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Abstract 

 
A current-mode technique for the design of algorithmic ADCs is 

presented. The current mode technique allows the necessary voltage 

swing for a given dynamic range to be reduced while at the same time 

eliminating the need of large capacitors on which to store charge. 

Consequently the resulting ADC can be made very small and yet still 

capable of providing high sampling rates. In this thesis the advantages 

and disadvantages of various current mirror structures used in the ADCs 

are discussed. Also, the ADCs have been implemented by using different 

current comparators.  

 

For the current-mode ADC, the algorithmic ADC was selected because 

presently this style of converter occupies the smallest amount of silicon 

chip area. This architecture also takes the advantage of relatively simple 

hardware to produce either a Gray-code output or a binary-code output. 



Chapter 1: Introduction 
 

The growth of analog IC design has been impeded by the process 

technologies which are mostly optimized for digital applications only. With 

the evolution of sub-micron technologies such as 0.18 micron and 0.13 

micron, the supply voltages have been reduced to 3.3 Volts and lower. This 

makes it difficult to design a voltage mode CMOS circuits with high 

linearity and dynamic range. Recently, current mode circuits have become a 

viable alternative for future applications because of their inherent advantages 

over voltage mode circuits. 

 

The main advantage of using current mode technique is because the non-

linear characteristics exhibited by most field effect transistors. A small 

change in the input or controlling voltage results in a much larger change in 

the input or the controlling voltage results in a much larger change in the 

output current. Thus for a fixed supply voltage, the dynamic range of a 

current mode circuit is much larger than that of a voltage mode circuit. If a 

supply voltage is lowered, one can still get the required signals represented 

by the current.  

 

A second disadvantage of current mode circuits is that they are much faster 

as compared to voltage mode circuits. The parasitic capacitances present in 

the analog circuits must be charged and discharged with the changing 

voltage levels. In a current mode circuits, a change in current level is not 

necessarily accompanied by a change in the voltage level. Hence, the 

parasitic capacitances will not affect the operating speed of the circuit by a 

significant amount.  



 

Other advantages of using current mode circuits are that they do not require 

specially processed capacitors or resistors; they are more compatible with 

digital CMOS technology making integration of mixed signal circuits more 

feasible. 

 



Chapter 2:  ANALOG TO DIGITAL CONVERTERS 
 

An analog-to-digital converter takes an analog input voltage and after a 

certain amount of time, produces a digital output code, which represents the 

analog output. 

 

Fig. 21 shows the general block diagram of an analog-to-digital converter. 

Many analog-to-digital converters require a digital -to- analog converter as a 

part of their circuitry. 

 

 

Fig. 2.1 General Block Diagram of an A/D converter 

 

 



The input clock provides the timing for the operation. The Control Unit 

contains the logic circuitry for generating the proper sequence of operations 

in response to the START command, which initiates the conversion process.  

 

The op-amp comparator has two analog inputs and a digital output that 

switches states depending on which analog input is greater. 

 

The basic operation of the A/D converter of this type consists of the 

following steps- 

1. The START command pulse initiates the operation. 

2. At a rate determined by the clock, the control unit continuously modifies 

the binary number stored in the register. 

3. The binary number in the register is converted to an analog voltage VAX 

by the D/A converter. 

4. The comparator compares VAX with analog input VA. As long as VAX < 

VA, the comparator output stays HIGH. When VAX > VA by at least an 

amount equal to VT (threshold voltage), the comparator output goes 

LOW and stops the process of modifying the register number. At this 

point, VAX is a close approximation to VA. The digital number in the 

register, which is the digital equivalent of VAX is also the approximate 

digital equivalent of VA, within the resolution and accuracy of the 

system. 

5. The control logic activates the end-of-conversion signal, EOC, when the 

conversion is complete. 

 

The several variations of this A/D conversion scheme differ mainly in the 

manner in which the control section continually modifies the number in the 



register. Otherwise the basic idea is the same, with the register holding the 

required digital output when the conversion process is complete.  

 

 

2.1 Characteristics of A/D Converters 
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Fig.2.2 (a) Transfer curve for an ideal 3-bit A/D Converter with (b) 

quantization error centered about zero. 

 



Fig.2.2 shows the digital output D of a 3-bit A/D converter plotted against 

the analog input Vin. Since the input signal is a continuous signal and the 

output is discrete, the transfer curve of the A/D converter resembles that of a 

staircase. Another fact to observe is that the 2N quantization levels 

correspond to the digital output codes 0 to7. Thus, the maximum output of 

the A/D converter will be 111 (2N-1), corresponding to the value for which 

Vin/Vref ≥ 7/8. Fig 2.2(b) corresponds to the error caused by the quantization. 

The value of 1 LSB for this A/D converter can be calculated using the 

following equation- 

1
2N

REFVLSB =          (1) 

 

Quantization Error 

Since the analog input is an infinite valued quantity and the output is a 

discrete value, an error will be produced as a result of the quantization. This 

error, known as quantization error, Qe, is defined as the difference 

between the actual analog input and the value of the output (staircase) 

given in voltage. It is calculated as- 

Qe = Vin-Staircase         (2) 

where the value of the staircase output, Staircase can be calculated by  

. .
2N

REF
Staircase LSB

VV D D V= =                                                                         (3)   

where D is the value of the digital output code and VLSB is the value of 1LSB 

in volts.  

B

 

 

 



Differential Nonlinearity (DNL) 

Differential nonlinearity for an ADC is the difference between the actual 

code width of a non-ideal converter and the ideal case. Fig.2.3 shows the 

transfer curve for a non-ideal 3-bit ADC.  
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Fig.2.3 (a) Transfer curve for a non-ideal 3-bit A/D Converter with (b) 

quantization error illustrating differential nonlinearity. 



The values for the DNL can be solved as follows- 

DNL = Actual step width- Ideal step width.     (4) 

Since the step widths can be converted into either volts for LSBs, DNL can 

be defined using either units. The value of ideal step is 1/8.  

 

Integral Nonlinearity (INL) 

 INL is defined as the difference between data converter output and the 

reference straight line drawn through the first and last output line. INL 

defines the linearity of the overall transfer curve and can be defined as- 

INL= Output value for input code- Output value of the reference line at that 

point.           (5) 

 

Offset and Gain error 

Offset error occurs when there is a difference between the value of first code 

transition and the ideal value of ½LSB.  

Gain error or scale factor error is the difference in the slope of a straight line 

drawn through the transfer characteristics and the slope of an ideal A/D 

converter. 

 

Aliasing 

The sampling of the input signal should be done at such a rate that is 

determined by the Nyquist Criterion. Nyquist criterion defines how fast the 

sampling rate needs to represent an analog signal accurately. This criterion 

requires that the sampling rate be at least twice the highest frequency 

contained in the analog signal.  

FSampling = 2.FMAX         (6) 



where FSampling  is the sampling frequency required to accurately represent 

the analog signal and FMAX  is the highest frequency of the sampled signal. 

If the sampling is done at a rate less than that specified by the Nyquist 

Criterion, a phenomenon called aliasing would occur. 

Aliasing can be eliminated either by sampling at higher frequencies or by 

filtering the analog signal before sampling and removing any frequencies 

that are greater than one half the sampling frequency. A pre-alias filter can 

be used to eliminate any unknown harmonics that could result in aliasing.  

 

Signal-to-noise Ratio 

Signal-to-noise ratios (SNR) of ADCs represent the value of the largest 

RMS input signal into the converter over the RMS value of the noise. It is 

expressed as- 

(max)20 log in

noise

VSNR
V

⎛ ⎞= ⎜
⎝

⎟
⎠

                                                                           (7)   

If it is assumed that the input signal is a sinewave with a peak-to-peak value 

equal to the full scale reference voltage of the converter, then the RMS value 

for Vin(max) becomes 

(max)
2 ( )

2 2 2 2

N
REF LSB

in
V VV = =         (8) 

 

2.2 ADC Architectures 

 

There are five main types of ADC architectures- pipeline, flash-type, 

pipeline, integrating, successive approximation, oversampled and 

algorithmic ADCs. Each has benefits that are the unique to that architecture 

and span the spectrum high speed and resolution. 



2.2.1 Flash 

Flash or the parallel converters have the highest speed of any type of ADC. 

They utilize one comparator per quantization level(2N - 1) and 2N resistors. 

 

Fig. 2.4 Block Diagram of a Flash ADC 

The reference voltage is divided into 2N values, each of which is fed into 

comparator. The input voltage is compared with each reference value and 

results in a thermometer code at the output of the comparators. A 

thermometer code will exhibit all zeroes for each resistor level if the value of 

vin is less than the value on resistor string and ones if vin is greater than or 

equal to voltage on the resistor string. A simple 2N-1: N digital thermometer 

decoder circuit coveters the compared data into an N-bit digital word.  

The obvious advantage of this circuit is the speed with which one conversion 

can take place. Each clock pulse generates an output digital word.  



The advantage of having high speed is however counterbalanced by the 

doubling of area with each bit of increased resolution. He disadvantages of 

Flash ADC are the area and power requirements of the 2N-1 comparators. 

The speed is limited by the switching of the comparator and the digital logic.   

 

2.2.2 Pipeline ADC 

The pipeline ADC is an N-step converter, with 1-bit being converted per 

stage. Able to achieve high resolution (10-13 bits) at relatively fast speeds, 

the pipeline ADC consists of N-stages connected in series.  

 

 
Fig. 2.5 Block diagram of Pipeline ADC 

Each stage contains a 1-bit ADC (a comparator), a sample and hold, a 

summer and a gain of two amplifier. 

Each stage of converter performs the following operations- 

1. After the input signal has been sampled, it is compared to Vref/2. The 

output of each comparator is the bit conversion for that stage. 

2. If Vin>Vref/2 (comparator output is 1), Vref/2 is subtracted from the 

held signal and result is passed to the amplifier. If Vin<Vref/2 

(comparator output is 0), then the original input signal is passed to the 



amplifier. The output of each stage in the converter is referred to as 

the residue. 

3. Multiply the result of the summation by 2 and pass the result to the 

sample and hold of the next stage. 

 

A main advantage of the pipeline converter is its high throughput. After 

an initial delay of N clock cycles, one conversion will be completed per 

clock cycle. While the residue of the first stage is being operated on by 

the second stage, the first stage is free to operate on next samples. Each 

stage operates on the residue passed down from the previous stage, 

thereby allowing for fast conversions.  

The disadvantage is having initial N clock cycle delay before the first 

digital output appears. The severity of disadvantage is, of course, 

dependent on the application.  

One interesting aspect of this conversion is its dependency on the most 

significant stages for accuracy. A slight error in the first stage propagates 

through the converter and results in a much larger error at the end of the 

conversion. Each succeeding stage requires less accuracy than the one 

before, so special care must be taken when considering the first several 

stages.   

 

 

 

 

 

 

 



2.2.3 Integrating ADCs 

Another type of ADC performs the conversion by the input signal and 

correlating the integrating time with a digital counter. Known as  single and 

dual-slope ADCs, these types of converters are used in high resolution 

applications but have relatively slow conversions. However, they are very 

inexpensive to produce and are commonly found in slow-speed, cost 

conscious applications.  

 

Single-slope Architecture  

 
Fig. 2.6 Block diagram of single-slope ADC 

Fig. 2.6 shows the single-slope converter in the block diagram form. A 

counter determines the number of clock pulses that are required before the 

integrated value of a reference voltage is equal to the sampled input signal. 

The number of clock pulses is proportional to the actual value of the input, 

and the output of the counter is the actual digital representation of analog 

voltage.  

 



Since the reference is a DC voltage, the output of the integrator should start 

at zero and linearly increase with the slope that is dependent on the gain of 

the integrator. The reference voltage is defined as negative so that the output 

of the inverting integrator is positive. At the time when the output of the 

integrator surpasses the value of S/H output, the comparator switches states, 

thus triggering the control logic to latch the value of the counter. The control 

logic also resets the system for the next sample. Fig. 2.7 illustrates the 

behavior of the integrator output and the clock.   

 
Fig. 2.7 Single slope ADC timing diagrams for (a) the comparator inputs and 

outputs (b) the resulting counted pulses 

 

If the input voltage is very small, the conversion time is very short, since the 

counter has to increment only a few times before the comparator latches the 

data. However, if the input voltage is at its full-scale value, the counter must 

be many times faster than the bandwidth of the input signal.  

 

 

 



The conversion time, tc, is dependent on the value of the input signal and can 

be described as 

kTclN
Vref
Vintc .2.=  

where Tck is the period of the clock. The sampling rate is inversely 

proportional to the conversion time and can be written as 

fckNVin
Vreffsample .

2.
=  

 

Dual-slope Architecture  

A slightly more sophisticated design known as the dual-slope integrating 

ADC shown in Fig. 2.8 eliminates most of the problems encountered when 

using the single slope converter.  

 
Fig. 2.8 Block diagram of dual-slope ADC 

Here two integrations are performed, one on the input signal and one on Vref. 

the input voltage in this case is assumed to be negative, so that the output of 

the inverting integrator results in a positive slope during the first integration. 



Fig. 2.9 illustrates the behavior for the two separate pulses. 

 
Fig. 2.9 Integrating periods and counter output for two separate samples of a 

3-bit dual slope ADC. 

 The first integration is of fixed length, dictated by the counter, in which the 

sampled-and-held signal is integrated, resulting in the first slope. After the 

counter overflows and is reset, the reference voltage is connected to the 

input of the integrator. Since vin was negative and the reference voltage is 

positive, the inverting integrator output will begin discharging back down to 

zero at a constant slope. A counter again measures the amount of time for 

the integrator to discharge, thus generating the digital output.  

The first slopes varies according to the value of the input signal, while the 

second slope dependent only on Vref, is constant. Similarly, the time required 

to generate the first slope is constant, since it is limited by the size of the 

counter. However the discharging period is variable and results in the digital 

representation of input voltage. 

  

 

 

 



2.2.4 Successive Approximation ADC 

The successive approximation converter basically performs a binary search 

through all possible quantization levels before converging on final digital 

answer. The block diagram is shown in figure 2.10. An N-bit register 

controls the timing of the conversion where N is the resolution of the ADC. 

Vin is sampled and compared to the output of the DAC. The comparator 

output controls the direction of the binary search and the output of the 

successive approximation register (SAR) is the actual digital conversion.  

 
Fig. 2.10 Block diagram of successive approximation ADC 

 

The successive approximation algorithm is as follows- 

1. A 1 is applied to the input of the shift register. For each bit converted, 

the 1 is shifted to the right 1-bit position. BN-1 = 1 and BN2 through 

BB0=0.  



2. The MSB of the SAR, DN-1, is initially set to 1, while the remaining 

its, DN-2 through D0, are set to 0. 

3. Since the SAR output controls the DAC and the SAR output is 

100…0, the DAC output will be set to Vref/2. 

4. Next Vin is compared to Vref/2. If Vref/2 is greater than Vin, then the 

comparator output is a 1 and the comparator resets DN-1 to 0. If Vref/2 

is less than Vin, then the comparator output is a 0 and the comparator 

resets DN-1 to 1. DN-1 is the actual MSB of the final digital output code.  

5. The 1 applied to the shift register is then shifted by one position so 

that BN-2=1 while the remaining all bits are 0. 

6. DN-2 is set to 1, DN-3 through D0 remain 0, while DN-1 remains the 

value from the MSB conversion. The output of the DAC will now 

either equal Vref/4 (if DN-1=0) or 3Vref/4 (if DN-1=1). 

7. Next, Vin is compared to the output of the DAC. If the DAC output is 

greater than Vin, the comparator resets DN-2 to 0. If Vin is less than the 

DAC output, DN-2 remains a 1. 

8. The process repeats until the output of DAC converges to the value of 

Vin within the resolution of the converter. 

 

3.2.5 Algorithmic ADC 

The algorithmic ADC, also called cyclic or recirculating converter was 

has been known and utilized since in various forms since 1960s. It was 

first realized by Hornak in a partially integrated form using a transformer 

to achieve a gain of two in 1975. Subsequently Mc. Charles achieved full 

integration of analog portion of the converter using a metal gate CMOS 

technology.  

 



A block diagram of the converter is shown in Fig. 2.11.  

 

 
Fig. 2.11 Block diagram of the Algorithmic ADC 

The algorithmic ADC consists of an analog signal loop which contains- 

1. A sample-and-hold amplifier 

2. A multiply-by-two amplifier 

3. A comparator 

4. A reference subtraction circuit. 

The operation of the converter consists of first sampling the input signal 

onto the sample/hold amplifier. This is done by selecting the input signal 

instead of the loop signal using select switch. The input signal is then passed 

to the multiply-by-two amplifier where it is amplified. To extract the digital 

information from the input signal, the resultant signal, Vo is compared to the 

reference. If it is larger than the reference, the corresponding bit is set to 1 

and the reference is then subtracted off from Vo. Otherwise, this bit is set to 

0 and the signal Vo is kept unchanged. The resultant signal, denoted by Vb is 

then transferred, by means of switch. Back into the analog loop for further 

processing. This process continues until the desired numbers of bits have 

been obtained, whereupon a new sampled value of the input signal will be 



processed. Thus, the digital data comes out from the converter in a serial 

manner, the MSB first. 

The algorithmic ADC can be constructed with very little precision hardware. 

Its implementation in a monolithic technology can therefore be relatively 

area-sparing. It also possesses inherent S/H capability because the S/H 

amplifier is an integral part of the converter. It also possesses floating-point 

operation capability i.e. the input signal can be amplified 2n times before the 

A/D conversion commences. These properties are very desirable for the 

design of single-chip complete data acquisition system. 



 

Chapter 3 : CURRENT MIRRORS 
 

Current mirrors are basic building blocks of almost all analog and mixed 

mode circuit structures. Hence, the characteristics of these current mirrors 

decide their performance. Depending upon the characteristics of the input 

output ports, several implementations for the current mirrors are available. 

The selection of a suitable current mirror for a particular application 

becomes important, which needs better understanding of all types of current 

mirrors, so that an appropriate current mirror can be selected. 

Current mirrors are used either as active load or as biasing networks. The 

use of current mirrors in biasing structures results in better insensitivity to 

the variations in power supply and temperature. They are more economical 

in terms of die area if used as active loads.  

 

3.1 BASIC CURRENT MIRROR 
 

As the name suggests, a current mirror is expected to perform the similar 

functions with the electrical current as the plane optical mirror does for the 

optical signals. Hence a current mirror is a three terminal device whose 

output current at any instant of time is independent of voltage applied across 

its terminals and depends solely on the input current. The output current is 

the scaled version of the input current. Thus, in other words, a current 

mirror reverses the direction of current injected into the low impedance 

input port and allows its true or scaled version to flow into a high 

impedance output port. However the direction of the output current can 

also be reversed.  



 

               Iin                                                                                                                                   Iout 

Vin                                                                                                                                                                              Vout  

 
 

IN   CURRENT MIRROR    OUT 

 

 

 

Fig 3.1. Block representation of a Current Mirror 
For any high performance system, a current mirror must possess the 

following characteristics: - 

• Current transfer ratio, which is precisely set by the (W/L) ratios, 

independent of temperature. 

• Very high output impedance (high Rout and low Cout). As a result, the 

output current is independent of output voltages. 

• Low input resistance (Rin). 

• Low input and output compliance voltages. 

Almost all analog circuit structures whether they operate as current mode 

devices or voltage mode devices, use current mirror in their design. To name 

a few such devices, following devices are based on the use of the current 

mirrors. 

1. Operational amplifiers. 

2. Operational trans-conductance amplifiers.  

3. Operational trans-resistance amplifiers. 

4. Current feedback amplifiers. 

5. Current conveyors. 

6. Operational floating conveyors. 

7. Digital to analog converters. 



8. Analog to digital converters. 

3.2 CLASSIFICATION OF CURRENT MIRRORS 
 
All practical current mirrors are plagued with non-idealities and all possible 

current mirror designs are for getting near ideal properties. The main sources 

of non-idealities in the current mirror characteristics include- 

1. Channel length modulation. 

2. Threshold voltage offset between input and output transistors. 

3. Imperfect Geometrical matching. 

Other sources of non-idealities are the environmental born. These sources 

such as temperature effects can be minimized but cannot be completely 

eliminated. All the techniques adopted for the design of current mirrors are 

directed towards getting near ideal current mirror structures. In this process, 

many circuit configurations for the current mirrors were proposed. 

Suitability of a particular current mirror depends on the type of applications. 

In those applications where the slow processing is required, use of high 

performing mirror is a waste. Though there is no formal classification of 

current mirrors, they can be classified depending upon their properties. 

Some of the current mirrors are named after their inventors such as Widlar 

current mirror, Wilson current mirror etc. In general, a current mirror can 

fall in any of the following categories- 

1. Simple current mirror 

2. Source degenerate current mirror 

3. High output impedance current mirror 

4. Wide swing current mirror 

5. Enhanced output impedance current mirror  

6. Low voltage current mirror 

 



Though all these practical current mirror structures do not possess ideal 

current mirror characteristics. Even then a current mirror may be found 

suitable for a certain application and one has to select an appropriate current 

mirror.  

3.3 CURRENT MIRROR STRUCTURES 
 

3.3.1 Simple Current Mirror 
 

Figure 3.2 shows the basic structure for a current mirror. In no-saturation 

region the MOSFET is not a good current source. Hence, it is assumed that 

both the transistors are in saturation region. 

 

 

Fig 3.2 Simple current mirror structure 
 

 The voltage across the output transistor M2 must be larger than Veff (=VGS -

VT). If the finite output impedance of the transistors are ignored, and it is 

assumed that both transistors have same size, then M1 and M2 will have 



same current since they both have same gate source voltage. In the most 

general case the current transfer function which is defined as the ratio of 

mirrored current (Iout) to the input current (Iin) is given by- 

1

1 2 2 2 2

2 1 1

1
1

GS T DS

GS T DS

Iout L W V V V K
Iin L W V V V K

λ
λ

− +⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡= ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢− +⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣

²
1

⎤
⎥⎦

    (1) 

Normally, the components of current mirror are processed on the same 

integrated circuit and all the physical parameters (VT, K’, etc) are identical 

for both M1 and M2. As a result, the previous equation simplifies to- 

1

1 2 2

2 1

1
1

DS

DS

Iout L W V
Iin L W V

λ
λ

+⎡ ⎤ ⎡= ⎢ ⎥ ⎢ +⎣ ⎦ ⎣
⎤
⎥⎦

      (2) 

If VDS2 = VDS1 , then the above equation further reduces to 

1

1 2

2

Iout L W
Iin L W

⎡ ⎤= ⎢⎣ ⎦⎥
         (3) 

Thus the current transfer ratio is under the control of a circuit designer. 

However the ideal conditions do not exist and there are three sources of non-

idealities in a current mirror. There is finite output impedance and the input 

impedance is also not zero. These parameters are given as  

Vin (min) = VDS (sat) + VT         (4) 

Vout (min) = VDS (sat)        (5) 

1

1
in

m
R

g
=           (6) 

2 2

1 1
out

O D
R

Qg Iλ
= =          (7) 

There is a tradeoff between output impedance (Rout) and output capacitance 

(Cout). Bigger size transistors achieve higher Rout, which is always desired for a 

current mirror. But there will be higher Cout associated bigger size 



transistors, which obviously degenerates the frequency response of a current 

mirror. 

The advantages offered by a simple current mirror include its simple 

architecture and high output voltage swing capabilities. However, these 

mirrors are generally plagued with low output impedance characteristics. 

This low output impedance may not be sufficient for many applications. 

Thus there is a need to investigate some other circuit structures for the 

current mirror applications. 

 

3.3.2 Source degenerate Current Mirror 

 

First proposed source degenerate current mirror was the Widlar current 

mirror. The source degeneration was used for increasing the output 

impedance of the simple mirror. The modified MOSFET version of the 

mirror is shown in Fig 3.3. For this circuit the output impedance is given by- 

Vin (min) = VDS (sat) + VT  + Iin Rs      (8) 

Vout (min) = VDS (sat) + Iout Rs       (9) 

1

1
in S

m
R R

g
≈ +          (10) 

2

2

s m
out

O

R gR
g

≈           (11) 



 

Fig. 3.3 Source degenerated current mirror 
 

3.3.3 High output impedance Current Mirror 

Various current mirrors like Cascode current mirror, Wilson current mirror, 

improved Wilson current mirror etc fall in this category. 

Cascode Current Mirror 

 

Using longer transistor is a good idea to achieve high output impedance but 

such a structure consumes more Silicon area, and does not have good 

transient response. Cascode structure is an alternative to obtain high output 

impedance and good transient response. A cascode current mirror structure 

is shown in Fig. 3.4 

 



 

Fig. 3.4 A Cascode current mirror structure 
 

If we look into the transistor M2, the output impedance is simply 1/go2. If we 

replace the transistor by an equivalent resistance of value equal to 1/go2, then 

the circuit resembles to a source degenerated current mirror. Thus, the 

structure can be expressed as- 

1 3

1 1
in

m m
R

g g
≈ +          (12) 

2

2 4

m
out

O o

gR
g g

≈          (13) 

The other parameter of interest in the design of a current mirror is the output 

and input compliance voltages, which should be as low as possible for a 

current mirror. For the cascode current mirror the output compliance voltage 

is given by- 

 



Vin (min) = 2VDS (sat) + 2VT        (14) 

Vout (min) = 2VDS (sat) + VT       (15) 

The advantages offered by such a structure is high output impedance, and 

relatively good transient response. However, such cascode structure 

possesses a low output voltage swing. There are several other improved 

versions of cascode current mirror, which require low output compliance 

voltage and have high output impedance. 

 

Wilson Current Mirror 

The output impedance of a current mirror can also be increased through 

negative feedback. The Wilson current mirror, shown in Fig. 3.5 implements 

this concept. The feedback is through M2, which activates M1 to raise the 

output impedance. 

 
 

Fig. 3.5 A Wilson Current Mirror 



 This circuit has the following parameters- 
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Vin (min) = 2VDS (sat) + 2VT        (18) 

Vout (min) = 2VDS (sat) + VT       (19) 

The merit of the circuit lies in its capability to provide high output 

impedance, due to the use of negative feedback mechanism. Since the 

cascode of two transistors have been used at the output port, the available 

output voltage swing reduces. 

Improved Wilson Current Mirror 

The Wilson mirror operates with larger dc value of VDS on M3 than on M2. 

For large threshold voltages this leads to drain current mismatch due to finite 

output resistance of the transistors. This can be overcome by adding M4. 

This transistor equalizes VDS on M2 and M3. The resultant circuit is shown 

in Fig. 3.6 



 

Fig. 3.6 Modified Wilson Mirror 
 

The various performance parameters are given as- 

1

1
2

in
m

R
g

≈           (20) 

2 3

2 1 3

m m
out

m o o

g gR
g g g

≈          (21) 

Vin (min) = 2VDS (sat) + 2VT        (22) 

Vout (min) = 2VDS (sat) + VT       (23) 

The improved Wilson mirror offers better match between Iin and Iout and 

high output impedance. The circuit has high output impedance butt the 

available output voltage swing is low. 

 

 



3.3.4 Wide Swing Current Mirror 

As newer technologies with shorter channel are emerging, reasonably high 

output impedance cannot be obtained through the short channel MOSFETs. 

Unfortunately the use of conventional cascode lengths are used, the output 

impedance of the transistor degrades due to channel length modification 

effects. As a result, conventional cascode current mirrors are used to have 

mirrors limit the output voltage swing, which may be tolerated in certain 

applications. Fortunately, circuits exist which don’t limit signal swing as 

much as the circuits discussed so far. One of such circuit is shown in Fig. 

3.7. The basic idea of current mirror is to bias the drain-source voltages of 

the transistors m2 and M3 to be close to the minimum possible value 

without letting them go into the triode regions.  

 

Fig. 3.7 Wide Swing Current Mirror structure 
 

 



Various parameters of this circuit are given by- 
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Vin (min) = 2VDS (sat) + 2VT        (26) 

Vout (min) = 2VDS (sat) + VT       (27) 

 

The circuit has the advantage of high output and input voltage than a 

conventional cascode current mirror. This current mirror also provides high 

output impedance. However, this circuit requires additional bias circuit and 

hence consumes more power. 

 

3.3.4 Enhanced Output Impedance Current Mirror 

 

This is another method to use the negative feedback to increase the output 

impedance of a current mirror. One of the circuit structures is shown in 

Fig.3.8.  



 

Fig.3.8Enhanced Output Impedance Current Mirror 
 

The various performance parameters of the circuit are given by- 
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Vin (min) = VDS (sat) + VT        (30) 

Vout (min) = 2VDS (sat)         (31) 

The input and output compliance voltages of this current mirror are similar 

to that of wide swing current mirror. It may be seen that the gain of the 

amplifier is proportional to the gain of the amplifier and hence it can be 

increased easily. The requirement of higher power supply voltage and larger 

power consumption are the main disadvantages of this circuit. Further the 



poles and zeroes of the feedback amplifier could cause the stability 

problems. 

 

3.3.5 Low Voltage Current Mirrors 

At the low voltage, the design of analog cells is different from the design 

that operates at higher voltage levels. All the current mirrors so far discussed 

have high signal swings at output node but the voltage swing at input node is 

restricted. This restriction is imposed due to need of having minimum 

voltage of at least one VT at the input node. Thus these current mirrors are 

unsuitable for embedding them in low voltage circuit structures. The aim of 

high performance low-voltage current mirrors is to reduce the input 

impedance and increase the output impedance with low input and output 

compliance voltages. Not all low voltage design techniques are suited for 

very high frequency LVCMs.  

 
3.4  CURRENT MIRROR SYMBOL 

There are a number of different current mirror circuits.  They have various 

advantages and disadvantages and can be used in particular application. 

Thus for architectural point of view it is often desirable to describe the 

circuit without showing which particular current mirror is used.  In such 

cases we have to use the symbol for a current mirror. These symbols are 

shown in Fig. 3.9 for both NMOS and PMOS type of current mirrors. The 

arrow is on the input side of the current mirror, which is low input 

impedance side. The arrow also designates the direction of current flow on 

the input side. The ratio 1:K represents the current gain of a current mirror. 



 
 

Fig. 3.9 Current mirror symbols (a) NMOS type Current Mirror (b) PMOS 

type Current Mirror 

 
 

3.6 EQUIVALENT CIRCUIT OF THE CURRENT MIRROR  

 

We generally do not care for the internal structure of the current mirror as 

long as we know its complete characteristics. Any current mirror realization, 

which can give desirable characteristics to the analog circuit structures, can 

be assumed. The only criterions of selection of a suitable current mirror are 

the characteristics can meet the specifications of a particular application and 

the simplicity of its architecture. Thus a current mirror can be viewed as 2-

port network and can be modeled using hybrid (h) parameters similar to the 

modeling of a transistor. The h parameters for the structure can be defined 

as- 
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        (32) 



Once these parameters can be extracted for the current mirror, they can be 

used to draw its equivalent circuit as shown in Fig. 3.10. The input circuit of 

the equivalent circuit contains a dependent voltage source while the output 

circuit contains a dependent current source. Thus the presence of these 

dependent sources complicates the analysis of the current mirror based 

circuits and the evaluation of such circuits becomes quiet difficult. Thus it is 

desirable to use some simple equivalent circuit of the current mirror. Such a 

circuit can facilitate hand calculations with reasonable accuracy. One such 

simple circuit that can serve as an equivalent circuit for the current mirror is 

shown in Fig. 3.11  

 

 

 
Fig. 3.10 Equivalent circuit of current mirror based on h-parameters. 

 

 

 

 

 



 

 
 

Fig. 3.11 Simplified equivalent circuit of a current mirror 

 

The input impedance of this circuit is assumed to be 1/gm while the output 

impedance is assumed to be go.  

Table 3 gives a comparison of characteristic parameters of various current 

mirrors. An appropriate current mirror can be selected for a particular 

application.  

 

 

 

 

 

 

 

 

 



 

 

Table 3: Table of Comparison Of various Current Mirrors: - 
 

CM Structure 
Input compliance 

voltage 
Output compliance 

voltage 
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Chapter 4- Current Comparators 
  

Widespread interest in "affordable-anywhere-anytime" wireless 

communication and computation has created a critical need for low-power 

low-voltage analog and digital integrated circuits.  Not only do we want our 

systems to run faster, but we also want them to run on little or no power. 

That means increasing the speed and performance of all the components in a 

system while staying within a restrictive power budget. The demand for 

higher bandwidth, smaller supply voltage and lower power consumption is 

also driven by the increasing complexity of electronic equipment.  To be 

able to integrate more functions and more complex functions on a single 

integrated circuit, the minimum feature size continues to reduce, forcing 

smaller supply voltages. However the threshold voltage does not scale down 

proportional to the supply voltage. This introduces many new challenges in 

designing low-power circuits that meet speed, accuracy, and noise 

requirements.   

Comparators are the second most widely used current mode components, 

after current mirrors. They have always been, and are still, an important 

building block in electronic systems including oscillators, data converters 

and other front-end signal processing applications.   A critical design aspect 

for comparators is good trade-off between sensitivity, speed, and power 

consumption.  Speed, in fact, can usually be increased at the expense of 

higher power consumption, while sensitivity requires high gain and hence 

low bias current, which leads to a slower time response.   

 

 



4.1 Voltage mode current comparator Vs Current mode comparator 

A voltage-mode comparator is a circuit that compares the instantaneous 

value of an input signal with a reference voltage and produces a logic output 

level depending on whether the input is larger or smaller than the reference 

level. However, for CMOS voltage-comparators, transistor mismatch is 

unavoidable causing threshold shifting.  Moreover, these circuits tend to be 

power-hungry, partly due to the difficulty in reducing the supply rails, and 

also the need for the use of a significant number of physical resistors.   

In contrast, current-mode comparators are more economical in terms of 

power consumption than their voltage-mode counterparts.  In its simplest 

form, a current comparator is a device which discriminates between two 

incident currents instead of two voltages. 

 

4.2 Basic CMOS current comparator 

 Fig. 4.1 shows the basic CMOS current comparator. Transistors M1, M2 

make up the n-type current mirror and M3 and M4 the p-type current mirror. 

The input current Iin and the output current Iref are replicated by the current 

mirrors at the drains of M2 and M4 are connected together to give the output 

Vout. The output voltage changes from high to low depending on the values 

of input current and output current.  



 
Fig 4.1 Basic CMOS current Comparator 

 

4.3 Current comparator with inverter output stages 

 

In order to obtain better circuit performance, basic current mirrors were 

replaced by cascode current mirrors. Moreover, to improve the noise margin 

and to obtain high sensitivity the gain of the current comparator should be 

high. Three CMOS inverter stages are added to the output stage to achieve 

full output voltage swing between 0 and 5. Fig. 4.2 shows the current mirror 

with cascode current mirrors as input stage and three inverters making the 

output stage.  



 
Fig. 4.2 Current comparator with inverter output stages 



Chapter 5- Simulations 

(I) The current-mode ADC 

 
For the current mode ADC, the algorithmic style of analog to digital 

conversion was selected because presently this style of conversion occupies 

the smallest amount of silicon area. The algorithmic ADC conversion 

technique takes the advantage of relatively simple hardware to produce 

ADC’s. The technique can be used to produce either a gray-code or a binary-

code output as is done in this research work.  A conceptual implementation 

of current-mode ADC is shown in Fig. 5.1.  

 

 
Fig. 5.1 A bit cell that implements a 1-b algorithmic conversion 



The circuit performs a 1-b algorithmic analog-to-digital conversion in the 

following manner. The input current Iin is first multiplied by 2 using the 

current mirror composed of M1, M2 and M3. Following the multiplication, 

the signal 2Iin is mirrored from M4 through M5 to the comparator and 

through M6 to the output. The comparator is used to compare 2Iin (from M5) 

with Iref, the reference current (from M7). If 2Iin is less than Iref, the digital 

output goes low and M9 remains off resulting in an out put current of 2Iin  

(from M6). On the other hand if 2Iin exceeds Iref, the digital output will be 

high causing M9 to be on. With M9 on, Iref (from M8) will be subtracted 

from 2Iin (from M6) resulting in an output current of 2Iin- Iref. This 

completes the 1-b algorithmic conversion. 

To complete the N-bit conversion, N bit cells are cascaded with the analog 

output of one call connected to the analog input of the following cell as 

illustrated in Fig. 5.2. Transistor M10 is shared by all bit cells. The resulting 

sequence of bit cell does not require control signals. Therefore this 

configuration will result in a very compact circuit that can be easily 

modified for different solutions. 



 
Fig. 5.2 Cascade of bit cell for an N-bit converter. 

 

The converter speed is determined by the rate at which the signal propagates 

through the cascade of bit cells. Within each bit cell, the rate of signal 

propagation is determined by the settling time of the current mirrors, which 

can be improved by shorter channel length devices. 

 

The current-mode algorithmic ADC with its relatively few components, 

lack of control circuitry, and easily varied resolution, will be small, 

versatile, and fast. Consequently, this circuit will be ideal for use in the 

VLSI environment. 

 

 

 

 



 

(II) Design of Current-Mode ADCs 
The algorithmic current-mode ADC is composed of current comparators and 

current mirrors. Due to the need for N comparators, 2N current mirrors for 

an N-bit ADC, these components should be made as small as possible 

without sacrificing the accuracy of the overall converter. 

An appropriate current comparator can be implemented using the inverter 

cascade as shown in Fig. 5.3. 

 
Fig. 5.3 Basic Current Comparator 

Although a comparator of this type will display a low PSSR when used as a 

voltage comparator, this problem not significant when the circuit is used as a 

comparator. Further, this problem can be solved by using other more 

versatile current comparators as discussed in chapter 4. The first inverter in 

the basic current comparator operates as an integrating current-to-voltage 

converter and hence effectively filters out the power supply noise. At the 

same time, the integrating nature of the comparator ensures that there is no 

inherent dc offset in the comparator. Consequently, the inverter cascade 



provides a simple, small, and effective current-to-voltage 

converter/comparator. 

Current mirrors suitable for use in the algorithmic current-mode ADC must 

display excellent current matching. To achieve the best possible current 

matching, the devices must display both a high output resistance and good 

device matching characteristics. To improve the device output resistance, 

long channel length devices must be used. To improve the device matching, 

both the channel length and the channel width must be significantly larger 

than the minimum feature size permitted by the technology. Consequently, 

to achieve good accuracy in ADC, the use of larger devices in the current 

mirrors is essential. 

Although increasing the device size reduces the device mismatches, the 

mismatches cannot be eliminated completely. Hence, even if a sufficiently 

high output resistance can be obtained, the device mismatches will limit the 

converter accuracy. These mismatches lead to the current error defined as- 
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where IIN is the mirror input current, Iout is the mirror output current, ∆I is the 

difference between the input and output current.  

Although the device mismatches will theoretically limit the converter 

resolution to the 8-b range, in practice, it is found that the primary source of 

error in the circuit of Fig. 5.1 is the subtraction operation at the bit cell 

output. The most significant error for the converter will occur at 10….00 to 

10….01 transition, which corresponds to an input slightly larger than half 

the full scale input. In that case the output of the first section will be very 

small (i.e. I out= 2IIN-Iref), causing the voltage at the output to be pulled down 

to the threshold voltage of the n-channel device present in the input stage of 



the following bit cell. The low output voltage causes the reference mirroring 

device M8 in Fig. 5.1 to come out of saturation, resulting in a significant 

current error. This error is then amplified in successive stages of the 

converter leading to conversion errors and possibly missed codes. 

To solve the subtraction problem, the bit cell input voltage, even for 

extremely low currents, must be kept as high as possible while still 

maintaining the highest possible output resistance for each current mirror. 

Both objectives can be met using Cascoded current mirrors as shown in 

Fig. 5.4 

 
Fig. 5.4 Schematic of the bit cell using Cascoded mirrors 



By selecting an appropriate bias point (Vbias) for the reference current mirror, 

one can ensure that both transistors M8a and M8b remain in saturation even 

when the analog output goes as low as 2VT, thereby ensuring that the 

reference mirror’s high output resistance is maintained at all times. Another 

advantage of the cascoded mirror is their significantly increased output 

resistance which arises from the buffering action provided by the devices in 

Fig. 5.4 which isolate b devices from differences between the input and 

output voltages. 

Unfortunately, the use of cascoded current mirrors significantly reduce the 

dynamic range and hence the resolution of the ADC Although current errors 

due to the device finite output resistance are reduced by using the cascoded 

current mirrors, the mirrors still display a current error due to device 

mismatches. Like the basic current mirrors, the cascoded current mirrors will 

display a relative current error equal to the magnitude of the β mismatches. 

These mismatches limit the cascoded current mirror ADC resolution to 8 b. 

For VT mismatches, the cascoded current mirrors display a significantly 

large error.  

To achieve greater resolutions, a current mirror that does not suffer from VT 

mismatches or the device finite output resistance can be used. The effects of 

VT mismatches can be reduced by operating the mirroring transistors with 

the highest possible gate voltage. Simultaneously, the drain-to-source 

voltage of the mirroring devices must be buffered from the differences 

between the mirror input and output voltages. 

One approach to buffering the mirror drain-to-source voltage without 

restricting the device gate voltage is to replace the basic current mirror 

shown in Fig. 5.5(a) with the active current mirror shown in Fig. 5.5(b). 



 

 
Fig. 5.5 Current mirror structures and their small-signal models. (a) The 

basic current mirror and its small-signal model. (b) The active current mirror 

and its small-signal model. 

 

The active current mirror is a simplified current conveyor and its primary 

advantage is that its input voltage can be fixed independent of the mirroring 

device gate voltage. By keeping the mirror output and input terminals at the 



same potential, the detrimental effects of the device finite output resistance 

will be eliminated. 

The active current mirror reduces current mismatches due to the device finite 

output resistance, not by increasing the output resistance itself, but by 

reducing the mirror input resistance. Consider the circuit of fig. 5.5(a). The 

output current source of M1 drives the parallel combination of ro, the device 

output resistance, and the mirror’s effective input resistance, 1/gm, causing 

current division to occur. Thus, the current mirror input current, Iin2, can be 

represented as- 

gmr
r

i
i

o

o

o

in

/11

2

+
=  

 where io1, is the output current of the input current source M1. Therefore to 

obtain a current transfer ratio closer to unity, either ro must be increased or 

1/gm must be decreased. When the current mirror in Fig. 5.5(a) is replaced 

by the active current mirror in Fig. 5.5(b) the small signal model of the 

current mirror changes, resulting in the following current transfer function- 
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where A is the amplifier gain. The current mirror effective input resistance is 

reduced by a factor equal to the amplifier gain. Therefore the active current 

mirror reduces current mismatches by reducing the current mirror input 

resistance.  

The amplifier used in the active current mirror is shown in Fig. 5.6. The 

circuit consists of a differential pair to provide the necessary gain and 

compensation network to ensure circuit stability. 



 
Fig. 5.6 Schematic of the amplifier used for active current mirror 

 

A bit cell designed using the active current mirror is illustrated in Fig. 

5.7.For proper operation, both active mirrors should be biased at the same 

potential and this potential should be equal to the comparator threshold 

voltage. Such a biasing arrangement ensures that the input and output 

devices for each current mirror will have the same drain-to-source potential. 

Ideally, for matched n- and p- channel devices, the bias point should be 

midway between the two supplies ( +VDD/2) allowing gate voltages as high 

as VDD/2 =|VT| to be used. Hence the active current mirror’s maximum gate 

voltage VDD/2 =|VT|, will be higher than was allowed for the basic current 

mirror, which was VDD/2 +|VT|/2, by |VT|/2. Therefore, the effect of the 



devices’ finite ro is minimized without restricting the mirror’s dynamic 

range. 

 
Fig. 5.7 Bit Cell for a current-mode ADC using active current mirrors. 

 

Along with improved performance, the active current mirrors simplify the 

ADC operation. Previously, the voltage at the circuit input was dependent on 

the current level and, as a result, a very high resistance current source was 

required to drive the input if accurate conversions were desired. By using 

active current mirrors, both the signal input and the reference input terminals 

have almost zero input resistance, and relatively low resistance current 

sources can be used to drive the ADC without reducing the converter 

accuracy.  

 

 



Chapter 6: Simulation Results 

 
Four different 1-b ADC circuits have been designed. The first circuit uses 

the basic current mirror and the basic current comparator. The second 

circuit uses a cascoded current mirror and the basic current comparator to 

implement a bit cell. The circuit uses the cascoded current mirror along 

with the current comparator with inverter output. The fourth circuit uses 

an active current mirror with a basic current comparator at the output.  

Before testing the ADC, the performance of the current mirrors itself was 

assessed.  



 
 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



Chapter 7: Conclusion 
The performance of current-mode algorithmic ADCs has been shown to 

be dependent on the type of current-mirror used in the design. When a 

basic current mirror is used, relatively small circuits can be made. 

Unfortunately, inaccuracies in the subtraction operation limit converters 

of this type to low resolutions. Cascode mirror will eliminate the 

subtraction problem and their higher output resistance allows shorter 

channel length devices to be used, thereby providing higher operating 

speeds as well. Unfortunately, the cascode mirror’s limited dynamic 

range will not allow one to take full advantage of the device matching 

accuracy. The active current mirrors have a dynamic range comparable to 

that of the basic current mirror and yet do not suffer from the effects of 

the device’s finite ro. Hence, the active current mirror can be used to 

achieve resolutions comparable to that of the device mismatches. The 

active current mirror’s only significant drawback is its higher power 

consumption. Consequently, the basic current mirror and the cascode 

mirror configurations are better suited for low-power, low resolution 

converters, while the active current mirror configurations are better suited 

for higher resolution, higher speed converters.   
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