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CHAPTER I 

INTRODUCTION 

Modern integrated circuits have been dominated by 

digital circuits. Physical quantities, however, exist 

essentially in analog forms. In order to realize the full 

potential of sophisticated digital systems, it is 

necessary to convert analog signals to their digital 

counterparts and vice versa with both high precision and 

reasonable speed. The accuracy of analog-to-digital (A/D) 

converters is largely limited by the mismatching of 

passive components of the circuits, resulting in a 

resolution of typically 8 to 10 bits. Although higher 

resolution converters can normally be obtained by using 

the laser-trimming technology, the fabrication process is 

rather costly. 

In recent years, a number of circuit techniques have 

been developed to improve the performance of the converter 

without the use of precision circuit components. One of 

these is the self-calibration technique applied to a 

binary-weighted capacitor array [1]. Although very high 

resolution can be achieved by this method, the circuit is 

quite complex. In contrast, the cyclic A/D converter [2] 

is much simpler. Its relatively small area makes it easy 



to be integrated into a large system. Two different 

methods [3], [4 ] have been applied to improve its 

performance. They do, however, significantly increase the 

number of operations required for achieving a conversion. 

Recently, a self-calibrating cyclic A/D converter has been 

described [5] which requires fewer operations per 

conversion. Relatively high resolution can be achieved at 

the cost of increasing the complexity of control logic for 

the extra calibration cycle. 

In this dissertation, a new architecture for the 

successive-approximation A/D converter is proposed. The 

simplicity of the circuit is comparable to that of cyclic 

A/D converters. Four different approaches are described 

to improve the performance of this circuit with relatively 

few operations. The detailed design together with 

computer simulation results of one of these techniques are 

given. Furthermore, the method is implemented using CMOS 

technology. Test results for such a chip are also 

included. 

The fundamentals of successive-approximation A/D 

conversion are covered in the second chapter of this 

dissertation. Chapter III presents the new A/D converter 

which makes use of resistors to generate the references. 

Two techniques for improving its performance are 

described. In Chapter IV, capacitors are used for 



reference generation and the performance of the converter 

is enhanced by two different techniques. A detailed 

design of the converter using one of the techniques is 

presented in Chapter V. The experimental results of this 

design are given in Chapter VI. The conclusions are 

presented in Chapter VII. 



CHAPTER II 

SUCCESSIVE-APPROXIMATION A/D 

CONVERSION FUNDAMENTALS 

In this chapter the successive-approximation 

technique for analog-to-digital conversion is reviewed. 

The advantages of MOS technology for monolithic 

realization of A/D converters are discussed next. Finally, 

a MOS implementation example of the successive 

approximation technique is given. 

Successive-Approximation Method 

The successive-approximation method is perhaps the 

most commonly used A/D conversion algorithm, since it 

offers an excellent compromise between resolution and 

converter speed requirements. The converter employs a 

trial-and-error technique to approximate an analog input 

with a corresponding digital code. As shown in the 

diagram of Figure 2.1, it consists of a successive-

approximation register (SAR) and a D/A converter in 

feedback around a voltage comparator [6]. After the SAR 

has been cleared, the conversion process starts with a "1" 

inserted as a trial bit for the most significant bit (MSB) 

in the holding register, while the rest of the bits 



remain at "0." If the analog output VQ of the D/A 

converter is smaller than the analog input V^, the output 

state of the comparator remains unchanged, and the "1" is 

retained for the MSB. Otherwise, it is replaced by a "0." 

In the next cycle, a "1" is tried for the next most 

significant bit. If the comparator output does not change 

state, it is retained. Otherwise, it is replaced by a 

"0." This process continues until all bits are obtained 

in N successive cycles. 

The operation process is depicted graphically [7] in 

Figure 2.2. In each cycle, the converter divides the 

possible region into half and eliminates one of the 

regions after the decision. The converter gets about a 

factor of two closer to the real position of the input 

signal after each bit decision. At the end, after N 

cycles, the converter has decided which one of the 

possible 2^ slots contains the input. 

MOS Technology 

In the past, the integrated circuit technology for 

the realization of A/D converters has been bipolar due to 

its better analog performance. On the other hand, metal-

oxide- semiconductor (MOS) technology was primarily 

developed for digital large-scale integration (LSI) 

design. The small size and the self-isolating property of 



the MOS transistor result in high circuit density. To 

take advantage of both technologies, hybrid integrated 

circuits have been used to build A/D converters. However, 

at higher levels of integration, it becomes necessary to 

combine a substantial amount of digital circuits with 

analog circuitry on the same chip, and the use of MOS 

technology for monolithic realization becomes more and 

more attractive. 

While the use of MOS transistors makes it possible to 

integrate analog functions on a much smaller chip area, it 

presents many design challenges and requires a number of 

compromises. The major problem is the high offset 

voltages associated with MOS device pairs. As a 

consequence, the MOS analog blocks may not be able to meet 

the performance specifications of their bipolar 

equivalents. Fortunately, they still perform satis

factorily as subsystems within the monolithic chip. 

On the other hand, the MOS technology does offer 

other significant advantages over bipolar technology for 

the realization of analog circuit functions. The most 

important of these is the capability of storing charge on 

a circuit node and sensing its voltage nondestructively 

over many milliseconds [8]. This property results from 

the essentially infinite input resistance and high off-

resistance of the MOS transistor. In addition, capacitors 



are easily fabricated in metal gate technology. These 

make the MOS technology ideal for precision analog 

sampling and holding. In fact, this capability has led to 

new approaches to many analog functions. 

A MOS Implementation Example 

A successive-approximation A/D conversion technique 

that has been implemented successfully using the MOS 

technology is the charge-redistribution method [9]. The 

converter uses a charge-scaling D/A converter and a SAR in 

feedback around a voltage comparator to perform the A/D 

conversion. As shown in Figure 2.3a, the basic binary-

weighted capacitive ladder being used contains an 

additional termination capacitor C, which is equal to the 

size of the least significant bit (LSB) capacitor. The 

conversion is accomplished in three steps. In the first 

step, shown as the "sample mode" in Figure 2.3a, the top 

plate is connected to ground and the bottom plates to the 

input voltage. As a result, the top plate stores a charge 

proportional to the input voltage '^j.n' ^^ ^^® second 

step, called the "hold mode," the top grounding switch is 

opened, and the bottom plates are connected to ground, as 

shown in Figure 2.3b. Since the charge on the top plate 

is conserved, its potential becomes -'^^.n' 



8 

During the last step, called the "redistribution 

mode," the successive-approximation process begins. The 

switch S^, corresponding to the MSB, is connected to V^^f, 

with the rest of the switches remain connected to ground. 

Consequently, the voltage V̂ ^ is increased by an amount 

equal to 1/2 V^^f, i.e., 

^x = -Vin + 1/2 ^ref 

If the comparator output changes state, S^ is brought back 

to its original position and a "0" is stored as the MSB. 

Otherwise, S]_ is left connected to V^^^ and a "1" is 

stored instead. Similarly, each of the remaining bits is 

tried one at a time to determine the digital output code, 

while the termination capacitor is always connected to 

ground. A final configuration is illustrated in Figure 

2.3c for the digital output code of 01100. Notice that 

all the capacitors corresponding to "0" bits are totally 

discharged, and total original charge on the top plate has 

been redistributed between capacitors corresponding to "1" 

bits. 

The main source of error in this type of converters 

is the matching and tracking of the capacitor ratios in 

the array. This limits the resolution of the converters 

to 10 bits. Due to very low temperature coefficients of 

MOS capacitors, the converters exhibit excellent 



temperature-stability characteristics. Although the 

conversion speed is somewhat slower than that of compa

rable bipolar designs, the circuit can be implemented on a 

much smaller area. 
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CHAPTER III 

RESISTIVE A/D CONVERSION TECHNIQUES 

A new approach for performing successive-

approximation A/D conversion is presented in this chapter. 

The required voltage references can be generated using an 

R-2R resistive ladder. However, the resolution of the 

converter is limited by the mismatching of the resistors. 

To solve this problem, two different techniques are 

described which both employ a combination of resistors, 

capacitors, and operational amplifiers. 

Resistive A/D Converters 

A conceptual N-bit version of the proposed A/D 

converter is illustrated in Figure 3.1. It consists of a 

reference-generation network, an operational amplifier, a 

comparator, three capacitors, and a number of switches. 

The reference generation network needs to generate 1/2, 

1/4, 1/8,..., 1/2^ of the reference voltage V̂ ., 

respectively. One of the methods for achieving this is to 

employ an R-2R resistive ladder as shown in Figure 3.2. 

The conversion starts with the sample mode (Figure 3.3a) 

when the bottom plate of the capacitor C^ is switched to 

the input voltage V^^ and that of Cĵ  is connected to 

13 
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ground. With the switch S^ closed, a charge of -C^V^^ is 

stored on the top plate of C^. In the hold mode (Figure 

3.3b), S^ is opened while the bottom plates of C^ and Cĵ  

are switched to ground and the output of the operational 

amplifier, respectively. As a result, the output voltage 

VQ becomes (Ĉ /Cĵ )Vj_ĵ . The successive-approximation 

process begins with the bottom plate of C^ connected to 

the voltage Vj./2, resulting in a potential of (Ĉ /Cij) (Vj_ĵ -

V^/2) at the output (Figure 3.3c). If this output voltage 

is less than zero, a "0" is stored as the MSB. Otherwise, 

the switch S-^ is opened and a "1" is registered. This ' 

leaves a charge of "Ĉ (Vj_ĵ -Vj,/2) at the top plate of C^, 

The excess charge -C^V^/2, which resides on the top plate 

of C^, is then released by closing S-̂  and switching the 

bottom plate of C-̂  to ground. In a similar manner, each 

of the remaining bits is tried to determine the digital 

output code of ̂ 2.n' 

In this converter, the 1/2 LSB offset error can be 

eliminated by sampling a voltage of V^/2^'^^ in addition to 

the input voltage ^j-n' ^i^^ ̂  slight modification of the 

sample mode, this converter can also handle both positive 

and negative input voltages. This is accomplished by 

initially discharging the capacitors C^ and C-^, With S^ 

opened and S-^ closed, the bottom plate of C^ is switched 

to the input voltage V^^, resulting in a potential of 

• ^ 
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'^^a/^b^^in ^^ ^^® output (Figure 3.4a). If this output 

voltage is negative, C^ is discharged by switching its 

bottom plate to ground and closing S^, leaving a charge of 

'^a^in °^ ^^® ^°P plate of C^. This situation is the same 

as the one shown in Figure 3.3a. Otherwise, S-^ is opened 

and S^ is closed while C^ is discharged by connecting its 

bottom plate to ground (Figure 3.4b). This leaves a 

charge of Ĉ Vj_ĵ  on the top plate of Cĵ , making the A/D 

conversion of negative input voltage possible. 

Since the accuracy of the converter is independent of 

the ratio of the capacitors C^ to Cĵ , they need not be 

closely matched. The main source of conversion error, 

therefore, comes from the mismatching of the resistors 

appeared in the R-2R ladder network. These errors tend to 

limit the resolution of the converter. Since laser 

trimming resistors are too costly to manufacture and their 

resistance values also drift with time, other techniques 

need to be developed. 

R-2R Technique 

One of the methods for improving the resolution is to 

use an op-amp circuit to reduce the error voltages in the 

R-2R resistive ladder. This circuit consists of an op amp 

and three unit capacitors. With proper switching.and 

charge redistribution, very accurate voltage references 
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can be generated in a sequential manner. The technique is 

illustrated by a 4-bit A/D converter shown in Figure 3.5. 

The non-ideal R-2R ladder divides the reference voltage V^ 

into VJ./2+V31, Vj,/4+Vg2' Vj./8+Vg3, and Vj./16+Ve4, 

respectively, where V̂ ^̂ , Vg2' Ve3' ^^^ ̂ e4 ^^® ^^® 

associated error voltages. An op-amp circuit with unit 

capacitors C-ĵ, C2/ and C3 has been added to reduce the 

errors. These capacitors are assumed to be closely 

matched. 

The technique begins with C^ connected to V^ and C2 

connected to V^/2+Vg]_ as shown in Figure 3.6a. With S^ 

closed, a total charge of -C2_V̂ -C2(V̂ /2+Vg2̂ ) is stored on 

the top plates of C^ and C2. After S^ is opened, the 

bottom plate of C2 is switched to the output while C-̂  is 

connected to Vj,/2+Vg2. (Figure 3.6b). This results in a 

charge of r-Ci(Vj./2-VQ;ĵ )i-C2(Vj,/2+Vg;L) on the top plate of "^—-

C2. With S2 opened and Sj closed, Ĉ^ is discharged by 

switching its bottom plate to ground, whereas C3 is 

connected to Vj./4+Vg2 (Figure 3.6c). The charge stored at 

C3 will be used later for reducing the error voltage Vg2. 

The bottom plate of C^ is now switched to the output, 

whereas Sf and S2 are opened and closed, respectively 

(Figure 3.6d). The charge -CI{VJ./2'VQ^)'C2{V^/2+VQ^) is 

redistributed between the capacitors C-^ and C2, resulting 

in a potential of Vj./2+[ (C2-C1)/(02+0;,̂ ) IV̂ ^̂  at the 
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output. It is seen that the error voltage V^^ has now 

been reduced by a factor of (C2-Ci)/(C2+C3^). Since these 

capacitors are assumed to be closely matched, the error 

can practically be eliminated. For instance, with a 

capacitor mismatch of + 1 percent, the maximum magnitude 

of this factor would be only 0.01. The corrected voltage 

V^/2 is then used in the successive-approximation process. 

Since a total charge of -C;ĵ Vj./2-C3(Vj,/4+Vg2) ̂ ^^ ^®®^ 

stored on the top plates of Ĉ^ and C3, the number of steps 

required to obtain the voltage reference V^/4 is reduced 

from four to three. In a similar manner, each of the 

remaining voltage references is generated in sequence. 

The reference-generation and successive-approximation 

processes are performed at the same time. 

Twin-Resistor Technique 

It is possible to replace the R-2R resistive ladder 

with two equal resistors. This is illustrated by the 

reference-generating circuit shown in Figure 3.7. This 

circuit, which consists of two equal resistors, four unit 

capacitors, two operational amplifiers, and a number of 

switches, will generate 1/2, 1/4, 1/8,... of the reference 

voltage V^ in a sequential manner. The process begins by 

sampling a voltage of V^ across C3 (Figure 3.8a). By 

opening Sg, Sg, and closing S-^, Sĵ , this voltage is 
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imposed across the two series resistors (Figure 3.8b). 

The voltage will be sustained by operational amplifier B 

until an accurate voltage Vj./2 is generated by the other 

operational amplifier (A). As a result, a potential of 

V^/2+VQJ_ appears between the two resistors, where VQJ_ is 

given by [ (R2-Ri)/(R2+Ri) ]Vj-/2. By connecting Ĉ^ to V̂ . 

and C2 to V̂ /2+Vg;ĵ , a total charge of -C3̂ Vj.-C2(Vj./2+V3̂ ) 

is stored on the top plates of C^ and C2 (Figure 3.8c). 

With Sf opened, C^ is connected to W^/l+V^-^, while C2 is 

switched to the output, resulting in a charge of -C]_(Vj./2 

-Vg3_)-C2(Vj./2+Vg3_) on the top plate of C2 (Figure 3.8d). 

After C^ has been discharged (Figure 3.8e), it is switched 

to the output (Figure 3.8f). The charge -C;ĵ (Vj./2-Vg-ĵ ) 

-C2(V^/2+VQ2_) is redistributed between the capacitors C^ 

and C2/ resulting in a potential of V^/2+[ (02-0̂ )̂ 

/(C2+C^)]Vg^ at the output. The error voltage is given by 

[ (C2-C1) (R2-Ri)/(C2+Ci) (R2+R1) ]Vj./2. Consider a capacitor 

mismatch and a resistor mismatch of + 1 percent. The 

maximum magnitude of the error would be only 0.0001 V^/2. 

Therefore, the error can be ignored in practice. The 

corrected voltage Vj./2 is imposed across the two resistors 

and can be used in a successive-approximation process. 

The above operations are repeated to generate the 

remaining voltage references. 
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CHAPTER IV 

CAPACITIVE A/D CONVERSION TECHNIQUES 

The techniques described in the last chapter make use 

of resistors for generating the voltage references. When 

both the power dissipation and the speed of the converter 

are of concern, however, a trade-off between the two has 

to be made. This situation can be explained by 

considering the RC time constant. When the resistance is 

large, it takes a long time to charge a capacitor. On the 

other hand, when the resistance is small, the charging 

time will be short but for a fixed voltage reference, the 

resistor will dissipate more power. 

The above problem can be solved by avoiding the use 

of resistors. It is shown in this chapter that the 

required voltage references can be generated using only a 

combination of capacitors, operational amplifiers, and 

switches. To improve the resolution of the converter, two 

different techniques are proposed. A comparison of these 

techniques with those presented in Chapter III is also 

given. 

30 
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Capacitive A/D Converters 

Conceptually, it is not very difficult to generate 

the required voltages using only capacitors and op amps. 

A circuit that can accomplish this is shown in Figure 4.1. 

This circuit consists of an op amp, two equal capacitors, 

and switches. By connecting the bottom plate of C2 to Vj. 

and closing the feedback path across the op amp, a charge 

of -C2V^ will be stored on the top plate of C2 (Figure 

4.2a). The feedback path is then opened and the bottom 

plates of both C^ and C2 are connected to the output of 

the op amp (Figure 4.2b). As a result, the charge -C2VJ. 

is redistributed between the capacitors, generating a 

potential of [C2/(C3_+C2) IV̂ . at the output. When C^ is 

perfectly matched to C2/ the voltage will be Vj./2. 

To generate the next voltage reference, the capacitor 

CT is discharged by connecting its bottom plate to ground 

and closing the feedback path, as shown in Figure 4.2c. 

By connecting the bottom plates of C^ and C2 to the output 

of the op amp as shown in Figure 4.2d, an output voltage 

of [C2/(Ci+C2)]^Vj. will be generated. Again, if C^ is 

matched to C2, this will correspond to a voltage of Vj./4. 

Similarly, other voltage references can be generated in 

sequence, while the successive-approximation process is 

performed at the same time. Since there are always some 
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mismatches associated with the capacitors, the resolution 

of the converter is limited. 

Reference-Alternating Technique 

More accurate voltage references can be acquired by 

modifying the operation shown in Figure 4.2c. Consider 

the situation when the capacitor C2 is discharged instead 

of C^ (Figure 4.3a). With Ĉ^ and C2 connected in parallel 

as shown in Figure 4.3b, the output voltage will be 

[CIC2/(C;L+C2)^]VJ, or .{1 - [ (0^-02) / (C1+C2) ]2}Vj./4. For a 

capacitor mismatch of + 1 percent, the error [(0^-02) 

/{0^^+02)]^ will be only 0.01 percent, which is much 

smaller than before. Therefore, by discharging C^ and C2 

in an alternate manner, relatively accurate voltage 

references Vj./4, Vj./16, Vj./64,... can be generated. 

The method described above, however, supplies only 

half of the voltage references required. Obviously, if 

one can start with a very accurate voltage V^/2, the other 

half can be generated as well, using the same method. 

This can be achieved with another op-amp circuit 

consisting of two equal capacitors C3 and C^. As 

illustrated in Figure 4.4a, with the feedback path closed, 

the bottom plate of C4 is connected to V̂ ., accumulating a 

charge of -C4V^ on the top plate of C4. The feedback path 

is then opened, while the bottom plates of C3 and C^ are 
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connected to Vj. and ground, respectively (Figure 4.4b). A 

small quantity of charge proportional to the mismatch 

between C3 and C4 will appear on the top plate of C4. 

With the switch S3 opened, this charge is released as 

shown in Figure 4.4c. By connecting C3 and C4 across the 

op amp as shown in Figure 4.4d, a potential of 

[20304/(03+04) 2 ]Vj, or {1 - [(C3-C4)/(C3+C4)]2}Vj./2 is 

generated at the output. Again, the error [(C3-C4) 

/(03+04)]^ is very small. If C3 and C4 are then 

discharged alternately, very accurate voltage references 

Vj./2, V^/8, V^/32,... can be acquired sequentially. 

A capacitive network combining the two op-amp 

circuits described above is shown in Figure 4.5. The 

necessary voltage references are generated by the two op 

amps in an alternate manner. 

Error-Compensation Technique 

It is possible to obtain very accurate voltage 

references with an even simpler method. This can be 

explained with the op-amp circuit shown in Figure 4.6. 

The circuit is similar to the previously described op-amp 

circuit except that two additional unit capacitors have 

been added. As illustrated in Figure 4.7a, a charge of 

•Ci^r is first sampled on the top platQ of Cĵ . With the 

feedback path opened, the capacitors C3 and C4 are 
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connected to the output of the op amp while the bottom 

plates of C-^ and C2 are connected to ground and V^, 

respectively (Figure 4.7b). As a result, a small amount 

of charge proportional to the mismatch between C^ and C2 

will be distributed almost equally between C3 and C4. 

With C4 disconnected from the input node as shown in 

Figure 4.7c, C^ and C2 are connected to the output of the 

op amp. By connecting the bottom plate of C3 to ground, 

the mismatch between C^ and C2 is compensated by the 

charge originally stored on C3. Consequently, the output 

voltage becomes (l+k)V^/2, where k = (C2-C2)(C3-C4)/ 

(0^+02)(C3+C4). Since the capacitors are assumed to be 

closely matched, the error k is very small and can be 

neglected. The output voltage is, therefore, 

approximately equal to V^/2. 

In order to generate the next voltage reference, C-ĵ  

is discharged while the charge residing on the top plate 

of C4 is redistributed between C3 and C4. This is 

illustrated in Figure 4.7d. With the capacitors C^ and C2 

connected to the output of the op amp as shown in Figure 

4.7e, the charge stored on C3 is again used to compensate 

the mismatch between C]_ and C2. Thus, the output voltage 

becomes approximately (l+k)Vj./4, which corresponds to a 

voltage of V^/4 when the error constant k is neglected. 
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This process is repeated to generate the remaining voltage 

references. 

Comparison of Different Techniques 

The four different reference-generation techniques 

presented in these two chapters have something in common. 

They are all insensitive to top-plate parasitic 

capacitances. Furthermore, the input offset voltages in 

the operational amplifiers are canceled in the conversion 

processes. 

A comparison of the number of operations per bit and 

components required for various techniques is listed in 

Table 4.1. It is seen that the resistive techniques need 

approximately three operations per bit while the 

capacitive techniques require only about two. As a 

result, the capacitive techniques are potentially faster. 

The number of components required by the capacitive 

techniques is also generally less, making them more 

attractive. 

Between the two capacitive techniques, the error-

compensation technique is preferred since it requires only 

one op amp. It is, therefore, chosen for implementation 

and detailed computer simulation. 
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Figure 4.7: Sequence of steps in operation of error-
compensation reference-generating circuit 



45 

C i - C 2 

±C3 
V / , C i - C z C 3 - C 4 V, 
' ' ° = ^ ^ * q . C 2 C 3 . C 4 ^ T 

( c ) 

Figure 4.7: Continued. 



46 

Q^ =-(l+k)C 

Q4=-
(C3+C4) 

J (Ci-C2)Vr 

Q.=. 
C3C4 

(C3+C4) 

(d) 

Q4-
(C3+C4) 

(Ci-C2)Vr 

C4 / 

n 
C3 

Cl 

C2 

V„S(l+k)-^ 

(e) 
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Table 4.1: Comparison of different techniques. 

Operations 
Per Bit 

Op Amps 
Required 

Resistors 
Required 

Capacitors 
Required 

R-2R 

^3 

1 

2N* 

3 

Twin-Resistor 

^3 

2 

2 

4 

Reference-
Alternating 

^ 2 

2 

0 

4 

Error-
Compensation 

^ 2 

1 

0 

' 

N is the number of bits 



CHAPTER V 

DESIGN OF ERROR-COMPENSATION A/D CONVERTER 

The design of the error-compensation A/D converter is 

presented in this chapter. With the support of Texas 

Instruments Inc., an advanced one-micron complementary-

metal-oxide-semiconductor (CMOS) process is available. 

Most of the designs described in this chapter are 

computer-simulated using the device models provided for 

this process. Because of the reduction of the device 

feature sizes accomplished by this process, the circuit 

can be accommodated in a very small area and gain 

considerable speed. This makes it possible for the 

converter to achieve a conversion time fast enough for 

audio applications. The process, however, presents 

certain challenges to analog design due to the fact that 

only a 5-volt voltage supply can be used. 

Design Considerations 

The converter basically consists of a comparator, 

operational amplifiers, capacitors, and switches. The 

errors due to the capacitor mismatches can be effectively 

eliminated using the error-compensation technique. There 

is, however, another major source of error that is 

48 
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typical of switched-capacitor circuits. It comes from the 

charge injection and clock feedthrough of the switches. 

These effects can be understood by considering a simple 

sample-and-hold circuit shown in Figure 5.1. The circuit 

consists of a switch, a capacitor, and a voltage source. 

The switch, which is basically a MOS transistor, is shown 

as an intrinsic MOS transistor together with the gate-

source and gate-drain overlap capacitances. Such a 

partition is useful in differentiating between the clock 

feedthrough and the charge injection effects. When the 

switch is turned off, some of the channel charge under the 

switch will be injected onto the capacitor. In addition, 

the gate voltage variation is coupled through the gate-

source overlap capacitance to the sampling capacitor. 

These phenomena, which are respectively known as the 

charge injection and the clock feedthrough, will distort 

the sampled signal. 

The amount of channel charge that flows into the 

sampling capacitor is a complex function of the gate 

voltage fall time, input impedance level, and the size of 

the sampling capacitor [10]. However, it can be shown 

that the error induced by the switch can be divided into 

two parts [3]. The first part is independent of the 

magnitude of the input voltage. Consequently, it acts as 

an offset from the sampling process. The second part is 
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mostly dependent upon the input signal. Therefore, it can 

be regarded as a gain error to the signal being sampled. 

The signal-independent offset error can be eliminated by 

employing a fully differential circuit [3]. With 

symmetrical pairs of switches, the error appears as a 

common mode signal and is suppressed by the common mode 

feedback circuit in the operational amplifier. On the 

other hand, the signal-dependent gain error can be avoided 

by proper scheduling of the timing control sequence [3]. 

As illustrated in Figure 5.2a, instead of turning off all 

the switches simultaneously, the pair of switches at the 

summing nodes are turned off first, isolating the input 

nodes of the amplifier from external input. Since both of 

the input nodes are at virtual ground, the error is 

signal-independent and behaves as a common mode signal to 

the amplifier. When the other pair of switches are turned 

off later as shown in Figure 5.2b, the charge at the 

summing nodes will not be distorted. The above solutions, 

however, are based on the assumption that the pair of 

switches at the summing nodes is identical. In fact, 

there are always some mismatches associated with the 

switches and so the cancellation is only approximate. 

During the discussions of various techniques in the 

previous two chapters, it has been assumed that the 

operational amplifiers are ideal, which means that they 
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have infinite gain. In reality, the gain is always 

finite, giving rise to another source of error in the 

converter. To minimize this error, the operational 

amplifier should have a gain as high as possible. 

Frequently, this requirement needs to be compromised along 

with other considerations. 

Operational Amplifier Design 

As discussed above, the MOS operational amplifier 

used in the A/D converter has to possess high DC gain to 

ensure complete charge transfer between the capacitors. 

To achieve a resolution of 12 bits, the minimum gain 

required is about 84 dB [4]. In order to optimize the 

speed of the converter, the output of the op amp also 

needs to settle to the required accuracy in a short period 

of time. For small signals, the bandwidth of the op amp 

essentially determines the settling time. For large 

signals, however, the settling time is mainly dependent on 

the slew rate of the amplifier. In the present converter, 

the signals will usually be large at the beginning, but 

will become smaller and smaller toward the end of the 

conversion. Therefore, both high slew rate and wide band

width are desired, with the latter being more important. 

These requirements usually are in conflict with the high 

gain consideration, and a trade-off is needed. 
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Since the performance of the converter is insensitive 

to the capacitor mismatching, the capacitors can be chosen 

to be very small. This in turn reduces the charging 

capability requirement for the op amp. However, the 

charge injection and clock feedthrough errors will 

increase as the size of the capacitors is reduced. Also, 

the thermal noise of the switches is inversely 

proportional to the capacitor value. Therefore, a trade

off between the speed and accuracy exists in determining 

the size of the capacitors. In the present design, the 

value of each capacitor is chosen to be 3 pF. 

In order to cancel the clock feedthrough and the 

charge injection by the switches in the converter, a 

balanced operational amplifier is required. Usually, this 

is accomplished with a fully differential amplifier, where 

a common mode feedback circuit is used to force the common 

mode output voltage to the midpoint of the power supply. 

The speed of this amplifier depends not only on the 

settling time of the differential output circuit, but also 

on that of the common mode feedback circuit. On the other 

hand, a single-ended amplifier does not have any common 

mode feedback circuit. As a result, the fully 

differential amplifier is usually slower than the single-

ended amplifier. 
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Instead of using a fully differential amplifier, a 

balanced amplifier which consists of two identical single-

ended amplifiers [11] is used for the converter design. 

In order to have reasonable slew rate and fast settling 

time, each single-ended amplifier utilizes a single stage 

folded cascode configuration. With triple cascode load, 

the amplifier is able to achieve a relatively high voltage 

gain. However, this load also reduces the output swing 

significantly. Fortunately, with relatively small bias 

current and a proper biasing scheme, the amplifier is able 

to swing to within 1.2 volts of the power supplies. A 

circuit schematic of the balanced amplifier including the 

bias circuit is shown in Figure 5.3. This amplifier is 

basically as fast as a single-ended amplifier. However, 

it is not able to reject any common mode signal. The 

common mode rejection is actually achieved by the 

comparator detailed in the following section. A summary 

of the performance of the single-ended amplifier simulated 

by SPICE2 is shown in Table 5.1. 

Comparator Design 

The basic function of a comparator is to compare two 

signals and determine which one is larger. This has to be 

done within a certain time period. The minimum time 

period that a comparator requires to achieve a comparison 
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is prescribed by the resolution and speed of the 

converter. Since the balanced op amps do not reject 

common mode signals, the comparator needs to have high 

common mode rejection ratio (CMRR). This normally 

requires a differential input stage with relatively high 

voltage gain. 

The design of the front stage of the comparator in 

the converter is similar to that of the single-ended 

amplifier described above. An auxiliary input stage, 

however, is added to store the offset voltage [5]. An 

auto-zero cycle takes place at the start of each 

conversion, when the main input stage is grounded and the 

output of the front stage is connected to the inverting 

input of the auxiliary input stage. With the noninverting 

input grounded, an offset voltage will be stored on 

capacitor Ĉ .̂ ̂ ^ shown in Figure 5.4. Since the gain of 

the auxiliary input stage is designed to be about one-

tenth the gain of the main input stage, the value of this 

offset voltage will be ten times the value reflected from 

the main input stage. With the auto-zero switches turned 

off, some clock feedthrough and charge injection errors 

will be stored on capacitors Ĉ ^̂  and Cĵ 2* These errors 

will be mostly suppressed by the common mode rejection of 

the circuit. The remaining error, which is due to 

imperfect cancellation, will be reduced by a factor of ten 
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when referred to the main input stage. As a result, the 

resolution of the comparator can be improved. 

A circuit schematic of the front stage of the 

comparator is shown in Figure 5.5. Since the main input 

stage will not be connected to the output, one does not 

need to consider its unity-gain stability. Thus, the W/L 

ratio of the input devices has been increased in order to 

achieve a higher gain. This allows the front stage to 

resolve a tiny potential difference. Due to the small 

bias current, however, the recovery time will be very long 

when the differential input is small. This problem can be 

solved by switching the output to ground until the 

differential input has almost settled. The output branch 

of this stage has only limited amount of current, which 

falls well within the allowable operating current range of 

the switch. In order to increase the driving capability 

of the comparator, three inverters are added as shown in 

Figure 5.6. These inverters also provide additional gain. 

During the auto-zero cycle of the front stage, the 

offset voltage of the first inverter will also be stored 

on a capacitor. This is necessary because the offset 

voltage can be quite large while the output of the front 

stage may be relatively small. At each comparison, the 

input and output of the front stage will be grounded 

first. The input is then connected to the differential 
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signal while the output remains grounded. Finally, when 

the differential signal has more or less settled, the 

grounding switch is released for comparison. This result 

is then latched by a D flip flop. In this manner, the 

comparator is able to resolve a small signal in a 

relatively short period of time. 

Current Reference Design 

In order for the operational amplifiers and the 

comparator to function properly, a current reference has 

to be provided. For most of the applications, the ideal 

current reference should be independent of power supply 

and temperature. While this is not possible, different 

techniques with satisfactory performance do exist. 

Sometimes, the choice is limited by the capability of the 

process. In the present design, a simple Vrj, referenced 

source [12] is used. As shown in Figure 5.7, the circuit 

consists of four transistors and a resistor. The 

transistors Ml and M2 create a current mirror, causing the 

currents Ii and I2 to be equal. Since the voltage across 

the resistor R is equal to ^QSI' ^^ equilibrium point Q 

is established as illustrated in Figure 5.8. If one 

assumes that V̂ ĝ . is approximately equal to the threshold 

voltage V,p;j_, the current 12 will be equal to V,p̂ /R. The 

reference is thus independent of the supply voltage. 
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There is, however, another equilibrium point which is 

the origin shown in Figure 5.8. If one is not careful, 

the circuit will end up operating at this undesired point. 

To avoid this situation, a start-up circuit is needed. As 

shown in Figure 5.9, the start-up circuit consists of 

three transistors M5, M6, and M7. While the transistor M7 

provides a current in M3, the current mirror Ml and M2 

will cause the circuit to move away from the origin and 

tend toward the equilibrium point at Q. With the design 

values shown in Figure 5.9, the circuit is able to provide 

a current of about 20 microamperes, according to SPICE2 

simulations. 

Control Logic Design 

The converter is designed to begin conversion upon 

receiving a START pulse. The circuit will sample the 

input voltage and test its polarity. After a 

predetermined number of successive approximations, a 

digital representation of the input voltage will appear in 

a parallel format. At the same time, an EOC (end of 

conversion) pulse is generated to signal the end of the 

conversion. 

In order for the converter to function properly, all 

the switches have to be turned off before the required 

switches are turned on. Also, to cancel the signal-
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dependent charge injection error, the switches at the 

summing nodes have to be turned off first. Consequently, 

the switch control signals are sent through a band of D 

flip flops which are triggered by the same clock. All the 

switches that are not at the summing nodes are delayed by 

a couple of inverters. To increase the delay, a capacitor 

is added between the inverters. This can be seen by 

comparing the switch control circuits in Figures 5.10a and 

5.10b. Non-overlapping signals with both polarities are 

generated by these circuits to control the CMOS switches. 

To allow parallel output, a 12-bit shift register is 

also included. Basically, it consists of a cascade of D 

flip flops. The register is designed such that the output 

will be available at the end of the conversion cycle. 

This output will be held until the end of the next 

conversion, making it available for recording purpose. 

simulation Results of A/D Converter 

A circuit schematic of the A/D converter is shown in 

Figure 5.11. The symmetry of the circuit is obvious from 

the diagram. This is important since a major source of 

error comes from the charge injection and clock 

feedthrough of the switches. By using a balanced 

structure, the error can be mostly suppressed. To better^ 

match the two neighboring channels, CMOS switches are used 
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to assure approximately constant on-resistance. The 

geometry of the switches at the summing nodes is chosen to 

be minimum according to the layout rules in order to 

reduce the error. In the present process, this 

corresponds to a transistor width of 2.5 microns and a 

channel length of 1 micron. All the capacitors shown have 

a nominal value of 3 pF. Simulations of the analog 

circuit using SPICE2 show that a resolution of 16 bits (15 

bits + sign) is possible with +0.3 percent capacitor 

mismatches and perfectly matched switches. With + 2 

percent switch mismatches, the resolution is reduced to 14 

bits. This shows that the resolution of the converter is 

limited by the switch mismatches while the effect of 

capacitor mismatches has been significantly reduced. The 

time required for each bit decision is about 1.6 

microseconds. As a result, a 12-bit converter would 

require a conversion time of approximately 20 

microseconds. 

The complete converter including the digital control 

circuit has also been simulated by SPICE2. Results show 

that the converter functions according to the analytical 

design. However, the extremely long computer simulation 

time required by the entire circuit prevents it from being 

simulated thoroughly. 
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Figure 5.1: Sample-and-hold circuit 
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Table 5.1: Summary of simulated single-ended amplifier 
performance. 

SIMULATED SINGLE-ENDED AMPLIFIER PERFORMANCE 

Supply Voltage 

Open Loop Voltage Gain 

Power Dissipation Including 
Bias Circuit 

CMRR (DC) 

PSRR (DC) 

Unity-Gain Bandwidth 

Phase Margin 

Load Capability 

Slew Rate 

± 1.25 V Output Settle To 
Within 10 JiV 

± 2.5 V 

106 dB 

0.8 mW 

>80dB 

>80dB 

9MHz 

68 degrees 

3 pF 

11 W/\LS 

250 ns 
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CHAPTER VI 

EXPERIMENTAL RESULTS 

The error-compensation A/D converter was fabricated 

by Texas Instruments using a one-micron double-metal 

double-polysilicon CMOS process. Both the analog and 

digital portions of the converter have been integrated on 

the chip. The experimental results from this chip are 

reported in this chapter. 

Description of Experimental Chip 

The die photograph of the chip is shown in Figure 

6.1. The chip is designed to be mounted on a 28-pin 

package. Three balanced operational amplifiers and one 

comparator can be identified at the top of the chip. The 

op amp at the left is actually not used in the A/D 

converter. It is designed to be probed when necessary. 

The symmetry of the balanced op amp is obvious from the 

layout. This is important from the standpoint of common 

mode and power supply rejection. To the right of the 

comparator is a current reference. It can be disabled by 

laser trimming and external reference can be used if 

necessary. Below the op amps are capacitors and switches 

The switches are placed side by side to ensure better 
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matching. A band of non-overlapping signal generators and 

D flip flops can be found in the middle of the chip. The 

12-bit shift register is at the right of the chip and the 

rest is basically control logic. The total active area of 

the die is about 2100 square mils, with the analog portion 

occupying less than half of the area. 

Test Setup 

The A/D converter is operated with a single 5-volt 

supply. To allow balanced operations, the analog ground 

is supplied with 2.5 volts. A 5-volt external voltage 

reference is used, which in effect provides +2.5 volts 

with respect to the analog ground. With an external 

inverting amplifier, the required inverting input is made 

available. A pulse generator acts as a clock for the 

converter. 

An exact transfer curve test method is adopted to 

characterize the linearity of the converter. By stepping 

the input voltage by small increments across the entire 

converter input range, the corresponding digital output 

codes from the converter can be recorded. The data can 

then be used to generate the linearity plots. For a 12-

bit A/D converter, this method would almost be impossible 

to perform manually. Therefore, an automatic computer 

controlled test setup is used. This is shown in Figure 
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6.2 [13]. With the desktop computer, the DC calibrator 

can be programmed to give a very accurate DC output 

voltage, which acts as an input voltage for the A/D 

converter. Upon receiving a START pulse from the 

multiprogrammer, the converter begins conversion. The 

corresponding output code will later be received by the 

desktop computer through the multiprogrammer, which will 

then be recorded in the hard disk of the TI Professional 

Computer. If a 1/4 LSB increment is used to determine the 

transfer curve of the 12-bit A/D converter, a total of 

approximately 16,000 data points would need to be 

recorded. This requires a period of about 100 minutes. 

Test Results 

The A/D converter was tested with the method 

described above. Out of 35 converter samples, about 70 

percent were found to be functional. The transfer curve 

of the 12-bit converter is determined with an increment of 

300 microvolts, which is about 1/4 LSB. The differential 

and integral nonlinearity plots corresponding to a typical 

transfer curve are shown in Figures 6.3 and 6.4, 

respectively. These indicate that the 12-bit A/D 

converter has a differential nonlinearity of + 1.8 LSB and 

an integral nonlinearity of + 2.8 LSB. 
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Occasionally, a single bit error is found at the 

output of the A/D converter. The error disappears when 

the measurement is repeated. This probably indicates that 

the shift register is not fully functional, which could be 

due to partially overlapping signals as a result of 

inadequate circuit layout. The performance of the 

converter does not change much when the clock is varied 

between 1 and 2.5 MHz, which corresponds to a conversion 

time of 50 and 20 microseconds. The current reference 

typically gives a steady current ranging from 20 to 23 

microamperes. These results are very close to the 

designed value. A summary of the experimental results for 

the A/D converter is shown in Table 6.1. 
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Figure 6.1: Die photograph of error-compensation A/D 
converter. 



78 

TI 
Professional 
Computer 

HP 9825B 
Desktop 
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F i g u r e 6 . 2 : Automatic computer c o n t r o l l e d t e s t s e t u p . 
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Table 6.1: Summary of A/D converter experimental results. 

A/D CONVERTER EXPERIMENTAL RESULTS 

Active Die Area 

Yield 

Power Consumption 

Supply Voltage 

Technology 

Conversion Time 

Differential 
Nonlinearity 

Integral 
Nonlinearity 

2100 mil^ 

70 % 

4mW 

5V 

1 ^m CMOS 

20 ^s 

± 1.8 LSB (12 bit) 

± 2.8 LSB (12 bit) 



CHAPTER VII 

CONCLUSIONS 

The technique of successive-approximation A/D 

conversions has been studied. The method begins by 

comparing the input signal with the voltage corresponding 

to the most significant bit and subtracting this voltage 

from the signal if necessary. The resulting signal is 

then compared with the voltage corresponding to the second 

most significant bit and the above process is repeated 

until all bits have been determined. This method can 

conveniently be implemented using CMOS technology, which 

allows both the analog and digital portions to be 

integrated on the same chip. 

A new architecture for successive-approximation A/D 

converters has been presented. The proposed converter can 

easily be realized by switched-capacitor circuits. Four 

approaches for enhancing the performance of this converter 

without the use of precision passive components are given. 

By comparing these methods with one another, it is found 

that the error-compensation technique is the best in terms 

of the number of operations per bit and the number of 

components required. Consequently, an implementation of 

this technique has been described. This includes the 
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design of operational amplifier, comparator, current 

reference, and control logic. The entire A/D converter 

design has been analyzed and confirmed by computer 

simulations. 

An experimental chip has been built to verify the 

error-compensation technique. A one-micron double-metal 

double-polysilicon CMOS process was provided by Texas 

Instruments. The experimental circuit demonstrates a 

linearity of 10 bits with a conversion time of about 20 

microseconds. The active chip area of the entire circuit 

is approximately 2100 square mils. This area can be 

reduced with a more compact layout. Since a major source 

of error comes from the switch mismatches, higher 

resolution should be achievable by paying more attention 

to the layout of the switches. By adding appropriate 

dummy switches to the circuit layout, the effect of 

etching to switches can be equalized. The layout of the 

shift register can also be modified to ensure proper 

operation of the converter. 
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