are two useful tests, 

their error can be calibrated out of the system, and therefore, are not as critical as INL 

and DNL. The INL and DNL tests were performed over 1300 worse case codes, and 

plots of their result matched against the system's results are presented. To determine the 

top-performing amplifier, a delta correlation value was used. This value is obtained by 

calculating the mean and standard deviation of the magnitude of the delta is then adding 

the mean to six times the standard the standard deviation. The delta is the difference 

between the test system reading without the adapter board and operational amplifier's 

reading for 1300 worse case codes selected. 
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5.4.1 OPA340 DC Results 

Using the OPA340 to drive the inputs and reference, the ADC reported an offset 

of 13.5LSBS, a gain error of -3.4LSBs, and a delta correlation value of 3.5LSBs for YNL 

and 0.7LSBS for DNL. The plots of the INL and DNL result for QPA340 and the system 

are shown below, along with plots of the deltas. 

INL PLOT 

5.0 
4.0 
3.0 
2.0 

iJSl.O 
^ 0 . 0 

-LO 
-2.0 
-3.0 
-4.0 

-OPA340 

- DIR SYS 

500 1000 1500 

No. of Codes 

Figure 5.23: INL Plot of OPA340 and the Test System. 

The INL plot for the OPA340 closely matched the INL plot for the test system. 

The delta for the INL codes tested has a mean of 0.5LSBs and a standard deviation of 

0.5LSBS. A plot of the actual deltas is shown in Figure 5.24. 
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Figure 5.24: Plot of the INL Delta Between OPA340 and the Test System. 
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Figure 5.25: DNL Plot of OPA340 and the Test System. 

The DNL plot for the OPA340 closely resembled the DNL plot for the test system. The 

delta for the DNL codes tested has a mean of O.lLSBs and a standard deviation 

ofO.lLSBs. A plot of the actual deltas is shown in 

Figure 5.26. 
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Figure 5.26: Plot of the DNL Delta Between OPA340 and the Test System. 

5.4.2 OPA350 DC Results 

Using OPA350 to drive the inputs and reference, the ADC reported an offset of 

14.6LSBS, a gain error of -1.9LSBs, and a delta correlation value of 6.2LSBs for ESfL 

and 0.7LSBS for DNL. The plots of the INL and DNL result for OPA350 and the system 

are shown below, along with plots of the deltas. 
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Figure 5.27: INL Plot of OPA350 and the Test System. 

The INL plot for the QPA350 does not closely match the INL plot for the test 

system. Although the two plots seem to track each other fairly well, there is a growing 

offset between the inner codes of the test system and when driven by OP A3 50 towards 

the middle of the plots. The delta for the INL codes tested has a mean of 0.8LSBs and a 

standard deviation of 0.9LSBs. A plot of the actual deltas is shown in Figure 5.28. 
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Figure 5.28: Plot of the INL Delta Between OPA350 and the Test System. 
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Figure 5.29: DNL Plot of OPA350 and the Test System. 

The DNL plot for the OPA350 closely resembled the DNL plot for the test 

system. The delta for the DNL codes tested has a mean of O.lLSBs and a standard 

deviation of O.lLSBs. A plot of the actual deltas is shown in Figure 5.30. 
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Figure 5.30: Plot of the DNL Delta Between QPA350 and the Test System. 

5.4.3 QPA355 DC Results 

Using OPA355 to drive the inputs and reference, the ADC reported an offset of 

15.2LSBS, a gain error of-64.8LSBs, and a delta correlation value of 3.9LSBs for INL 

and 0.8LSBS for DNL. The plots of the INL and DNL resuft for OPA355 and the system 

are shown below, along with plots of the deltas. 
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Figure 5.31: INL Plot of OPA355 and the Test System. 

The INL plot for the QPA355 does not closely match the INL plot for the test 

system. Although the two plots seem to track each other, there is a growing offset 

between the inner codes of QPA355 and the test system towards the middle of the plots 

and random spurs in some places. The delta for the INL codes tested has a mean of 

0.9LSBS and a standard deviation of 0.5LSBs. A plot of the actual deltas is shown in 

Figure 5.32 
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Figure 5.32: Plot of the INL Delta Between QPA355 and the Test System. 
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Figure 5.33: DNL Plot of OPA355 and the Test System. 

The DNL plot for the QPA355 has a greater spread of the values for specified 

codes than DNL plot for the test system. The delta for the DNL codes tested has a mean 

of 0.2LSBS and a standard deviation of 0. ILSBs. A plot of the actual deltas is shown in 

Figure 5.34. 
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Figure 5.34: Plot of the DNL Delta Between QPA355 and the Test System. 

5.4.4 QPA364 DC Results 

Using QPA364 to drive the inputs and reference, the ADC reported an offset of 

12.2LSBS, a gain error of-0.5LSBs, and a delta correlation value of 7.ILSBs for INL 

and 3.0LSBS for DNL. The plots of the INL and DNL resuft for QPA364 and the system 

are shown below, along with plots of the deltas. 
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Figure 5.35: EVL Plot of OPA364 and the Test System. 

The INL plot for the QPA364 did not match the INL plot for the test system. The 

plots did not track and the deltas jumped back and forth indicating some instability. The 

delta for the INL codes tested has a mean of 1.ILSBs and a standard deviation of 

l.OLSBs. A plot of the actual deltas is shown in Figure 5.36. 
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Figure 5.36: Plot of the INL Delta Between QPA364 and the Test System. 
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Figure 5.37: DNL Plot of OPA364 and the Test System. 

The DNL plot for the QPA364 did not match the DNL plot for the test system. 

The plots did not track and the deltas were random. The delta for the DNL codes tested 

has a mean of 0.6LSBs and a standard deviation of 0.4LSBs. A plot of the actual deltas is 

shown in Figure 5.38. 
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Figure 5.38: Plot of the DNL Delta Between OPA364 and the Test System. 

5.4.5 DC Results Analysis 

Based on the DC test result presented in 

Table 5.9, OPA340 performed the best. Its readings had the least deviation from 

the test system's readings for both INL and DNL was followed closely by QPA355, 

which were one or two codes noisier than QPA340. Due to QPA355 limited output 

swing capability hindering it from swing the whole full-scale range, its gain error was 

large. OPA350 had a reasonable DNL performance, but strayed in INL performance due 

to varying offsets from the system's results for different sections of codes. Although 

OPA364 had a good offset and gain error performance, it did not perform well for INL 

and DNL. Its results seemed noisy, which is not a direct indication of the amplifier's 

inability to drive the inputs, but can be more an indication of its inability to drive the 

reference. 
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Table 5.9: DC Test Result Summary. 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

SYS 

Delta Correlation 

INL (LSB) 

3.5 

6.2 

3.9 

7.1 

0.0 

DNL (LSB) 

0.7 

0.7 

0.8 

3.0 

0.0 

Offset (LSB) 

13.5 

14.6 

15.2 

12.2 

35.7 

Gain Error (LSB) 

-3.4 

-1.9 

-64.8 

-0.5 

-2.3 

5.5 Test Summary 

Overall, the amplifiers selected performed reasonable well, especially since they 

are single supply operational amplifiers. In some instances, a few of the amplifiers' 

performance were weak, but justifiable in most cases by their product data sheet 

specification. To determine the success of this study, a generalized criterion is used. 

This assumes a particular error in the application circuitry and layout; hence if the error 

induced by the amplifier is less than this error it is acceptable. For the A.C. tests, a delta 

less than 3.5dB for SNR and SE^AD and a defta less than 5dB for THD are accepted. 

For the D.C. tests, a delta correlation of less than 5.ILSBs and l.OLSB for INL and DNL 

respectively, an offset less than 40LSBs, and a gain error less than 30LSBs are accepted. 

Summary tables are presented below that shows the operational amplifiers and whether 

they met the requirements of the various tests, where V is acceptable and X is not 

acceptable 
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Table 5.10: AC Tests Acceptance Results. 

IkHz 

10kHz 

45kHz 

AC Test 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

OPA340 

OPA350 

OPA355 

OPA364 

OPA340 

OPA350 

OPA355 

OPA364 

SNR 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

V 

SINAD 

V 

X 

V 

V 

V 

V 

V 

V 

V 

V 

V 

^ 

THD 

V 

X 

V 

V 

V 

X 

V 

X 

V 

V 

V 

" 

Table 5.11: DC Tests Acceptance Results. 

DC Test 

OPAMPS 

OPA340 

OPA350 

OPA355 

OPA364 

INL 

V 

X 

V 

X 

DNL 

V 

V 

V 

X 

Offset 

V 

V 

V 

V 

Gain Error 

V 

V 

X 

V 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the results presented in Chapter 5 and insight to the operation of SAR 

ADCs in Chapter 2, the theoretical analysis used in Chapter 3 works as an effective tool 

in selecting operational amplifiers to drive a selected SAR ADC. The analysis, although 

approached from a broad perspective of the SAR ADCs application, would be more 

effective when the specifics and the important parameters of the application are known. 

As illustrated in this study, there are trade-offs: A.C. performance does not 

guarantee D.C. performance and vice versa; SNR can be improved at the expense of 

THD. Some amplifiers drive the reference better while others do a better job at the 

inputs, which is the case for the OPA364. Using it to drive the inputs only increased it 

performance greatly for both A.C. and D.C. tests. This analysis worked for ADS8325 and 

was able to determine cutoff values and gray areas in the amplifier specifications that 

would not meet the requirements. With a good knowledge of a specific application and 

the ADC's specification the analysis demonstrated in this study will assist in the 

elimination of an amplifier that does not meet the requirements of the application and 

leads the user in the right direction towards finding the best amplifier available to drive 

the SAR ADC for the application. 

The simulation tutorial illustrated in Chapter 4 is a handy tool and an inexpensive 

means of checking out a few of the qualified amplifiers performance in an application 

environment while ensuring that the results are justifiable. 

Future work can be done in several areas. Firstly, the analysis can be validated 

for other SAR ADCs (higher speed and lower power) with more specific applications in 

mind. Secondly, the analysis can be separated to look at the reference and inputs 

separately and operational amplifiers can be selected accordingly with the verification 

done for different combinations of reference and input amplifiers. Lastly, for A.C. and 
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D.C. application more work can be done in characterizing the degradation in performance 

as the FSR of the input signal forced the amplifier to swing closer and closer to its rails. 
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