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CHAPTER I 

INTRODUCTION 

Electronic signals were processed in the analog domain a few decades ago. With 

the advent of digital signal processing techniques, it is now more desirable to pro

cess the signals in the digital domain. As most signals in the real world naturally 

originate in analog form, it is necessary to precondition those signals before they 

can be processed using digital techniques. Analog-to-digital (A/D) converters are 

thus needed for converting analog signals to their digital counterparts. The growing 

trend of VLSI technology towards single chip systems demands a further reduction 

in the size and power consumption of analog subsystems. Speed, area, and precision 

of the converter are important issues in the converter design so that it can be more 

eflBciently integrated into the larger system. 

In analog design, voltage domain has historically been viewed as the dominant 

form of signal processing. The CMOS A/D converters are traditionally implemented 

in voltage mode in which voltage is used as the processing signal. The accuracy 

of the implementation is always limited by the mismatches of components in the 

fabrication process. Higher converter resolution may be obtained by laser-trimming 

technology but the process is quite costly. A number of circuit techniques have 

been proposed to eliminate or reduce the efi'ects of component mismatches [1, 2, 3]. 
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With these techniques, the converters can achieve a resolution up to 13 bits without 

employing certain cahbration techniques. 

An alternative approach for implementing A/D converters is to use current-mode 

techniques instead of voltage-mode methods. In current-mode techniques, current 

is used as the processing signal instead of voltage. Potentially, current-mode tech

niques offer a number of advantages over voltage-mode techniques. According to the 

non-linear I —V characteristic curve of most transistor structures, a small change in 

the input voltage results in a much larger change in the output current. For a pro

cess with a fixed voltage supply, the usable dynamic range of current-mode signals 

is thus larger than that of voltage-mode signals. At the same time, a change in the 

current level flowing through any node is not necessarily associated with a significant 

change in the voltage level at the node. Hence the parasitic capacitances which are 

always present and must be charged or discharged with the changing voltage levels 

will not degrade the circuit operating speed [4]. In addition, circuits designed to 

exploit these techniques often demonstrated auxiliary benefits such as simpler cir

cuitry and lower power consumption. Switched-capacitor (SC) circuits represent a 

special class of CMOS circuits for implementing analog functions by switches, capac

itors, and operational amplifiers (op amps). SC implemented systems have matured 

in recent years and have been proven excellent compatibility with the present day 

VLSI technology. Hence, a key success of the development of current-mode circuits 

is its system implementations through traditional SC circuits. A class of analog 
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circuitry, switched-current circuits, employing current-mode design concepts has 

been formulated [5]. This type of circuit consists of only switches, capacitors, and 

transconductors. Hence, these circuits are compatible with the SC circuits. More 

importantly, implementations of these circuit techniques do not require fabrication 

process which has linear capacitors. This advantage makes switched-current circuit 

be more compatible with the digital process. 

Recently, a 2 /im BiCMOS pipeline A/D converter was implemented using 

current-mode techniques [6]. The converter was reported to have a conversion fre

quency of 20 MHz, input bandwidth of 150 MHz at 10 bit resolution. In CMOS 

implementations, several converters [7, 8, 9, 10] have been implemented and demon

strated advantages over the similar implementations in voltage mode. An exper

imental flash implementation to explore the achievable accuracy by current-mode 

techniques was also fabricated [11]. A pipeline A/D converter relying on device 

matching showed a resolution of 6 bits at a sampling frequency of 500 KHz with 

an area of 0.74 mm^ [8]. An improved version of this structure using active current 

mirror to reduce the effect of the transistor's finite output resistance showed a res

olution of 8 bits [9]. When dynamic current copier cells are used to implement an 

algorithmic A/D converter, a converter with a 10 bit resolution at 25 KHz and an 

area of 0.34 mm^ was reported [10] where the effects of device ratio matching were 

eliminated in the circuit design. Table 1.1 shows a summary of the comparisons of 

similar implementations of A/D converters in current-mode [9, 10] and in voltage 



Table 1.1: CMOS implementations of A/D converters in voltage-mode and cur
rent-mode. 

Voltage-mode 
ratio-independent X2 
Current-mode 
ratio-independent X2 
Voltage-mode pipeline 
Current-mode pipeline 

Resolution 
12 bit 

10 bit 

13 bit 
8 bit 

Area 
1.55 mm^ 

0.32 mm^ 

^ 4.19mm^ 
0.74 mm^ 

Process 
5 /xm 

3 fim 

3 /xm 
3 fim 

Speed 
8 KHz 

25 KHz 

250 KHz 
500 KHz 

mode [1, 12] using standard CMOS processes. It is apparent that the current-mode 

implementations exceed the performance of the voltage-mode circuits in both speed 

and area. 

The aim of the research is to develop an A/D converter which is suitable for 

applications in telecommunication and instrumentation areas and is compatible with 

the present day CMOS digital process. Viewing the potential advantages offered 

by current-mode techniques, it is decided to utilize these techniques to realize the 

converter. In the course of the research, different structures of A/D converters have 

been developed to enhance the A/D performance. 

The first type is a successive approximation conversion technique which requires 

fewer number of steps of operation so that the conversion speed is faster than the 

existing converters of the same type. A device ratio-insensitive current division-

by-two technique is also developed to generate precise reference currents for the 
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conversion. The second structure centers around algorithmic conversions. A non-

restoring algorithmic technique has been developed to implement the converter in 

two steps for a bit conversion. The technique demonstrates a resolution of 13 bits, 

realized by switched-current circuits. This circuit structure may be employed to 

implement either a cyclic or a pipeline converter. A cyclic implementation of the 

algorithm has been designed, simulated, and fabricated using MOSIS 2 — iim CMOS 

technology. Both techniques are insensitive to device and capacitor mismatching. 

The fundamentals of current-mode A/D converters are covered in Chapter II of 

this dissertation. The current copier or current mirror which is the basic building 

block for the converters is discussed in this chapter. Some reported implementations 

are described and the potential limitations are also discussed. Various A/D conver

sion techniques for improving the conversion performance are proposed in Chapter 

III. New structures for both successive approximation and algorithmic conversion 

techniques are presented with simulation results. The algorithmic technique can 

be utilized to implement either cyclic or pipeline converters. In Chapter IV, the 

realization of the cyclic converter is presented. Detailed circuit design of the con

verter is discussed in this chapter. In Chapter V, highlights of the project along 

with concluding remarks are presented. 



CHAPTER II 

CURRENT-MODE A/D CONVERTER 

FUNDAMENTALS 

The ideal transfer function of an A/D conversion for a signal A is represented 

by 

>!„<,„ = ^ „ / ( | + | + ••• + ! +••• + ^ ) , (2.1) 

where, Anom is the nominal signal to be converted, Aref is the reference signal which 

is also the full-scale range of Anom, and bi.. .bn are the n bit code representation of 

the signal. A number of circuit techniques or algorithms may be employed to deter

mine the digital representation of the analog signal. Flash, sub-ranging, successive 

approximation, and cyclic are the popular techniques used in most applications. 

Flash and sub-ranging algorithms offer faster conversion speed while successive ap

proximation and cyclic techniques surpass in accuracy and chip area consumption. 

The research focuses on the successive approximation and cyclic A/D converters in 

current-mode implementations. 

In this chapter, the first section describes the basic concept of implementing the 

conversion in successive manner (successive approximation and cyclic). The second 

section covers the details in implementations of the current copier. The last section 

discusses different implementations of current-mode A/D converters. 



2.1 Basic Concepts of Successive Approximation A/D 
Algorithms 

As implied from (2.1), the A/D conversion may be done in a successive manner 

of n cycles to determine the n bit digital representation of the analog signal starting 

from the most significant bit (MSB). Figure 2.1 depicts all the possible regions 

of reference levels representing the analog signal versus the conversion step in the 

operation process of a 4 bit converter graphically [13]. In each cycle, the converter 

divides the possible region into two equal regions and eliminates either one 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 of n cycles, the converter 

has decided which one of the possible 2"̂  slots properly codes the input signal. 

This concept leads to the development of successive approximation and cyclic A/D 

conversion algorithms. Details of the algorithms will be discussed in the sections 

where the algorithms are implemented. 

2.2 The Current Copiers 

The basic building blocks for realizing the A/D conversions include current copy

ing (sample-and-hold), multiplication, and division. These functions realize analog 

subsystems such as filters [14], A/D converters [7, 8, 9, 10, 15], and D/A convert

ers [16]. Traditional implementations of these functions rely on device ratios [8]. 
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Figure 2.1: Operational reference levels against conversion step in a 4-bit successive 
approximation A/D algorithm. 
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The performance accuracy of such implementations is thus limited by the imper

fection of the fabrication process. Recently a current copier cell has been proposed 

to realize a ratio-independent sample-and-hold function [17, 10]. This circuit tech

nique is later utilized for the multiplication-by-two operation, which is one of the 

fundamental operations of the cyclic A/D converters [10]. 

2.2.1 The Basic Current Copier Cell 

The device ratio-independent current sample-and-hold operation is the funda

mental building block of the converters. The most basic current copier cell is shown 

in Fig. 2.2, where the current bias, /j represents the bias current of the circuit, and 

lin is the current to be duplicated. Transistor Mi is used to sample and hold the 

current in two steps. The capacitor is used to "memorize" the current value in the 

first step and then is used to "regenerate" the current in the next step. The switches 

are controlled by the digital sequences specified by ^i and <̂ 2-

The current copying operation of the cell is a two-step action. The idea is to 

make use of the gate voltage which is built up by the current across the transistor 

channel in the initial step to regenerate the channel current value again in the second 

step. The principle of a current copier cell may be illustrated by the operations 

sequence shown in Fig. 2.3. In the initial step shown in Fig. 2.3 (a), the gate and 

the drain of the transistor are connected together. An input current, /j,i, drives 

through the transistor channel causing a voltage associated with the drain current 
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Figure 2.2: Basic structure of the current copier cell. 
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Figure 2.3: Operation sequence of the current copier cell. 

built up at the gate of the transistor. The voltage, VGS, relates to the drain current. 

Id, according to the MOS transistor equation: 

W 
Id = fiCo.—iVGs - VT)\1 + XVDS). (2.2) 

This voltage charges up the capacitor. The transistor functions like a current sink 

(diode connected) in this configuration. In the next step (shown in Fig. 2.3(b)) 

switch Sf, is opened so that the voltage generated in the previous step is retained in 

the capacitor. This gate voltage causes a transistor drain current according to the 

above characteristic equation. Note that the current generated is in the opposite 
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direction as compared to the one in the previous step since the actual currents flow 

into the node in both cases. The previous current value is thus regenerated with 

opposite polarity. Since neither the sample nor the hold operations rely on device 

ratios, the copying operation is independent of the device ratio. Moreover, since 

the gate capacitor is only used to temporarily store the gate voltage, the matching 

of capacitors is not vital in the operation. 

Ideally a current copier provides an output current equal in magnitude but op

posite in direction to its input current. Thus, the ideal current copier should exhibit 

a zero input resistance and an infinite output resistance. A small signal analysis 

of the operations is illustrated in Fig. 2.4. Figure. 2.4(a) shows the initial step of 

the operation. Ideal input current source is assumed for the ease of illustration. 

This source current drives the drain current through the memory transistor Mi. 

As shown in Fig. 2.4(a), the memory transistor has a non-zero input resistance 

9^1 II ''ol- Ini ^^^ configuration shown in Fig. 2.4(b), assuming there is no loss of 

charge from the capacitor during switching and the current load is ideal (zero input 

resistance), the current reproduced is still subjected to error caused by the finite 

resistance of ro\ according to the relationship 

''tn ' ol I „ , 
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Figure 2.4: Small-signal analysis of the current copying operation. 
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Note that the output current would be equal to the input current if the output 

resistance or Qmi of the transistor is infinite. Therefore, if the current copier is 

being driven by another current copier M2, the copier's non-zero input resistance, 

will interact with the finite output resistance ro2 of the source device M2 to produce 

a current mismatch. As a result of device M2's finite ro2, the precision of the current 

copier's output current will be even worse than the relationship shown above. Hence, 

it is evident that the relative size of the source resistance (ro) and the current copier's 

input resistance limit the copier's achievable accuracy. To improve the current 

matching, it is essential to increase the source resistance or reduce the mirror's 

input resistance. 

2.2.2 Current Copier with Accuracy Improved by Op 
Amp 

To overcome the deficiency of channel modulation effect or to increase the output 

resistance of the copier cell, an op amp of gain A can be used. The basic circuit 

schematic is shown in Fig. 2.5 and the small signal analysis of the operations is 

illustrated in Fig. 2.6. In the first step of the operations, the op amp keeps the 

gate voltage, Vi, of the transistor at A • Vi where Vi is the voltage across the current 

source (shown in Fig. 2.6(a)). Apparently the small-signal channel current will 

be gmi • ̂ 1 through transistor Mi. The next step is illustrated in Fig. 2.5(b) and 

Fig. 2.6(b). With the same assumptions as in the previous section (no charge leakage 

during switching and ideal current load), the current is reproduced according to the 
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Figure 2.5: Circuit schematic of the op amp compensated current copier. 

expression 

roi 

"-tn roi + 1 ' (2.4) 
3ml-A 

where A is amplifier gain. With reference to (2.3), the mismatching term, ^ " j is 

reduced by a factor of A. Hence the accuracy of the current copying operation is 

greatly improved. 

According to the circuit schematic, the gate of the memory transistor is attached 

to the amplifier output. This results in an extra stage in the design of the op amp 
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Figure 2.6: Small-signal analysis of the op amp compensated current copier. 
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and thus the compensation scheme of the structure is a significant issue in the 

design. The complication in circuit design makes this configuration less attractive. 

2.2.3 Regulated Cascode Current Copier 

Traditional cascoding may increase the output resistance of a transistor. The 

concept may be applied to the current copier structure. Figure 2.7 shows the struc

ture of a traditional cascode current copier. It reduces the variation in drain to 

source voltage, Vds, by a factor of approximately gm2fo2 where gm2 and ro2 are the 

transconductance and output resistance of M2, respectively. Typically, this reduc

tion factor is sufficient; however, large signal currents may cause loss of saturated 

operation when cascade connection to similar cells is used. 

A regulated cascode cell has been proposed to improve the copier cell by increas

ing the stable loop gain. It is based on the "regulated cascode current mirror" [18]. 

The regulated cascode memory cell is shown in Fig. 2.8 [19]. The copier operates 

as follows. In phase ^ 1 , Mi is diode-connected as before and capacitor C is charged 

until the gate-source voltage of Mi can sustain the drain current (J -\-i). Transistor 

M3 senses the drain source voltage of Mi{Vdsi) and since it carries constant current 

/ ( / < < J ) , any difference between Vdsi and the gate-source voltage needed to 

sustain the current /(V^ss) is detected and amplified in the loop formed by transistors 

M2 and M3. In this manner Vdsi is stabilized at the constant value Ygsz- In phase 

621 ̂ i holds its drain current at a value close to that sampled in phase ^1 and the 
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Figure 2.7: Basic cascode current memory cell structure. 
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Figure 2.8: Basic regulated cascode current memory cell structure. 

cell delivers its output current. Changes in Vdsi due to output voltage variations are 

reduced by approximately the loop gain, gm2ro29m3roz. With all transistors operated 

in saturation, this loop gain is typically in the range of 10000. Transistor M2 stays 

in saturation as long as K > Vgsz-\-Vdss2-, where Vdss2 is the saturation voltage of M2. 

For Vgsz < K ^ Vgs3 -\- Vdss2-, M2 enters its nonsaturation region and, while the loop 

gain reduces, it still has a significant value. This feature, that the cell still operates 

with low output voltage, enables cells with high signal current swings to be directly 

cascaded without level shifting networks. The extremely high gain that the loop 
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can achieve, gives the opportunity of operating the memory transistor Mi in the 

non-saturation region. While this makes the cell slightly more sensitive to output 

voltage variations, it considerably reduces the errors resulting from switch induced 

charge injection. With Mi in the nonsaturation region, the transconductance is 

gmi = f^Cox{^/L)Vds\, where Vdsi = V ŝ3 = constant. So, if the injected charge can 

be made constant, i.e., independent of signal, a constant error in the output current 

results. This is merely an offset and can be removed by the signal processing system 

in which the cell operates. 

2.2.4 Class AB Regulated Cascode 

A CMOS class AB memory cell based on the op amp supply current sensing 

techniques [20, 21] has been proposed to realize the current copier [22] recently. 

The basic circuit schematic is shown in Fig. 2.9. Note that node X is at virtually 

zero potential . The circuit operates as follows. During ^ i , transistors M5 and MQ 

are diode connected (sampHng mode). In this phase the input current, / ,„ , enters 

the copier from node X. The current is split into two current branches (one through 

Ms and the other through MQ) according to the individual conductance of the two 

transistors. Those two currents build up associated gate voltages at the gates of the 

transistors and stored in capacitors. During (^2, ^ 5 and MQ are output transistors 

(hold mode) . The switches connecting the drains of M2 and M4 to the power rails 

ensure tha t M2 and M4 maintain current during the hold period ^2, thus reducing 
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Figure 2.9: Basic class AB current copier structure. 
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the recovery time during the sample period (jy^. In this mode, the currents are 

"regenerated" according to the gate voltages across the capacitors and recombine 

at the output node. 

The advantage of this structure is its high transistor output resistance. This 

would improve the precision of the copier according the relationship stated in the 

previous section. Another significant benefit is the inherent cancellation of charge 

injection error in the operation. The errors due to charge injection effects tend to 

be counterbalanced by the class AB structure. 

2.3 Implementations of Current-Mode A/D Converters 

CMOS implementations of current-mode A/D converters basically utilize cir

cuit techniques employing current mirrors or current copiers. Among the reported 

implementations, the accuracy of the current-mode converter was shown to be ca

pable of achieving up to 8 bits without compensations (technique relying on device 

matching). With device ratio and transistor finite output resistance compensation 

schemes, the resolution can be increased to 10 bits. To date, only the restoring 

cyclic algorithm has been realized. 
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2.3.1 The Cyclic Conversion Principle 

The operation process of the cyclic A/D converter can be expressed mathemat

ically by the following discrete-time equations: 

/(^ + l) = 2 / ( z ) + ( - l )6 (0 / . e / (2.5) 

where 

b{i) = 1 when I(i) > Iref 

b(i) = 0 when I{i) < Iref-

Starting with the most significant bit, each bit b{i) is determined sequentially de

pending on the polarity of [I(i) — Iref]- From (2.5), the current, / (n) , at the n*^ 

decision cycle is 

n - l 

/(«)=2("-»{/.„p+[j:(-mk)(h%ej}- (2.6) 
k=i ^ 

The second term in the brackets in (2.6) is the bit decision current for the n^^ bit. 

Figure 2.10 shows the flowchart for implementing the cyclic conversion equations. 

The conversion starts with inputing the signal current, /,„, into the converter. The 

signal will then be multiplied by two and compared with the reference signal. If 

the circulating signal is larger, the present bit is registered as " 1 " and the reference 
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Figure 2.10: Flowchart for a restoring cycHc A/D algorithm. 
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signal is subtracted from it. If the circulating signal is smaller than the reference 

signal, the present bit is stored as "0" and the signal is retained. The remainder 

signal will again be circulated for the next bit decision cycle. The above process 

is repeated until the analog signal is encoded to its n-bit representation. Various 

circuit techniques for realizing the algorithm are discussed in the following sections. 

2.3.2 Current-Mode PipeHned Algorithmic Converter 

A pipelined algorithmic converter is implemented using current-mode techniques 

based on current mirrors [8]. The converter consists of n bitcells and functions as 

an n—bit converter. A basic bitcell is shown in Fig. 2.11. The bitcell performs the 

basic operation of a one-bit algorithmic A/D conversion. 

The input current, /,„,, is first multiplied by two using the current mirror com

posed of Ml, M2, and M3. Although M2 and M3 can be replaced by a single device 

with twice the width of Mi, they are implemented as two separate devices to obtain 

a more accurate current ratio. Following the multiplication, the signal, 2Iin, is mir

rored from M4 through M5 to the comparator and through Me to the output. The 

comparator is used to compare 2/in (from M5) with the reference current, /re/(from 

M7). If 2Iin is less than Iref, the digital output goes low and Mg remains off, result

ing an output current of 2Iin (from Me). On the other hand, if 2Iin exceeds Iref, 

the digital output will be high, causing Mg to be on. With Mg on, Uef (from Mg) is 
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Figure 2.11: A bit cell of the pipeHned algorithmic converter. 
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Figure 2.12: Cascade of bit cells for an n-bit converter. 

subtracted from 2Iin (from Me) resulting in an output current of 2/,„, — Iref- This 

completes a one-bit conversion. 

To obtain an n—bit converter, n bit cells are cascaded with the analog output of 

one cell connected to the analog input of the following cell as illustrated in Fig. 2.12. 

The implementation was reported in [8] with a 6-bit resolution occupying a chip 

area of 0.45 mm^ at a sampling frequency of 200 KH^. Another version of the 

structure was also implemented with the multiplication-by-two transistors (M2 and 

M3) replaced by cascode mirrors, one more bit of accuracy was gained [23]. This 

illustrates the need of compensating the output resistance of the current mirrors (or 

copiers). 
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'2.3.3 Curi(Mit-Mode A/D Converter with Output 
Resistance Compensated by Op Amps 

To achieve better current mirroring performance for the A/D structure proposed 

in the previous section, copiers which utiHze op amp compensation are employed. 

Figure 2.13 shows the structure of one bit cell of the converter. The operation of the 

converter is the same as the one described in the previous section. The technique 

of using op amps to compensate the transistor output resistance (Sec. 2.2.2) was 

utilized in this converter structure. The converter [9] demonstrated a resolution of 

8 bit at 500 KHz occupying a chip area of 0.74 mw?. Comparing with the voltage 

mode implementation of an 8-bit A/D converter, this converter surpasses in both 

speed and die area consumption. 

2.3.4 Current-Mode Ratio-independent A/D converter 

The A/D converters described in the previous two sections utilize current-mode 

techniques to implement the algorithm. Nevertheless, the device ratio is still a 

limiting source of error to the precision of the converters. A circuit technique [10] 

was proposed to perform the multiplication-by-two scheme without relying on the 

device ratio. This conversion technique is described in this section. Figure 2.14 

shows a circuit structure of the device ratio-independent current-mode converter. 

In the circuit structure, the switches are controlled by specific digital sequences. 

The clock sequence is essentially the same for each bit conversion cycle except during 
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Figure 2.13: A bit cell of the 8-bit pipelined algorithmic converter. 
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Figure 2.14: The ratio-independent cyclic converter. 
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the acquisition of the input signal for the conversion of the most significant bit. The 

analog circuit configuration of the structure is actually programmed by switches. 

The conversion of the most significant bit is initiated by closing switches 5i , 

52, and S3 causing the current in Â i to be set to /,„. Once Â i is set, S2 and 

^3 are opened while S4 and ^5 are closed to set Â2 to /,„. Then by opening 5i , 

53, and ^5 and by closing ^2, ^4, Se, and S7, a current value of 2/,^ is resulted 

in Pi. In the next step ^ i , ^2, ^3, 54, 55, and 57 are opened while 56 and 58 

are closed, thus allowing the comparator to sense the current imbalance and hence 

to determine if the signal, 2/,„, is greater than the reference, Iref- If the signal 

exceeds the reference, the output for the MSB will be " 1 " ; otherwise it will be a 

"0". This completes the conversion of the MSB. Note that the multiplication-by-

two is performed by sampling the circulating current twice and then summing the 

values according to Kirchhoff's current law; therefore, mismatch of the device ratio 

is not a concern in the design. 

The remaining (n — l) bits are then converted in the following manner. Switches 

52 and 53 are closed to sample the current in Pi. If the previous bit is a " 1 " , 58 

remains closed so that the remainder current is circulated in the present bit decision 

cycle. Otherwise, if the previous bit is a "0", 58 is opened such that the original 

signal is retained in Ni. The same process is repeated for sampling the current in 

Â 2- The bit determining steps are the same as those for the MSB. This sequence is 

repeated until the desired resolution has been achieved. 
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The total conversion t ime depends on the clock rate and the converter's resolu

tion. Each bit conversion requires four clock cycles or four steps. Hence an n-bit 

conversion requires 4n clock cycles. The implemented converter was reported to 

achieve a resolution of 10 bits with conversion t ime of 40 fisec and chip area of 

0.32 m m [10]. This is a significant improvement in die area consumption over the 

similar voltage-mode implementation. 

2.4 Summary 

In this chapter, the fundamentals of current-mode A / D converters have been 

covered. In the first section, the operation principles of various current copiers have 

been discussed. In the second section, various current converters are described. It 

is obvious tha t the current-mode implementations exceed the voltage-mode imple

mentat ions in area consumption and speed. The next chapter will focus on circuit 

techniques which further enhance the performance of the converter. 



CHAPTER III 

CURRENT-MODE A/D CONVERSION 

TECHNIQUES 

Implementations of current-mode A/D converters have demonstrated advantages 

over traditional voltage-mode implementations in conversion performance. In this 

chapter, various A/D structures are proposed for further improving the converters 

using current-mode techniques. 

3.1 Successive Approximation with Restoring A/D 
Conversion Technique 

In this section, a current-mode successive approximation A/D conversion tech

nique is presented. By using the principle of current copiers and the circuit technique 

in [15], a successive approximation conversion algorithm can be designed with con

version results insensitive to both amplifier gain and component mismatches (i.e., 

capacitor and transistor mismatches). This algorithm requires three steps for a bit 

conversion. 

3.1.1 Conversion Principle 

The current-mode successive approximation A/D conversion algorithm can be 

explained by the flowchart shown in Fig. 3.1. The conversion begins with sampling 

the input analog signal and then comparing its value with the reference current 

33 
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START 

Figure 3.1: A flowchart of the successive approximation A/D conversion technique. 
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which is one-half of the full-scale range. If this value is greater than the reference 

current, the reference current will be subtracted from it and a " 1 " is registered as 

the most-significant bit (MSB); otherwise, the signal will be retained and a "0" is 

stored as the output bit. This processing signal current will be used as the input 

current for the next bit decision cycle and the reference current which is divided by 

two is used as the new reference for the next cycle. The above process is repeated 

until the number of bits required has been implemented. 

The above algorithm can be realized by the circuit schematic shown in Fig. 3.2. 

The circuit is basically composed of two current copier cells, an op amp, and a 

current comparator. The p-transistor Pi together with C2 functions as a current 

copier cell while the n-transistor A î together with Ci functions as another current 

copier cell. The current comparator senses the current difference at the summing 

node and outputs the corresponding bit decision voltage. This bit decision voltage 

is stored in the latch. The operation of the circuit is controlled by a clock sequence 

specified by digital logic through the switches. 

3.1.2 The Proposed Conversion Technique 

T h e conversion algorithm may be implemented by the circuit shown in Fig. 3.2. 

Switches 5i through 56 control the sequence of operations of the circuit. The op 

a m p is used to compensate the error effects due to finite output resistance and 

channel modulation of the devices. Assuming that the finite op amp gain is A, the 
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converter. 



37 

5i 

52 

53 

54 

55 

Se 

MSB 

other bits 

previous previous 

bit = 1 bit = 0 

Figure 3.3: Clock sequence of the switches. 

error current caused by the device finite output resistance is approximately reduced 

by a factor of I/A. With the potential of the current summing node being always 

maintained by the op amp at the biasing voltage, the channel modulation effect in 

current copying operations may be eliminated. The switching clock sequence and 

the corresponding circuit operations are shown in Fig. 3.3 and Fig. 3.4, respectively. 

The conversion starts with sampling the input current /,•„ into the n-channel 

transistor Ni by closing 5i , 52, and 53 (Fig. 3.4(a)). This current forces a gate 

voltage to build up at capacitor Ci. This gate voltage associated with the current 

value charges up Ci. The current value is "memorized" as the gate voltage in Ci. 
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Figure 3.4: Operation sequence of the proposed conversion technique. 
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In the next step shown in Fig. 3.4(b), switches 5i and 53 are opened while 52, 

54, and 55 are closed. With switch 5*3 opened, the voltage previously charged Ci 

is maintained at the gate of transistor A'̂ i and thus the previous current value is 

"recalled" as the drain current through the transistor. Transistor Â i serves as a 

current source driving a current of lin across the p-channel transistor Pi in this 

step. With switch 55 closed, the drain current through Pi builds up an associated 

gate voltage at capacitor C2. Once again, the present drain current is "memorized" 

as the gate voltage across capacitor C2- Note that the voltage VDS of transistor 

Â i is the same as the one in the previous step. The channel modulation effect is 

thus eliminated in the current copying operation. Transistor Pi is in sample mode 

and transistor A'̂ i is in hold mode. Figure. 3.4(c) shows the next step which is the 

bit determining step. With switches 54 and 56 closed while all the other switches 

opened, a current of lin — Iref appears in the summing node. According to the 

principle of successive approximation A/D conversion, Iref equals to / / s /2 in the first 

comparison cycle and then it is equal to Ifs/^, Ifs/S^ • • •, / / s /2" in the subsequent 

bit decision cycles. The current comparator senses the difference and outputs the 

corresponding digital bit voltage. This bit voltage is then registered in the latch in 

this step. If lin — Iref is greater than zero, switches 52, 53, 54, and 56 are closed 

in the next step so that a current of /,„ — hef is obtained and "memorized" in the 

copier cell of transistor TVi; otherwise, switch 56 is opened so that the circulating 
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signal current is retained for the next cycle. The above procedures are repeated 

until the required number of bits have been performed. 

In the proposed technique, the operations are inherently independent of capac

itor ratios and transistor matching. The current values are sampled and held by 

using the gate voltage associated with the current itself. The capacitors are used 

to store or "memorize" the gate voltages; thus their values need not be matched. 

Since every signal current is sampled and recovered through the same transistor, the 

matching of transistors between Â i and Pi is not necessary. A reasonable op amp 

gain is required for reducing the effects due to finite output resistance and channel 

modulation effect of the devices. 

3.2 Current Division-by-Two Technique 

Note from the previous section that a reference current of one-half of the previous 

value is needed for successive steps in the converter. This task can be done by device 

matching but the resulting linearity will be Hmited by the process imperfections. 

A ratio-insensitive division-by-two technique is hence developed to take care of the 

potential problem. 

The proposed design is illustrated by the circuit shown in Fig. 3.5. The di

vider circuit is fundamentally composed of three current copiers. Let CCA denote 

the copier composed of transistor Ma with capacitor Ca, CCB denote the copier 

composed of transistor M^ with capacitor Cb, and CCC denote the current copier 
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Figure 3.5: Circuit schematic of the division-by-two technique. 
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composed of transistor M^ with either capacitor Cc\ or Cc2- It is assumed that the 

device mismatches of transistors Ma, Mb, and M^ are represented by a , /?, and 7, 

respectively. Note that the device ratio is of one unit in the ideal case. 

The switches shown in the schematic are CMOS transmission gates and are 

used to control the sequence of operations of the circuit. The op amp is used to 

compensate the effects due to finite output resistance and channel length modulation 

effect of the devices. Assuming that the op amp is of gain A, the error current 

caused by finite device resistance is reduced approximately by a factor of 1/A [10]. 

Since the potential of the current summing node is always maintained by the op 

amp at the biasing voltage, the channel length modulation effect during current 

copying operations may be eliminated. The operation sequence of the circuit and 

the corresponding switching clock sequences are shown in Fig. 3.6 and Fig. 3.8, 

respectively. 

The current division starts with sampling the reference current^e^ into CCB 

by closing switches .$, 56i, and !^2, as shown in Fig. 3.6(a). This current forces a 

gate voltage to build up across capacitor Cb according to the transistor characteristic 

equation. This gate voltage charges up Ct. The current value is thus "memorized" as 

the gate voltage in Cb- Wi th similar operations applying to CCA, the same current 

value is "memorized" in capacitor Ca- In the third step as shown in Fig. 3.6(b), 

switches 56i, 5ci, 5c2, and Scc2 are closed so tha t the reference current value is copied 

into capacitor Cc2- This current value is held for the next current division cycle. 
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In the fourth step (Fig. 3.6(c)), the current value is doubled and stored in CC\ by 

closing switches 56i, 5.1, 5ei, 5e2, and 5cci. In this step, copier CCC functions as 

a current sink while CCA and CCB act as current sources driving currents from 

the summing node. According to Kirchhoff's current law, the drain current in CCC 

is the summation of the drain currents in CCA and CCB. These four steps are 

the initial steps to set up the necessary conditions for the device ratio insensitive 

current divisions. Note that no device matching operations are required in these 

four steps for obtaining the doubled reference current. 

The current "memorized" in capacitor Cd is then divided by two in the fifth step 

by closing switches 56i, 562, 5ai, 5a2, 5ci, and 5cci. Note that the current through 

transistor Ma is 2aIref/{oi-\-^) and is memorized as the gate voltage in copier CCA. 

This operation is shown in Fig. 3.7(d). In the next step (shown in Fig. 3.7(e)), 

with switches 5ai, 5ci, 5c2, and 5cci closed, the current signal is copied into CCC. 

The next step, as shown in Fig. 3.7(f), performs the device insensitive division-by-

two operation. With switches 5^1, 5^2, 5.1, 5ci, and 5ci closed, the current value 

remembered by Cd is divided by two, resulting in a current - ^ • (1 -f e) through 

transistor Mj, where e = {frfp- If <̂  is reasonably close to /3, the error is sufficiently 

small and can be neglected. This current is insensitive to device mismatches and is 

mirrored to the A/D reference input. In the next step (eighth step), this current is 

sampled and held in capacitor Cd for later use. The above four preceding steps are 
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then repeated with Cc2 activated instead of Cd for the succeeding current-division-

by-two cycle. This process is repeated with Cd and Cc2 activated alternatively for 

generating the rest of the current required. Even though the initial cycle takes eight 

steps, only four steps are required for the subsequent division cycles. 

3.3 Non-restoring Cyclic Conversion Techniques 

An algorithmic A/D conversion technique using current-copiers is proposed in 

this section. The technique requires two steps per bit conversion. The resulting 

digital codes are insensitive to process component mismatches. This method can 

be applied to both the cyclic and the pipeline structure depending on the design 

requirements. 

3.3.1 The Non-restoring Conversion Principle 

A non-restoring algorithmic algorithm is proposed to implement the converter 

using current-mode techniques. This algorithm makes use of the negative signal 

and reference currents to speed up the conversion process. Figure 3.9 shows the 

flow-chart of the non-restoring algorithmic A/D conversion algorithm. The signal 

is first sampled and its polarity is determined. The signal is then muliplied by 

two and the reference signal with the appropriate polarity is subtracted from it. 

If the previous bit was a " 1 " , a positive reference is used; otherwise, a negative 

signal is employed. The remainder signal circulates to the next bit decision cycle 

for determining the next bit representation. It is noted that the subtraction is 
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performed in this algorithm regardless the present output bit. The previous bit 

decision modifies the polarity of the present reference signal (to perform addition 

or subtraction). 

The proposed technique implements an A/D conversion based on the bit con

version equation : 

/, = 2 / , _ i + ( - l ) ^ - ^ - / , e / , (3.1) 

where i is the enumerated number for the present stage or bit decision cycle, bi is 

the present bit, bi-i is the previous bit decision, Ii stands for the signal current 

for the i^'^ bit, and Iref is the reference current which is the value of the full-scale 

current, Ifg. The input current must be within db//5. 

As implied from the conversion equation, the signal current of each bit deci

sion cycle depends on the previous bit decision. The reference current is either 

subtracted from or added to the circulating signal according to the previous bit. 

These operations can be implemented by circuit techniques using current copiers 

and switches to control the analog circuit configurations. 

3.3.2 The Proposed Algorithmic A/D Conversion 
Technique 

The basic unit of the converter is a bit cell which performs one bit conversion. 

A block diagram of a bit cell which consists of six current copiers, a current com

parator, and several interconnecting switches is shown in Fig. 3.10. For simplicity. 
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Figure 3.9: A flowchart of the non-restoring algorithmic A/D conversion technique. 
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only the input and output switches of the copier are indicated. Every current copier 

operates either in sample or hold mode. In the sample mode the input switch is 

closed while the output switch is opened and vice versa in the hold mode. The op

erations of the circuit are controlled by a sequence of digital codes which apply to 

the switches. The bitcell is designed in a balanced structure such that both positive 

and negative values of the processing signal are available. 

The conversion starts by inputing a current /,„ and determining its sign bit. 

Assuming that the value of /,„ is within the range 0 < lin ^ -^Ifs, the steps are 

explained as follows. The negative value of the current is obtained by employing a 

copier to sample and hold Un- In the MSB decision cycle, the currents -\-Iin and —lin 

are first sampled into Icellip and Icellim, respectively (shown in Fig. 3.11(a)). The 

current values are stored as the gate voltages across the capacitors. In the second 

step, copiers /ce//ip and Icellim are in hold mode providing the input currents for 

Icelhap and Icel^am, respectively. Meanwhile, - / , n and -\-Iin are also attached to 

Icelkap and Icelham as shown in Fig. 3.11(b). Those currents in /ce//ip and Icellim 

are regenerated by using the gate voltages in the previous step. In this configu

ration, the reference current, 4-/re/, attaches to Icelham while -Iref, attaches to 

Icelkap- The multiplication-by-two operation is performed along with the reference 

subtraction according to KCL. The bit decision is also determined by the current 

comparator in this step. The remainder current is then held in Icel^ap and /ce//2 am 

file://-/-Iin
file://-/-Iin
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Figure 3.10: The basic bitcell of the proposed technique. 
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as the input signal currents for the next stage (or next decision cycle in the cyclic 

converter). 

In the i"' stage (or decision cycle), the copiers /ce//ip and Icellim are used to 

duplicate the current values of the previous stage. The current outputs, ± / :_ i , of the 

previous stage are sampled in the first step of this stage. The multiplication-by-two 

operation is performed in the next step in Icel^aS. The inputs of the copiers Icelhap 

and Icelham. are switched so that two currents of equal magnitude are flowing into or 

out the input nodes with appropriate Iref depending on the previous bit decision. 

For the Icelham, —Iref is switched on if the previous bit is a " 1 " while -\-Iref is 

switched on when the previous bit is a "0". This step implements the operation 

specified by the relationship of ( 3.1 ). If U is greater than zero, a " 1 " is registered; 

otherwise, a "0" is stored for the digital bit, bi. The above procedures are repeated 

for every bit decision. As explained above, the output currents of every stage must 

be held for one more step for the next bit decision. Hence, two groups of copiers 

Icelha^ and IcelhbS have to be used. Each group of copiers is used alternatively 

for successive input signals. 

Figure 3.12 shows the block diagram for the pipeline structure. TV bitcells needed 

to be cascaded together to obtain a converter with n bit resolution. The digital 

control block represents the logic circuit for specifying the digital sequence. The 

basic structure of a cyclic converter is just a bitcell with the output currents feeding 

back to the input nodes of the same cell, as shown in Fig. 3.13. The operations of 

file://-/-Iref
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Figure 3.12: Structure of the proposed pipeline converter, 

the circuits are controlled by specified digital sequences. Since the processing signal 

is circulating in the same bitcell for n cycles, the bit conversion results subject to 

the errors of the same source. The accuracy of the cyclic structure is potentially 

better than that of the pipelined structure. The proposed converters are designed 

and simulated using the class AB current copier cell discussed in Chapter II. The 

operation of the copier is insensitive to component mismatches. 

3.3.3 Simulations and Discussions 

To verify the conversion algorithm, functional simulations have been performed 

in C language. The Differential NonHnearity (DNL) and the Integral NonHnearity 

(INL) are always used to evaluate the performance of A/D converters [13]. Assuming 

an error of 0.01% among current copiers, the DNL and INL are simulated. The 

simulations are assumed worst-case errors distributed among the copiers. The DNL 
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Figure 3.13: Structure of the proposed cyclic converter. 



56 

0.8 

0.6 -

0.4 -

0.2 

0 -

-0.2 

T 1 
'dnlp.mat' 

-L. 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 

Figure 3.14: A typical DNL plot of the proposed A/D conversion technique. 

simulations show that 13 bit resolution may be attained by the structure while the 

INL simulations indicate that a resolution of 12 bits may be achieved. Figure 3.14 

and Fig. 3.15 show a typical DNL and INL simulation plots, respectively. 

Switch-level simulations are also performed using SPICE to verify the circuit 

structure. A typical simulation result is illustrated. In the simulation, a specified 

current of 0.333//^ is used as the input current to the circuit. The current flowing 

into the input node of Icelhap is monitored for every bit cell. According to the con

version equations, the probed currents should show -f-0.16667 Ifs and -0.16667 Ifs 

in every alternating bit decision steps. The comparator determines the bit decision 

based on the polarity of the signal current. Figure 3.16 shows the result with ideal 

switches and long clock period which is used for simulations to avoid inaccuracy due 
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9000 

Figure 3.15: A typical INL plot of the proposed A/D conversion technique. 

to the settling time of the copiers. The result indicates little or insignificant error 

accumulated up to the 13*'' bit. Figure 3.17 shows the simulation result in which 

non-ideal switches are used and a, I fis clock period is used. Appreciable error oc

curs in the 12*'' bit but the accuracy is still maintained to 13 bit resolution (digital 

bit is determined by the current polarity instead of the magnitude). The accumu

lated errors are due to the current copying and multipHcation-by-two operations. 

It is noted that the clock pulse of the simulation, and hence the conversion of the 

converter, can be further shortened without affecting the accuracy. The accuracy 

of the converter is basically limited by switching induced errors and noise. 
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Figure 3.16: A typical SPICE plot of the proposed A/D conversion technique. 
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Figure 3.17: A typical SPICE plot the proposed A/D conversion technique with 
non-idealities non-edeal switches. 
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3.4 Summary 

In this chapter, various structures of current-mode A/D converters are proposed. 

The successive approximation conversion technique accomplishes a bit conversion 

in three steps. The technique is independent of component matching. In order 

to maintain a reasonable resolution for the successive approximation converter, a 

ratio-insensitive division-by-two scheme has been developed to improve the linearity 

of the reference current generation circuit. 

A current-mode alogorithmic A/D conversion technique has also been proposed. 

The technique implements a bit conversion in 2 steps. This technique can be used 

for one-bit cell cyclic structure or n-bit-cell pipeline structure depending on design 

specifications. The basic bitcell is designed in balanced structure. The circuit tech

nique has been verified through both functional simulations and SPICE switch-level 

simulations. An experimental circuit of the structure is proposed for implementation 

in CMOS 2-fim process. 



CHAPTER IV 

REALIZATION OF THE CURRENT-MODE CYCLIC 

A/D STRUCTURE 

The circuit design and implementation of the non-restoring cyclic A/D conver

sion technique is presented in this chapter. The structure is designed and fabricated 

through MOSIS using a 2-//m CMOS process. The circuit schematics are analyzed 

and verified using PSPICE and the layout was done using MAGIC. In the follow

ing section, the analog circuit design will be discussed and then the digital control 

section is covered. The overall floorplan of the entire circuit will then be presented. 

As described in the previous chapter, the cyclic converter is composed of a 

bitcell of the algorithmic structure and some digital control logic for the switching 

sequence. The entire circuit is essentially composed of switches, capacitors, and 

current copiers. Both the analog and digital portion are implemented on the same 

die. The circuit is a mixed-signal MOS system. The analog function is performed 

through the control of a sequence of specified digital signals. Figure 4.1 shows the 

block diagram of the overall system. The digital pulses are generated by the control 

logic and fed into the analog portion through the switches. 
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Figure 4.1: A block diagram of the overall system. 
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4.1 Analog ('ircuit Designs 

The analog portion essentially consists of a bitcell, a current comparator, a neg

ative reference current generator, and a sample-and-hold for the input current. The 

bitcell consists of six current copiers, two interconnection switches, and a current 

comparator. The copiers are configured so that the signal is processed in a balanced 

manner. Both the positive and negative signals are available within the converter 

at any time. The balanced structure is employed to reduce the effects caused by 

switch induced errors. 

Both the current input sample-and-hold and reference currents generator are 

of the same structure except that their switch control signals are different. Fig

ure 4.2 shows this circuit structure conceptually. The structure consists of a cur

rent copier and a switch. It is supposed that a reverse polarity current, —Iref is 

to be generated from the input current, Iref- The operation is performed in two 

steps. In clock phase of ^ i , the input switch of the current copier is closed and 

it is in sample mode. In the next step the copier is in hold mode; thus a cur

rent of reverse polarity is generated by the copier. Since the input switch of the 

copier is open, the current goes through the other switch is of value +/re/ . Hence 

both the positive and negative currents of Iref are available in ^2- This method 

may be used to sample and hold the input current for conversion as well as to 

generate the reference currents. As for the case of reference current generation. 
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the negative current is refreshed in every clock cycle. Since the A/D bit conver

sion is performed every cycle, <̂2 must match with the bit decision step so that 

both reference currents are available at the step of current comparsion. 

4.1.1 The Current Copier 

The class AB active feedback cascode structure discussed in Chapter II is em

ployed to implement the copier. The class AB structure is used to increase the linear 

input range and reduce the switch induced errors [22] while the cascode structure 

is utilized to boost the output resistance of the current memory device as discussed 

in Chapter II. Figure 4.3 shows the circuit schematic of the current copier cell to

gether with the bias circuit while Table 4.1 lists the device sizes of the copier cell. 

It is noted that transistors MIP and MIN are the memory transistors while all 

the other transistors are to establish the appropriate loop gain and biasing cur

rents. The two capacitors at the memory transistor gates are not critical in circuit 

performance and so they do not need to be matched. They are used so that the 

switch induced charge injection effect may be reduced. To reduce the errors caused 

by charge injection effects, CMOS switches are used. The switches Swholdn and 

Swholdp are the critical switches in the design. These switches must be opened 

before the other switches to ensure the charges on the capacitors are retained when 
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Figure 4.2: A negative current generation circuit. 



66 

Table 4.1: Device sizes for the current copier cell. 

Device 
MIP 

M2P,M3P 
M4P 
M5P 

Size 
127/10 
86/2 
131/2 
5/25 

Device 
MIN 

M2N,M3N 
M4N 
M5N 

Size 
59/20 
20/2 
60/2 
5/68 

the copier is in the hold mode. Moreover, these two switches are of minimum di

mensions (W/L's = 5/2 for both the NMOS and PMOS devices) while all the other 

switches are optimized for minimum ON resistance on the signal paths. 

Figure 4.4 shows the schematic layout of the copier cell. The layout module was 

designed in a manner that individual modules can be directly butted together to 

minimize the routing area. The digital control signals to the gates of the comple

mentary switches are routed far apart from the analog portion. Furthermore, the 

digital control lines and analog routings are separated by the power rails in order 

to reduce the possible induction of switching noise from the digital signals to the 

analog portion. The pair of switches which control the complementary signal in the 

structure are grouped closely so that they are subjected to the similar sources of 

switching error effects. These error effects may be rejected by the balanced structure 

of the converter. The critical switches, Swholdn and Swholdp are in the middle 

part of the switch array so that mismatching between the two switches can be fur

ther reduced. The summing nodes within the bitcell run across every copier cell 

module. 
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Figure 4.4: Schematic layout of the current copier cell. 
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Figure 4.5: Basic structure of the current comparator. 

4.1.2 The Current Comparator 

An open-loop current comparator structure is employed to implement the com

parator circuit [5]. The schematic is simply a voltage inverter to sense the current 

direction. Figure 4.5 shows the circuit schematic of the current comparator. The 

comparator is a cascade of two CMOS inverters. If lin is greater than Iref, Vout will 

be high (Vdd)', otherwise, it will be low (Ks)- To employ this structure in the A/D 

converter without adding one more step to the conversion cycle, a special digital 

control logic was used to ensure that the current comparison has been performed 

before the operation sequence of the conversion continues. 

4.1.3 The Bias Circuit 

In order for the current copiers to work properly, a bias circuit is necessary to 

provide the bias current. Figure 4.6 shows the schematic of the bias circuit and 
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Table 4.2: Device sizes for the bias circuit. 

Device 
MOP 
Mlp 
M2p 
M3p 

Size 
131/2 
361/3 
21/3 
160/3 

Device 
MON 
Min 
M2n 
M3n 

Size 
60/2 
116/3 
147/3 
40/3 

Table 4.2 lists the device sizes in the schematic. A current of approximately 130 fiA 

is generated tb be mirrored to the copiers. 

A post-layout SPICE simulation of the cyclic conversion using a bitcell demon

strated a resolution of 13 bits. Figure 4.7 shows the simulation result of the analog 

circuit with input current of 0.33333 Iref- This is consistent with the pre-layout 

simulations. The layout parasitics thus have insignificant effect on analog portion 

of the converter. 

4.2 Digital Control Logic 

The digital logic of the converter specifies the operation sequence of the analog 

circuit. The converter is designed to begin conversion upon receiving a START 

pulse. The circuit will sample the input current and test its polarity. After a 

predetermined number of cycles, a digital representation of the input current will 

appear in a parallel format. At the same time, an EOC{EndOf Conversion) pulse 

is generated to signal the end of conversion. Figure 4.8 shows the main control 

signals of the converter. In the figure, CLK* represents the external, asynchronous 

clock input; SOC * -L denotes the STARTOFCONVERSION pulse active low; 
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Figure 4.6: Bias circuit of the copier cells. 
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Figure 4.8: Major control signals of the converter. 
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CLK represents the internal clock pulse for the conversion cycles; and EOC — L 

denotes the EndOf Conversion pulse active low generated inside the chip. 

Figure 4.9 shows the overall circuit of the digital control. The design is basically 

composed of a 14-bit shift register, a 4-bit counter, and some combination logic to 

implement the clock sequences. The internal pulses CLK, AbcDO, and HsrDO are 

used to implement the combinational logic. Appropriate delay is added to CLK in 

order to eliminate glitches caused by the states changing of CLK and AbcDO. For 

simplicity, standard digital library cells were utilized wherever was possible. 

In order for the converter to function properly, all the critical switches (the 

switches controlling the charging and discharging of the sample capacitors) must 

be opened before those on the signal paths during the sample mode of the copier. 

The switches on the signal paths are delayed by the circuit shown in Fig. 4.10 from 

the critical switches. The input to the circuit is designed to be asserted low. The 

dimensions of the inverters are designed such that a delay of 20 nsec is obtained. 

To allow parallel output, a 14-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. 

4.3 Floorplan of the Experimental Chip 

Figure 4.11 shows the floorplan of the overall system. The frame used is the 

combination of the analog and digital TINYCHIP frames available from MOSIS. 
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Since both analog and digital inputs/outputs (I/O) are necessary in the design, the 

frame has been properly modified for the appropriate I/O pads. It is noted that the 

analog power supply is separated from the digital power supply in order to reduce 

the noise coupHng effects from the digital circuits. Moreover, the analog I/O pads 

are protected by the analog power supplier while the digital I/O pads are protected 

by the digital power rails. The analog I/O's are located at the west edge of the chip 

while the rest of the I/O pads are for digital signal purposes. 

Inside the chip, the analog portion is separated from the digital circuits. In

dividual modules were located so as to minimize the interconnection routing. The 

analog portion which consists of eight copiers, two comparators, and one bias circuit 

is located at the center region of the chip. This part is separated from the digital 

circuits. The shift register is located at the bottom part of the active die area. The 

combinational logic which decodes the switch control signals and the counter are 

sited at the southeast part of the chip. 

An extra current copier is sited at the northwest corner of the active die area 

so that the performance of the copier may be evaluated separately from the A/D 

conversion algorithm. 

4.4 Summary of the Experimental Chip 

The current-mode cyclic A/D converter has been implemented and fabricated 

through a 2-fim CMOS process. Both the analog portion and digital portion are 
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Figure 4.11: Layout of the entire chip. 



78 

integrated in the same chip. One bitcell occupies an area of approximatey 0.70 

mm^. while the whole analog circuit occupies 0.87 rnrn^. The power consumption 

of the analog circuit is 5.73 mW. The area including both the analog circuit and 

the digital control logic (without bonding pads) is 2.37 mnn?. The conversion time 

is 28 ^sec at 14 bit resolution. Shown from simulations at 13 bit level, maximum 

DNL is 0.7LSB while minimum DNL is -O.ILSB. Moreover, maximum absolute 

INL (without offset and gain adjustment) is 1.9 LSB while the minimum absolute 

INL is -2.2 LSB. 



CHAPTER V 

CONCLUSIONS 

This research reviewed the recent development of current-mode A/D convert

ers and covered some fundamentals of the subject. Chapter II described and ex

plained various structures of current copiers and current-mode A/D converters. In 

Chapter III, different structures of A/D converters using current copiers were pro

posed for enhancing the performance of the converter without the use of precision 

passive comonents. These structures include a sucessive approximation A/D con

version technique, a ratio-insensitive reference current division-by-two technique, a 

non-restoring cyclic converter structure, and a non-restoring pipelined alogorithmic 

converter. The realization of the cyclic converter Wcis discussed in Chapter IV of 

the thesis. 

The proposed techniques utilize switched-currents circuits to implement A/D 

conversions. The analog schematic configurations were specified by certain switch

ing sequences implemented by digital control logic. To verify the performance of 

the proposed alogorithmic structure, the non-restoring cyclic A/D technique was 

realized and fabricated through a MOSIS CMOS 2-/xm process. 

As the device feature size continues to shrink, there is an increcising need to 

reduce the supply power from the present day 5 volts to 3 volts and current-mode 

signal processing approaches will surely become more important and attractive for 
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the future. Current-mode techniques offer a number of advantages over the con

ventional voltage-mode designs in CMOS implementations. These include the im

provement of dynamic range and operating speed, simpler circuitry, and lower power 

consumption. To further explore the analog circuit design concepts using current-

mode approach, the converter structure can be redesigned using a 3 — K supply 

voltage to investigate the achieveable precision. 
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