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Abstract 

At low voltage, the input common mode voltage of 

Operational amplifier is limited which restricts its use as a 

buffer. The paper deals with designing a rail to rail 

amplifier. The paper presents a 1V rail to rail operational 

amplifier that can be used as a unity gain buffer in the 

sample and hold circuit for 1V 10 bit 1Msps pipeline ADC 

in 0.18μm technology. The Operational amplifier is 

designed using dynamic level shifting technique which 

uses an additional input CM adapter circuit for fixing the 

input common mode voltage. Novelty in the input CM 

adapter circuit and a low value of gm fluctuation (+_0.3%) 

has been achieved. The operational amplifier is 

implemented in standard CMOS technology. 

 

Keywords: Rail to Rail, amplifier ADC. 

 

1. Introduction 

In this era of System on Chip Design, the analog subblocks 

need to be integrated with the digital subsystems which 

impose challenges in the design of analog circuits in a 

typical digital CMOS process. Also, the low power 

consumption requirements of digital subsystem demand the 

analog circuits to be designed at low voltages. There are 

several other reasons for designing the analog circuits at 

low voltages which are listed below[1]:  

 

1) As the channel length is shrinking, the density of 

components is increasing on a single chip but silicon chip 

can only dissipate a limited amount of power per unit area. 

To overcome this, power per 

function in the chip has to be down so the supply voltage 

has to be reduced in order to prevent overheating. 

2) The Gate oxide thickness has become several 

nanometres thick due to channel length downscaling so, in 

order to ensure device reliability the supply voltage has to 

be reduced. 

3) In order to have a longer battery life in a 

battery operated system, both the supply power and the 

supply voltage has to go down. 

 

2. Rail to Rail operational amplifier Design Techniques 

There are different design techniques available in the 

literature for performing rail to rail operation. One 

outweighs the other in terms of their performance. These 

techniques are as follows: 

1) Complementary pair 

2) Double n or p pair 

3) Bulk driven Transistors (Back Gate Transistors) 

5) Low Threshold (Vt) Transistors 

6) On chip voltage Multiplication 

 

2. A. Complementary pair 

This is the most conventional design technique used for 

achieving rail to rail input/ output swing. In this, a p 

channel differential pair is placed in parallel with the n 

channel differential pair so that it works for the whole 

input common mode voltage range (i.e., from GND to 

VDD) as shown in Fig1 but the gm vary as input common 

mode vary near the middle of the supply due to the 

overlapping of their transition regions where both n and p 

channel differential pairs works simultaneously as shown 

in Fig2[1]. 

 
 

Figure 1-Complementary pair showing the overlapped 

transition region 
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Figure 2-Variation of gm as the input common mode 

voltage is varied 

There are certain disadvantages of using complementary 

pair which are as follows: 

1) The complementary pair suffers from the problem of 

matching between the mobility of electrons (majority 

carriers in nMOS transistors) and holes (majority carriers 

in pMOS transistors). Generally, the mobility of electrons 

is 2-3 times the mobility of holes so (W/L) of p channel 

differential pair has to increase to make their β’s equal 

which increases the input capacitance. The expressions for 

βn and βp can be written as: 

                  βn = μn Cox (W/L)n 

                  βp = μp Cox (W/L)p 

2) In order to obtain constant transconductance, the gm of 

the n channel differential pair must precisely match with 

that of p channel differential pair which is difficult to 

realize in a given process variation in standard CMOS 

technology. 

3) A common drawback in all the complementary schemes 

available in the literature is the signal dependent input 

referred offset voltage. Usually, n or p pairs have different 

offsets due to random process variations so effective input 

referred offset depends upon whether n or p differential 

pair is active. This offset introduces large distortions. 

4) The total gm fluctuation using complementary pair 

varies between +_ 1.5% - +_ 10% which degrades the ac 

performance. 

5) Complex circuitry is required to obtain constant gm 

when both n and p channel differential pair works 

simultaneously. 

2. B. Double n or p pair: 

This technique also has its own merits and demerits: 

1) This technique does not require strict matching of the 

input devices and hence no compensation is needed for the 

difference in the mobility of electrons and holes. 

2) Overall gm fluctuation as low as +_ 0.5% can be 

achieved using this technique. 

3) This technique is valid for any gm versus Id 

characteristics of the amplifier input transistors and hence 

is compatible with the modern sub micrometer CMOS 

devices in which the voltage to-current square law in the 

saturation region is not completely satisfied. 

4) It requires strict matching between the amplification 

transistors and the input level sensing transistors in the 

feed forward cancelling stage to exactly cancel the effect 

of gm variation when both n channel identical pairs works. 

5) Additional biasing circuitry and complex circuits are 

required to counteract with the gm variation when the input 

common mode voltage vary near the middle of the supply 

voltages which increases the power consumption of the 

amplifier[2]. 

2. C. Bulk Driven Transistors 

Bulk driven Transistors have the following properties[3]: 

1) Bulk driven input transistors have big input 

capacitances. 

2) Bulk driven input transistors have lower 

transconductance as compared to that of gate driven. The 

transconductance of bulk driven transistors are generally 4-

5 times less than that of gate driven in standard CMOS. 

The reduction of input transconductance along with the 

increase in the input capacitance leads to decrease in ft 

(transition frequency) which limits the maximum 

achievable frequency of the circuit using these devices. 

3) Input referred noise in these transistors is increased due 

to the reduction of the intrinsic gain of the bulk driven 

transistors. 

4) The physical implementation of bulk-driven MOS 

transistors includes a parasitic bipolar junction transistors 

but that does not lead to latch up provided that the value of 

the forward current through the bulk terminal is maintained 

at a low level and the layout of the circuit is carefully 

drawn. 

5) Bulk driven transistors give bad ac performance due to 

lower transconductance and big input capacitance. 

6) This technique can’t be used where both n and p 

transistors are required to be bulk driven for a given 

process that is for an n – well process there is only a p bulk 

driven mosfets are available[1]. 

2. D.Low Vt Transistors 

Low Vt Transistors are used where the high speed with low 

power consumption is one of the design requirement. In 

this, the transistors in the critical path from input to output 

terminals in a given circuit configuration have low 

threshold voltage while others have threshold voltage 

according to the technology used. Therefore, the transistors 

in the critical path have more overdrive than other 

transistors in the given circuit which implies greater speed 

can be achieved while having low power consumption but 

this technique is not robust with the technology 

downscaling as it causes serious problems due to the 

leakage current its cost of implementation is also very 

high[1] 
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2. E. On Chip Voltage Multiplier 

At low supply voltage a problem of dead zone as shown in 

Fig 3. Occurs where the input differential pair(s) is (are) 

not working. This problem can be overcome by supplying 

some multiplied version of the input signal to the input 

differential pair(s) through on chip voltage multipliers but 

this technique is not robust in terms of technology 

downscaling and hence is usually avoided. 

 
Figure 3-shows problem of dead zone in 

complementary pair at low voltages 

 

3. Operational Amplifier Design 

& Implementation 

 

The proposed technique uses an extra input common mode 

(CM) adapter circuit placed before the actual amplifier 

having a limited input common mode voltage & 

implemented using single differential pair. The task of this 

extra circuit is to dynamically shift the input common 

mode voltage to a fixed voltage which lies well inside the 

input common mode voltage range of the actual amplifier 

without affecting or attenuating the input differential 

voltage signal so that differential action of the actual 

amplifier remains unaffected. The Input CM adapter circuit 

consists of a feedback amplifier which is responsible for 

fixing the input common mode voltage to a fixed reference 

voltage Vref through the action of negative feedback 

without affecting the input differential signal. The design 

of complete Operational amplifier is divided into two 

parts: 

1) Input CM Adapter Circuit Design 

2) Two Stage pMOS Folded Cascode Amplifier Design 

 

3. A. Input CM Adapter Design 

3. A. 1 Conceptual Design 

The conceptual circuit schematic of input CM adapter is 

shown in Fig 4. It basically consists of a feedback 

amplifier, voltage controlled current sources and resistors 

connected in a feedback loop for sensing the input 

common mode voltage and fixing it to a reference voltage 

Vref[4]. 

 

 
Figure 4-Conceptual circuit schematic for illustrating 

the operating principle of proposed input CM adapter  

In Fig 4, Vi+ and Vi- are the input voltage signals whose 

input common mode voltages vary rail to rail. Vip+ and 

Vip- are the corresponding CM adapter output voltage 

signals shifted by an equal amount –I*R which are also the 

negative input and output voltage signals of the feedback 

loop in CM adapter circuit. The value of current source I is 

controlled by the voltage Vx of a feedback amplifier. The 

CM adapter output common mode (Vip,cm)and 

differential mode voltage(Vip,dm) can then be expressed 

in terms of input common mode(Vi,cm) and differential 

mode(Vi,dm) voltage as: 

 

For Vip,cm: 

Vip,cm =Vref +Vi,cmGm*2*A*R   (1) 

 

For Vip,dm: 

Vip,dm = Vi,dm     (2) 

 

Equation (1) gives the direct relationship between the input 

and output common mode signal. Therefore, the CM 

adapter output common mode voltage is approximately 

equal to the reference voltage and it is attenuated by the 

open loop gain while the output and input DM component 

remains equal. Here the advantage of negative feedback is 

that it attenuates only the input common mode voltage 

while input DM voltage remains unchanged under perfect 

matching conditions 

Working of Feedback Loop: 

Initially, as the input common mode voltage (Vi,cm) 

increases above Vref, the voltage Vip,cm also increases 

which is then applied to feedback amplifier having open 

loop gain A. The output voltage of feedback amplifier Vx 

thus decreases thereby increasing the current through the 

resistors which finally decreases the output voltage. 

Therefore the negative feedback action nullifies the effect 
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of any variation in input common mode voltage and causes 

the output common mode voltage to be approximately to 

be equal to the fixed reference voltage Vref. But for Vi,cm 

less than Vref no current flow in the resistors and the 

feedback loop is opened. 

3. A. 2Transistor Level Implementation 

The Transistor level implementation of conceptual design 

uses a pseudo differential structure using transistors from 

M1-M6 along with the bias current sources M7-M8 for the 

implementation of the feedback amplifier as shown in 

Fig.5. The output of the feedback amplifier controls the 

current sources implemented using transistors M10 – M13 

M14 has been included to make the drain voltage of M15-

M12 and M15-M13 equal which minimizes the error due 

to finite output resistance. As the pMOS input differential 

pair is used, a low value of Vref (≈ 0.2 V) must be chosen. 

For Vi,cm greater than Vref, the Vip,cm is fixed to a Vref 

but when the input common mode voltage falls below Vref 

no current flow in the feedback loop because the 

dependent current sources M10-M13 are off due to 

insufficient gate drive so the feedback loop is opened and 

Vip,cm will exactly follow Vi,cm. For Vi,cm less than 

Vref, the current must flow through the resistors from 

Vip,cm to Vi,cm to close the feedback loop so that Vip,cm 

should remain tied to Vref for the whole input common 

mode range. The Circuit which implements this is 

proposed in the next sub section. 

 

 
Figure 5-Transistor Level Implementation of Input 

CMAdapter Circuit 

Following are the equations used for designing Input CM 

Adapter Circuit: 

             A=gm.rout 

             po=(1rout*CL) 

            V5=A*Vref-Vip++ Vip- 

             I=-Gm*V5 

            Vip=Vi-(I*R) 

            Vip,cm =Vref + Vi,cmGm*2*A*R 

            Vip,dm = Vi,dm 

3. A.3 Proposed Circuit for Rail to Rail Operation 

The proposed circuit for getting rail to rail operation using 

input CM adapter circuit is shown in Fig.6. In this, two 

pairs of extra transistors ML1-ML2 and ML3-ML4 are 

used to make the current flow through the resistors to close 

the feedback loop. The idea behind this is to make 

transistor ML1-ML4 work only when the voltage 

dependent current source transistors M10-M13 are off. 

 

Figure 6- Proposed Circuit for rail to rail operation 

When the input common mode voltage is lower than Vref, 

then the current sources are off because V5 and V7 are 

sufficiently high and low respectively but these are utilized 

to turn on ML1-ML2 and ML3-ML4 respectively at the 

same time. As soon as the input common mode voltage 

exceed Vref, the voltage V5 and V7 become low and high 

enough to turn on M10-M13 transistors and turn off the 

transistor ML1-ML4. Therefore, the circuit works in its 

usual manner for Vi,cm greater than Vref and extra 

transistor pairs come into action when Vi,cm becomes 

lower than Vref. The Transistor ML1- ML2 pair is 

designed to provide a low resistance path to ground. The 

resistors used in the earlier circuit is modified and divided 

into two unequal half. A sufficiently high value of resistor 

R1, R2 is selected in order to avoid the current flow into 

the input node and a low value of resistors R3-R4 is used. 

In this way, the output voltage is fixed to Vref for the 

whole common mode range.                                         

 3. A.4 Loop Stability-The Input CM adapter circuit 

consists of a negative feedback loop so its stability must be 

ensured for reliability of the circuit. 

4. Simulation Results 

The complete circuit has been simulated using 0.18µm 

BSIM 3v3.1 Model parameters in 0.18µm technology. In 
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the frequency response curve, the dashed line shows the 

phase curve while the solid line represents gain of the 

amplifier. 

4.1 Input CM Adapter Basic Parameters 

Parameters Notation 

Used 

Units Value 

Reference Voltage Vref V 0.2 

Input Signal Vi+, Vi- V 0 – 1 

OutputSignal Vip+, Vip- V 0.195-

0.209 

Resistors R1, R2 kΩ 15 

Load Capacitor CL pF 1.2 

Table 1: Input CM Adapter basic parameters 

4.2 Complete Operational Amplifier 

Parameters Notation 

Used  

Units  Value  

Process ----- µm 0.18 

Supply Voltage Vdd V 1 

Gain Ao dB 93.567 

Slew Rate SR V/µs 8.946 

Phase Margin PM degrees 61.396º 

Unity Gain 

Bandwidth 

UGB MHz 14.9445 

Common  Mode 

Rejection Ratio 

CMRR dB 139.8 

Power Supply 

Rejection Ratio 

PSRR dB 

 

85.32 

Input Common 

Mode Range 

ICMR V 0-

1 

Output Common 

Mode Range 

OCMR V 0.046-0.95 

Power 

Dissipation 

PD µW 175.01 

Table 2: Specifications of Complete rail to rail 

Operational amplifier 

Figure 6 shows the dc characteristics of the Input CM 

adapter circuit. It shows that the output of CM adapter 

circuit is fixed to a reference voltage for input that varies 

from rail to rail. A little deviation of the output from a 

fixed reference voltage occurs due to the channel length 

modulation but that doesn’t create problem as long as this 

variation is under the input common mode range of the p 

channel input differential pair. 

 

 

Figure 6 DC Characteristics of Input CM Adapter 

circuit 

Figure 7 shows that the input and output DM of 

CM Adapter circuit are approximately equal. So, 

this implies that the negative feedback in the CM 

adapter circuit affects only the common mode part 

of the input signal and differential mode 

component remains unaffected. 

 

Fig.7 Input and Output DM component of Input CM 

Adapter circuit 

Fig.8 shows the frequency response curve of the complete 

rail to rail amplifier. Gain of 93.56dB with a unity gain 

bandwidth of 14.944 MHz is achieved. The Phase Margin 

is 61.396º for a load capacitor of 4pF and a compensation 

capacitor of 0.8pF. 
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Fig8 Frequency response of rail to rail Op-amp 

Fig.9 gives the improved common mode range after using 

the Input CM Adapter circuit. The input common mode 

range varies from rail to rail. The tail current fluctuation as 

low as +_0.245% is achieved due to accurate action of 

negative feedback employed in Input CM adapter circuit 

 

Figure 9-Input common mode range of rail to rail Op-

amp 

Fig.10& 11 shows the transient response of the the 

complete rail to rail Operational amplifier connected in 

unity gain configuration. A sinusoidal response of the unity 

gain buffer is shown in Fig.11 for 0.84 Vpp. 

 

Fig.10 Transient response of a rail to rail Op-amp 

connected in unity gain configuration 

 

Fig.11 Transient response of a rail to rail Op-amp 

connected in unity gain configuration for sinusoidal 

signal of 0.84 Vpp 

5. Conclusion 

The paper deals with designing a rail to rail amplifier. The 

paper presents a 1V rail to rail operational amplifier that 

can be used as a unity gain buffer in the sample and hold 

circuit for 1V 10 bit 1Msps pipeline ADC in 0.18μm 

technology. A low voltage rail to rail Operational amplifier 

using the single differential pair employing the dynamic 

level shifting technique has been designed in 0.18µm 

technology. The amplifier resolves the problems which 

occur at low voltages by providing rail to rail swing at the 

input. 

The Operational amplifier can be designed to achieve high 

speed by employing extra bias circuitry for high slew rate. 
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