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Abstract 

This paper describes a simplified design method for fully differential folded cascode amplifier using Potential Distribution 

Method (PDM). Designers often spend more time in designing op-amps analytically, and then realize that the simulated circuits 

do not match analytical expectations. This complexity is due to modeling of short channel MOS devices using long channel 

equations. Finally, a design method is adopted to realize the op-amp with the help of a simulator. Proposed Potential Distribution 

Method is a design methodology based on actual behavior of the devices and it is free from any analytical expression. PDM is 

based on simulator results obtained with pre-defined bias conditions. Based on the performance parameters like unity gain 

bandwidth, slew rate, phase margin etc., the current and voltage distribution at different nodes is presented and using these 

dependencies the target specifications for an op-amp can be achieved with shorter design time. This method guarantees that all 

transistors operate at saturation region. This technique is independent of the process technology and device length. Thus a simple 

method to determine the aspect ratio. 
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

A novel approach to analog designs is introduced in this paper. PDM technique simplifies the complexity involved in 

determining aspect ratio of transistors especially in amplifiers. Amplifier block is the heart of analog and mixed signal circuits. 

Traditionally, pen and paper using some model whose equations had to be manipulated with hand calculations like SPICE level 1 

were the mode of designing then the results will be verified using the simulator which is based on BSIM models. Most of the 

time the designer would notice matching simulation results with analytical expectations. With transistors not being in saturation. 

For it to be in saturation it was then achieved by adjusting device dimensions. These attempts made to bring all transistors in 

saturation and to achieve the target specifications was tedious. This major difference between simulation results and analytical 

expectations is due to modeling the short channel devices using long channel equations. In this work design of a differential gain 

boosted folded cascode amplifier using PDM is presented. PDM is a simple methodology which does not require any complex 

mathematical equations. The main advantage of the method is being applicable for long channel devices as well as short channel 

devices. And here rather than relying on hand calculations using long channel equations, PDM uses the simulator to calculate the 

device dimensions at the predefined biasing based on saturation condition. Thus, novoice designers also can design op-amps with 

reasonably good performance and within a short period of time. This method is independent of power supply (VDD) and 

technology. It simply uses the SPICE simulator for designing any block satisfying the design specifications. Designer often finds 

it difficult to keep all transistors in saturation. PDM eliminates this problem as it forces all the transistors to be in saturation. 

In the following sections a brief discussion on principles used in PDM is presented and we illustrate how PDM can be 

employed to design a folded cascode op-amp.  

II. PRINCIPLES OF PDM 

 Assigning Initial Bias: 

The current flowing through each transistor is determined based on slew rate criteria and power dissipation. Care is taken that the 

total current does not cross the maximum power dissipation condition and the tail current does not go below the slew rate 

requirement. Therefore node voltage distribution is performed across the drain source path of the transistor device. Basically, this 

process of assigning node voltage is started from output part of the circuit. Once the drain source voltages are assigned, the 

threshold voltages of each transistor are noted. For convenience even a plot of body bias versus threshold voltage can be pre-

generated. Now gate voltages will be allocated to establish around 5% of VDD as overdrive. It can be now checked if each 

transistors are operating in saturation. If no, then nodes voltages are slightly adjusted, threshold voltages are recomputed and gate 

voltages are adjusted accordingly. Once the initial bias conditions are set with all transistors in saturation, transistor sizing is 

begun. 
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 Transistor sizing: 

The length of the transistors can be choosen based on the technology and can be kept fixed and the widths are found which 

establishes the necessary current at the predefined conditions. The simulator is been used to plot the current through the transitor 

device against the width at the decided terminal potentials. An example of this type of transistor sizing is shown in figure 1. In 

this example, supply voltage is assumed to be VDD = 1.8 V. And accordingly the width which establishes the necessary current is 

selected. After all the devices have been sized the entire circuit has to be checked for DC operating point. And it can be seen the 

predefined bias conditions are established with all transistors in saturation. 

 
Fig. 1: Transistor sizing at predefined bias conditions 

Once the transistor sizing is completed, the response of the amplifier is checked. PDM provides fine tuning the response of the 

circuit through several means. In this work, the voltage and current distribution for achieving moderate/tradeoff performance 

from a folded cascode amplifier is used from [6]. 

III. DESIGN OF A FULLY DIFFERENTIAL FOLDED CASCODE AMPLIFIER 

 
Fig. 2: Schematic of folded cascode OTA with CMFB circuit 

Table – 1 

Current Deciding Constraints 

Power dissipation (Pdiss) ≤ 200 𝜇𝑊 

Slew Rate (SR) ≥150 v/𝜇𝑠 

Load Capacitance (CL) = 100 fF 

Supply (VDD) = 1.8 V 

A folded cascode amplifier designed with NMOS differential pair is presented in Figure 2 with nodes labeled A, B, C so on. 

Considering the ideas and guidelines given in reference [6] the amplifier is designed with 180nm CMOS process with power 

suppy (VDD) =1.8 V and VSS/GND = 0 V. we have considered the Length of the transistors as 500 nm and a detailed design step 

is given below. 

 Initial Bias Conditions 

 Current Distribution: The maximum total current that can be drawn from the supply as per power dissipation constraint is 

given by: 

𝐼𝑇𝑜𝑡𝑎𝑙,𝑚𝑎𝑥= 
Max.  Power Dissipation (𝑃𝑑𝑖𝑠𝑠,𝑚𝑎𝑥)

Supply Voltage (VDD)
  (1) 
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The current carried by the tail transistor M3 if represented by 𝐼𝑇𝑎𝑖𝑙  it is assumed that transistors M4 and M5 carry 1.5ITail. This 

guarantees that the amplifier will not slew when either of the differential pair transistors remain off [7]. In reference to Figure 2 

the total current consumed by the circuitry can be written as 

𝐼𝑇𝑜𝑡𝑎𝑙 =  𝐼(𝑀4) + 𝐼(𝑀5) + 𝐼(𝑀12) + 𝐼(𝑀13)           (2) 

𝐼𝑇𝑜𝑡𝑎𝑙 = 3𝐼𝑇𝑎𝑖𝑙 + 2𝐼𝐶𝑀𝐹𝐵                                  (3) 

From Combining (1) and (3), maximum 𝐼𝑇𝑎𝑖𝑙   can be represented in terms of maximum power dissipation as 

𝐼𝑇𝑎𝑖𝑙 ≤
1

3
(

𝑃𝑑𝑖𝑠𝑠,𝑚𝑎𝑥

𝑉𝐷𝐷
− 2𝐼𝐶𝑀𝐹𝐵)                              (4) 

If  the load capacitance is denoted by CL then the minimum tail current necessary to meet the slew rate requirement is given by 

𝐼𝑇𝑎𝑖𝑙 ≥Slew Rate (SR) × Load Capacitance (CL)  (5) 

 

The range of the tail current obtained From Combining (4) and (5) is expressed as 

SR× 𝐶𝐿 ≤ 𝐼𝑇𝑎𝑖𝑙 ≤
1

3
(

𝑃𝑑𝑖𝑠𝑠,𝑚𝑎𝑥

𝑉𝐷𝐷
− 2𝐼𝐶𝑀𝐹𝐵)           (6) 

Now, for getting a CMFB loop gain of around 2, it is assumed that transistors M12 and M13 carries only half the current 

through M4 or M5 [7]. Thus the modified equation of Equation (6) is  

SR× 𝐶𝐿 ≤ 𝐼𝑇𝑎𝑖𝑙 ≤
1

4.5
(

𝑃𝑑𝑖𝑠𝑠,𝑚𝑎𝑥

𝑉𝐷𝐷
)            (7) 

Assuming the power and speed specifications given inTable I, the limits of 𝐼𝑇𝑎𝑖𝑙become 

15𝜇𝐴 ≤ 𝐼𝑇𝑎𝑖𝑙 ≤ 24.69 𝜇𝐴                (8) 

Providing suitable margin on both sides, 𝐼𝑇𝑎𝑖𝑙= 20 𝜇𝐴 has been selected. Now the remaining currents is easily determined using 

above equations and referring to figure 2. 

 Voltage Distribution:  

First, the nodes with fixed potentials are identified. An assumption has to be made that the input and output nodes are fixed at a 

common mode level of VDD/2 = 0.9 V. 

All potentials presented here are DC voltages. 

𝑉𝑖𝑛 =  𝑉𝑜𝑢𝑡 = 0.9 V                                     (9) 

Now, voltage distribution as given in [6] is performed. 

VA= mean(VDD, Vout) =
1.8+0.9

2
= 1.35 V         (10) 

VB= mean(Vout, GND) =  
0.9+0

2
 = 0.45 V         (11) 

Vin − Vc ≈ VTH(M1) + 0.05VDD ; for VSB(M1) =  VC 

VC ≈ 0.35V                                                (12) 

For the folded cascode op-amp shown in figure 2, it is observed that if the potential at node C (VC) is found using the same 

principle as (VA) and (VB), then differential pair enters sub-threshold region. Transistor M1 and M2 experience a body bias of 

VC, with this their threshold voltage increases and can be read for a particular value from figure 3 . The gate-source voltage for 

differential pairs is (Vin - VC). The voltage at node C is chosen such that differential pair sees an overdrive of 5% of VDD and 

stays in saturation region. The figure of 5% of VDD is chosen since it leads to large gm of the amplifier. Once potentials at node 

A, B and C are found, the gate drive of all transistors are found such that overdrive is around 5% of VDD. The node voltages and 

branch current determined is given in Table II. 
Table – 2 

Bias Conditions in Folded Cascode Differential Amplifier 

Transistor 𝑉𝐷  (V) 𝑉𝐺   (V) 𝑉𝑆  (V) 𝑉𝐵  (V) 𝐼𝐷 (𝜇A) 

M1, M2 1.35 0.9 0.35 0 10 

M3 0.35 0.55 0 0 20 

M4, M5 1.35 1.2 1.8 1.8 30 

M6, M7 0.9 0.625 1.35 1.8 20 

M8, M9 0.9 1.075 0.45 0 20 

M10, M11 0.45 0.55 0 0 20 

M12,M13 1.2 1.2 1.8 1.8 15 

M14 - M17 1.2 0.9 0.35 0 7.5 

M18,M19 1.35 0.55 0 0 15 

Table – 3 

Initial Response 

Performance Parameter Response For L= 180 nm 

DC Gain 53.91 dB 

Bandwidth 357.1 KHz 

UGB 186.7 MHz 

Phase Margin 63.3° 
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IV. SIMULATION RESULTS 

Using the design steps illustrated in earlier sections, a folded cascode differential amplifier was designed using 180 nm CMOS 

Process employing Cadence simulator. Current of 20 μA was chosen as the tail current of differential pair to achieve a defined 

slew rate. To begin with, M4 and M5 were assigned to carry a current of 30 μA, out of which 10 μA would flow into the 

differential pair and remaining 20 μA into the load. Their widths, as found from the simulator, are shown in Table IV. 
Table - 4 

Obtained Transistor Width 

Transistor Width (𝜇𝑚) 

M1,M2 4.53 

M3 4.33  

M4,M5 32.3 

M6,M7 20.45 

M8,M9 4.21 

M10,M11 4.24 

M12,M13 15.47 

M14-M17 3.63 

M18, M19 3.32 

Table – 5 

Response of Tuned Differential Amplifier 

Performance parameter Response for 𝐶𝐿𝑜𝑎𝑑 = 100fF 

DC Gain 61.93 dB 

Bandwidth 152.2 KHz 

UGF 176.2 MHz 

Phase Margin 66.2° 

Power Dissipation 162 𝜇𝑊 

Slew Rate 100 V/𝜇s 

V. CONCLUSION 

Potential Distribution Method (PDM) is less complex and extremely simple design methodology that can be applied to analog 

circuit design. Being free from tedious mathematical expression, which enables young analog designers to design op-amps in a 

few minutes. This methodology is quick in designing complex op-amp structures, and being independent of process technology, 

supply voltage, and MOSFET model used by VLSI tool. As it is directly based on the simulator the accuracy of the obtained 

results from this method is almost 100%.The design approach for target specifications, like slew rate, UGB, PM, bandwidth and 

DC gain, is presented. The Potential distribution methodology is briefly explained in this paper and a fully differential folded 

cascode op-amp is designed using this method. 
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