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ABSTRACT
In IC technology during the last some decade, designers used current mode technique to solve the several circuit design problem. The current-mode approach to signal processing has often been claimed to provide one or more of the following advantages: higher frequency range of operation, lower power consumption, higher slew rates, improved linearity, and better accuracy. In this thesis, some current mode and voltage mode analog circuits, which include amplifier, differentiator, integrator etc. have been studied. These circuits are used to construct  proportional integral (PI), proportional derivative (PD) and proportional integral derivative controller (PID). To realize these circuits active elements such as Current Conveyor (CC), Differential Voltage Current Conveyor (DVCC) and Current Differencing Buffered Amplifier (CDBA) have been used. These controllers based on the above mentioned active elements use reduced number of active and passive components as compared to the traditional op-amp based controllers. The Proportional integral, proportional derivative and proportional integral derivative controllers have been simulated with SPICE using CMOS version of active elements.
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CHAPTER 1

INTRODUCTION

The demand for electronic circuits with extremely low supply voltages and power consumption is important in development of microelectronic technologies [1]. In many applications, additional requirements appear, particularly the extreme speed or the accuracy of signal processing. Simultaneous fulfillment of the above demands is problematic. In the last two decades, the evolution of modern applications of analog signal processing has followed the trends of so-called current mode [2], when signals, representing the information being processed, are in the form of electric currents. 

In contrast to the conventional voltage mode, which utilizes electric voltages, the current mode circuits can exhibit under certain conditions – among other things – higher bandwidth and better signal linearity. Since they are designed for lower voltage swings, smaller supply voltages can be used. Simultaneously with the development of current-mode applications, the mixed-mode circuits are also analyzed because of the necessity of optimizing the interface between the sub-blocks, which are working in different modes. The mixed-mode operation and even the comeback to the conventional voltage mode also have another justification: it appears that some generally accepted statements about the advantages of the current mode probably have no real basis [3]. 

However, the criticism of [3] not withstanding, the current-mode techniques have given way to a number of important analog signal processing/signal generating circuits as is evident from a vast amount of literature on current-mode circuits and techniques published in the recent past. Due to the advances made in integrated circuit (IC) technology   during the last two decades, circuit designers have quite often exploited the potential of current-mode analog techniques for evolving elegant and efficient solutions to several circuit design problems. As a consequence, the current-mode approach to signal processing has often been claimed to provide one or more of the following advantages: higher frequency range of operation, lower power consumption, higher slew rates, improved linearity, and better accuracy.

Approximately since 2000, the number of papers, particularly in high-impact international journals from the field, dealing with new circuit principles of active blocks for fast analog signal processing, has continuously been growing. Besides classical active filters, the target applications of the blocks include advanced fully-integrated input blocks of modern communication circuits. With the exception of DC-precise low-pass filters, the requirements on DC precision of the new blocks are not so relevant in comparison with the requirements on their speed. In the case of oscillators and other generators, some additional requirements regarding their precision (linearity, offset, etc.) have appeared. For non-linear circuits such as rectifiers of weak signals, precise comparators and Schmitt triggers, shaping networks, etc., the demands for accuracy can be considerable. 

Proportional-integral-derivative (PID) controllers are extensively used in the many industrial control systems. It is estimated that more than 90% of all control loops involve PID controllers [4] because of their simplicity in design, easiness in parameter tuning, and cheap in cost [2]. A PID controller is composed of three terms. They are: (1) proportional, (2) integral, and (3) derivative. The proportional term adjusts the speed of response of the system, the integral term adjusts the steady-state error of the system and the derivative term adjusts the degree of stability of the system. The  proportional integral (PI),  proportional-derivative (PD) and proportional-integral-derivative (PID) controllers with adjustable parameters are widely used in many industrial control systems. 

Controllers have been implemented with operational amplifiers (op-amps). However, the op-amps based configurations employ excessive number of active and passive components [5] and have less bandwidth than current mode building block based realizations. So Current conveyors, especially plus-type second-generation current conveyors (CCII+s) is used, which provide good results, such as greater linearity, wider bandwidth, better dynamic range, less chip area, less power dissipation and easy realization, etc. [1,2] than op-amps. The second-generation current conveyor (CCII) has proved to be a versatile analog building block that can be used to implement numerous high frequency analog signal applications. Employing only CCII+s simplifies the configuration thus gyrator [6], synthetic floating inductances [7-8], voltage mode filter [9] and transfer function synthesis [10-11] and etc.

                 Despite of several circuits such as derivative, integral, proportion and summer constructed with op-amps [12-13] that can be used to implement PID, PI and PD controllers, current conveyors have not been used to realize PID, PD and PI controllers in the literature so far. In this, novel current-mode and voltage-mode PID, PI and PD controllers employing CCII+s as active elements are used. In the current-mode controllers, output currents are taken from high impedance terminals of the CCII+s. Also input voltages are applied to the Y-terminals of the CCII+s in the presented voltage mode PID, PI and PD controllers. These properties make the circuit ideal for using in cascaded systems.  All the controller realizations employ only grounded passive components, and do not require passive element matching so the circuits are suitable for integration. The PID, PI and PD parameters can be selected independently.

However, when it comes to applications demanding differential or floating inputs like impedance converter circuits and current mode instrumentation amplifiers, which also require two high input impedance terminals, a single CCII block is no more sufficient. In addition, most of  these applications employ floating elements in order to minimize the number of used CCII blocks. For this reason and in order to provide two high input impedance terminals, two active building blocks, namely, the differential voltage current conveyor (DVCC) and current differencing buffered amplifier (CDBA) have been proposed. Although these building blocks has been used in a variety of applications, their CMOS circuit realizations exhibited mainly low input and output dynamic ranges.

This thesis present the result of the investigation into the realization of some classes of current-mode and voltage mode analogue circuits, which include current mode and voltage mode amplifier, integrator, differentiator etc. Then we used amplifier, integrator, differentiator to make a Proportional- Integral (PI), Proportional Derivative (PD) and Proportional- Integral Derivative (PID) controller. The building blocks considered are current conveyor (CCII), differential voltage current conveyor (DVCC), current differencing Buffered Amplifier (CDBA).

CHAPTER 2

CURRENT MODE BUILDING BLOCKS


This chapter presents the survey of current mode building blocks available in  various forms. Thereafter CMOS implementations and simulation for verifying the port relationships of current conveyor, differential voltage current conveyor, Current Differencing Buffered Amplifier are discussed. These building blocks are used in later chapters for constructing PI, PD and PID controllers. 

2.1  Introduction
The current conveyor (CC) is the basic building block of a number of applications both in the current and voltage and the mixed modes. The principle of the current conveyor of the first generation was published in 1968 by K. C. Smith and A. S. Sedra [14]. Two years later, today’s widely used second-generation CCII was described in [15], and in 1995 the third-generation CCIII [16]. However, initially, during that time, the current conveyor did not find many applications because its advantages compared to the classical operational amplifier (OpAmp) and were not widely appreciated. An IC Current Conveyor, namely PA630, was introduced by Wadsworth in 1989 (mass produced by Phototronics Ltd. of Canada) and about the same time, the now well known AD844 (operational transimpedance amplifier or more popularly known as a current feedback op-amp) was recognized to be internally a CCII+ followed by a voltage follower. An excellent review of the state-of-the-art of current-mode circuits prior to 1990, was provided by Wilson in [17]. Today, the current conveyor is considered a universal analog building block with wide spread applications in the current mode, voltage mode, and mixed mode signal processing. Its features find most applications in the current mode, when its so-called voltage input y is grounded and the current, flowing into the low-impedance input x, is copied by a simple current mirror into the z output.

Since 1995 in particular, we have witnessed many successive modifications and generalizations of the basic principle of CCII in order to use this circuit element more efficiently in various applications. A summary of the behavioral models of selected conveyors is in Fig. 2.1. 
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	Current Conveyor II
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	Current Conveyor III
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	Differential Voltage Current Conveyor
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	Inverting Current Conveyor II
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	Differential Difference Current Conveyor
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	Differential Difference Current Controlled Conveyor
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	Differential Current Conveyor II
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	Modified Differential Current Conveyor

      
[image: image19.wmf]-

+

-

+

-

=

-

=

=

=

X

X

Z

Z

X

X

I

I

I

I

V

V

2

1

0



	
[image: image20.png]P

N





	Dual-X Current Conveyor
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	Fully Differential Current Conveyor II
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	Operational Floating Conveyor
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	Modified Current Conveyor III
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	Current Controlled Conveyor III
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	Current Gain conveyor
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                               Fig.2.1: Various types of current conveyor

The demand for a multiple-output current conveyor led to the DO-CCII (Dual-Output CCII), which provides currents Iz of both directions, thus combining both the positive and the negative CCII in a single device [1]. If both currents are of the same polarity, the conveyors are of the CFCCIIp or CFCCIIn types (Current Follower CCII), where the symbol p or n means positive or negative current conveyor [18]. Another generalization is represented by the so-called DVCC (Differential Voltage Current Conveyor) [19], in which the original “voltage” input y is split into a pair of inputs y1 and y2. The voltage of the x terminal is then given by the voltage difference of the voltage inputs. This offers more freedom during the design of voltage- and mixed-mode applications. DVCC with the complementary pair of z1 and z2 terminals is known as DVCCC (Differential Voltage Complementary CC) . As a special case of DVCC for y1 grounded, the ICCII (Inverting CCII) is described in [20]. On the contrary, DDCC (Differential Diference CCII) [21] is an extension of DVCC: Voltage at the x terminal is given by a combination of voltages at three terminals y1, y2, and y3. Splitting the z terminal of DDCC into a pair of z terminals with currents Iz = Ix yields DDCCC (Differential Diference Complementary CC) [21]. Another generalization of the classical CCII is DCC (Differential Current Conveyor) [22], in which the x input is replaced by the pair of x1 and x2. The current through the z terminal is given by the difference of currents through the x1 and x2  terminals. MDCC (Modified Differential Current Conveyor) [22] is a simplification of DCC on the assumption that signal (voltage) at the y terminal is zero. 

Zeki and Toker proposed the Dual-X Second-Generation Current Conveyor (DXCCII) [23] which is a combination of CCII and ICCII. Instead of a single xterminal, DXCCII has two terminals xp and xn as outputs of non-inverting and inverting unity-gain amplifiers with their inputs connected to y terminal. Copies of xp and xn terminal currents are provided at zp and zn terminals.

FDCCII (Fully Differential CCII) [24] is an important generalization of the conventional CCII. The x, y, and z terminals occur here in pairs. The basic circuit equations of the CCII are now valid for differences of voltages or currents which correspond to these pairs. FDCCII is thus designed for applications with fully differential architecture for fast signal processing. In [25], this type of conveyor is called FBCCII (Fully Balanced CCII). 
The so-called modified CCII (MCCII) is published in [26]. Its special internal structure provides such an operation that the current through the z terminal does not depend on the direction of current Ix, i.e. Iz = abs(Ix). This feature can be used with advantage to implement economically full-wave rectifiers [26]. Joining two current conveyors CCII- yields the so-called Operational Floating Conveyor (OFC) [27]. OFC is a universal differential-input differential-output building block, enabling current-, voltage-, and mixed-mode applications. An extreme embodiment of universality is the so-called UCC (Universal Current Conveyor) [28]. By means of this element, one can implement all the above types of current conveyor. However, such universality is at the cost of non-optimal parameters for a concrete application.
A modification of the third-generation current conveyor is described in [29]. The so-called MCCIII (Modified CCIII) is equipped with a couple of z1 and z2 terminals. Currents through these terminals are of opposite directions and the following equalities hold: Iz1 = -2Ix, Iz2 = Ix. Unequal values of the currents enable the design of interesting applications [29].
The non-zero x-terminal impedance is an important parasitic parameter of the current conveyor, which negatively affects its behavior, particularly in filtering applications. However, this phenomenon is paradoxically utilized in a new type of conveyor, namely CCCII (Current Controlled Conveyor) [30-32], where the resistance of x terminal is controlled electronically via the bias current. It can be shown that this active device can be used in filters whose parameters may be controlled electronically. Such a feature has been inherent in the so-called gmC filters, i.e. filters, compounded only of OTAs and capacitors. 
Another method for controlling electronically the parameters of applications employing current conveyors is based on conveyors with variable current gain Iz/Ix. In [1], such a conveyor is identified by the abbreviation CGCCII (Current Gain CCII). The current conveyor of such a type, concretely CCII-, was formerly manufactured by Élantec under the code EL2717. The variable gain is implemented via transforming current Iz into voltage by means of resistors, and via back transformation of voltage into current by ans of electronically gm-controlled OTA. The most recent solution is characterized by digital control of the gain, utilizing the so-called CDN(Current Division Network) [33] and DCCF (Digitally Controlled Current Follower) [34].
In 1992 and 1999, two papers were published which introduced new circuit elements OTRA (Operational Trans resistance Amplifier) [35] and CDBA (Current Differencing Buffered Amplifier) [36]. CDBA, a generalization of OTRA, is a universal element for filter design, primarily for voltage-mode operation. Numerous papers were published about CDBA applications [37-43]. Some of the applications profit from the basic CDBA feature, i.e. the non-problematic implementation of both non inverting and inverting integrator as a building block of filters of arbitrary order. 
CDBA contains the so-called CDU (Current Differencing Unit) and the voltage unity-gain buffer. Basically, CDU is a current conveyor of the MDCC type: It has two low-impedance terminals, p and n. The difference of currents Ip and In flows out of the z terminal and the corresponding voltage drop on the external impedance is copied by the buffer to the w output. That is why the additional impedances are necessary for implementing the feedbacks from the voltage output to the current inputs. It is inconvenient from the point of view of simplicity and low power consumption. Another drawback is the impossibility of direct electronic control of circuit parameters such as that for the OTA-based applications. This problem is solved via two different approaches. The CC-CDBA (Current Controlled CDBA) is described in [82]. The nonzero parasitic resistances of p and n terminals of the CDU are controlled electronically via bias currents. The p and n terminals thus act as voltage input terminals. These voltages are then transformed into currents, whose values are electronically controlled. In fact, this approach represents a transition to a “pure” voltage mode. Another solution is described in [44] from 2008 in the form of a new circuit element called DC-CDBA (Digitally Controlled CDBA). The output current of the current differencing unit is modified in the CDN (Current Division Network), whose current output is connected to the z terminal of the voltage buffer input. The CDN block works as a current attenuator with digitally controlled attenuation. Such a concept of controlling the parameters seems to be optimal, because – in contrast to the analog control – a greater accuracy of the parameter race of more active elements in the application can be guaranteed. 

2.2 Current Conveyor (CCII)

Several generations of current conveyors have been defined over the years. Undoubtedly, the second generation conveyor (CCII) is the more well known of the device. The demand for a multiple-output current conveyor led to the DO-CCII (Dual-Output CCII), which provides currents Iz of both directions, thus combining both the positive and the negative CCII in a single device. If both currents are of the same polarity, the conveyors are of the CCII+ or CCII- types
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                Fig.2.2: Block diagram of CCII 
Using standard notation, the terminal relations of a CCII can be characterized by

                                  [image: image33.emf]
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 | << 1 represent the current and voltage tracking errors, respectively. where the subscripts x, y, and z refer to the terminals labeled X, Y and Z in fig.2.2. The CCII is defined in both a positive and a negative version where the +sign in the matrix is used for the CCII+ type conveyor and the –sign is used for the CCII- type conveyor.
2.2.1 CMOS realization of DO-CCII+

The DO-CCII has been simulated using the CMOS structure of figure 2.3 with DC supply voltage equal to + 1.5V and bias voltage equal to VB = .5V.All MOS transistors are operated in saturation region and all of the bulks are connected to power supply voltage (bulks of PMOS are connected to + 1.5V, and bulks of NMOS are connected -1.5V). The simulations are based on .35um TSMC CMOS technology.
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                     Fig. 2.3: CMOS structure of DO-CCII+

In order to demonstrate the port relations of the current conveyor, computer simulations are performed using CMOS based CCII schematic given in fig. 2.3, a pulse input of 200mv connected to Y port and other ports e. g. X, Z1, Z2 are terminated by resistances R1, R2 and R3 each having a value of 1KΩ. The simulation results for  Vx = Vy, Iz = Ix and Iz = -Ix  are shown in Fig. 2.4.
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    Fig. 2.4: Simulated port relationship of CCII (a)Vx = Vy, (b) Iz = Ix and (c) Iz = -Ix
2.3 Differential Voltage Current Conveyor (DVCC) 

The second-generation current conveyor (CCII) has proved to be a versatile analog building block that can be used to implement numerous high frequency analog signal applications. However, when it comes to applications demanding differential or floating inputs like impedance converter circuits and current mode instrumentation amplifiers, which also require two high input impedance terminals, a single CCII block is no more sufficient. In addition, most of  these applications employ floating elements in order to minimize the number of used CCII blocks. For this reason and in order to provide two high input impedance terminals, a active building blocks, namely, the differential voltage current conveyor (DVCC)  have been proposed in the late 90s. This building blocks has been used in a variety of applications, their CMOS circuit realizations exhibited mainly low input and output dynamic ranges.
The DVCC was proposed first by Pal as a modified current conveyor [45] and then developed and realized in CMOS technology by Elwan and Soliman [19]. The DVCC has the advantages of the second generation current conveyor (CCII) (such as large signal bandwidth, great linearity, wide dynamic range). This element is a versatile building block for applications demanding floating inputs.
The input stage of the proposed DVCC is realized using two wide linear range transconductors. The output stage consists of a Class-AB CMOS push-pull circuit, which guarantees high current driving capability and low standby current. The DVCC symbol is shown in [Fig. 2.5] with the following properties: While the X terminal voltage follows the voltage difference of terminals Y1 and Y2, a current injected at the X terminal is being replicated to the Z terminal.
An ideal DVCC exhibits zero input resistance at terminal X, and infinite resistance at both Y terminals as well as the Z terminal. The flow direction of the output current follows the input current direction with both currents flowing either into or out of the device. Since the DVCC exhibits two high input impedance terminals, it shows itself suitable for handling differential input signals. In addition, it has the advantage of minimizing the number of floating elements inherent in many CCII applications. The electrical symbol of the DVCC is shown in Fig. 2.5
[image: image46.emf]
                  Fig. 2.5: electrical symbol of DVCC

and its terminal relations are given by
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Taking into consideration the DVCC non-idealities, the terminal relations in above can be expressed as
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 represent voltage and current tracking errors of the DVCC, respectively. 
2.3.1 CMOS realization of DVCC
The DVCCs have been simulated using the CMOS structure of figure 2.7 with DC supply voltage equal to + 5V and bias voltage equal to Vbb = -3.3V. bulks of all MOS transistor are connected to power supply (bulks of PMOS are connected to + 5V, and bulks of NMOS are connected -5V). The simulations are based on MIETEC 0.5um CMOS technology.

[image: image53.emf]
                                  Fig. 2.6: the CMOS implementation of DVCC 

In order to demonstrate the port relations of the Differential Voltage Current Conveyor, computer simulations are performed using CMOS based DVCC schematic given in fig. 2.6, a pulse input of 20mv connected to Y1 port and another pulse input of -20mv connected to Y2 port and other ports e. g. X, Z1, Z2 are terminated by resistances R1, R2 and R3 each having a value of 10KΩ. The simulation results for  Vx = Vy1-Vy2, Iz1=Ix, and Iz2 = -Ix  are shown in Fig. 2.7.
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Fig.2.7: Simulated port relationship of DVCC (a) Vx = Vy1-Vy2, (b) Iz1=Ix, and (c) Iz2 = -Ix
2.4 Current Differencing Buffered Amplifier (CDBA)
CDBA can operate in both voltage and current modes, provide flexibility and enables a variety of circuit design. The differential nature of the input simplifies many implementations. CDBA contains the so-called CDU (Current Differencing Unit) and the voltage unity-gain buffer. Basically, CDU is a current conveyor of the MDCC type: It has two low-impedance terminals, p and n. The difference of currents Ip and In flows out of the z terminal and the corresponding voltage drop on the external impedance is copied by the buffer to the w output. That is why the additional impedances are necessary for implementing the feedbacks from the voltage output to the current inputs. It is inconvenient from the point of view of simplicity and low power consumption. A block diagram of CDBA is:

                          [image: image57.emf]
                             Fig. 2.8: Block Diagram of CDBA 

And behavior of the component is characterized by the following terminal equations when non idealities are taken into consideration: 
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Where αp, αn and β are the current and voltage gains, respectively. These can be expressed as 
[image: image61.wmf]p

p

Î

-

=

1

a

, 
[image: image62.wmf]n

n

Î

-

=

1

a

  and β=1-[image: image64.png]


, with |
[image: image65.wmf]p

Î

[image: image67.png]


 QUOTE  
 | << 1,  |
[image: image68.wmf]n

Î

 | << 1, |[image: image70.png]


|<< 1. 
[image: image71.wmf]p

Î

 and 
[image: image72.wmf]n

Î

 represent the current and 
[image: image73.wmf]v

Î

represent voltage tracking errors, respectively.

2.4.1 The CMOS Implementation of CDBA
The CDBA has been simulated using the CMOS structure of figure 2.9 with DC supply voltage equal to + 5V and bias current equal to IB1 = -20uA, IB2 = -20uA and IB3 = -1uA. The bulks of all MOS transistor are connected to power supply voltage (bulks of PMOS are connected to + 5V, and bulks of NMOS are connected -5V). The simulations are based on 1um TSMC CMOS technology.
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Fig.2.9. The CMOS Implementation Used In Simulation Studies

In order to demonstrate the port relations of the Current Differencing Buffered Amplifier, computer simulations are performed using CMOS based CDBA schematic given in fig. 2.9, a pulse input of 10uA connected to P port and another pulse input of -10uA connected to N port and other ports e. g. Z, W are terminated by resistances R1 and R2 each having a value of 10KΩ. The simulation results for  Iz = Ip-In and Vw = Vz  are shown in Fig. 2.10. 
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         Fig. 2.10: Simulated port relationship of CDBA  (a) Iz = Ip-In , (b) Vw = Vz
CHAPTER 3

Proportional Integral Controller

This chapter presents proportional integral controllers. In the first section we discussed about proportional (P), integral (I) and proportional integral (PI) controller. Then in next sections, we realized the PI controllers by using current conveyor, differential voltage current conveyor and current differential buffered amplifier in both current and voltage mode. In these sections, we simulate PI controllers by using PSpice and show the simulation results.

3.1 Introduction

Proportional integral controller is composed of two terms. They are: (1)Proportional, (2) Integral. The proportional term adjust the speed of response of the system, the integral term adjusts the steady state error of the system. 

3.1.1 Proportional Controller
Proportional control is a simple and widely used method of control for many kinds of systems. With this type of controller, the controller output (control action) is proportional to the error in the measured variable. The error is defined as the difference between the current value (measured) and the desired value (setpoint). If the error is large, then the control action is large. Mathematically:
  c(t) = Kc * e(t) + cs 

where e(t) represents the error, Kc represents the controller's gain, and cs represents the steady state control action necessary to maintain the variable at the steady state when there is no error.
3.1.2 Integral Controller

Integral control is what we have when the signal driving the controlled system is derived by integrating the error in the system.  The transfer function of the controller is Ki/s, if you think in terms of transfer functions and Laplace transforms. With integral action, the controller output is proportional to the amount of time the error is present. Integral action eliminates offset that remains when proportional control is used. The integral term is given by

controller output = (1/Ti)*int(error)

or

[image: image77.png]



where Iout is Integral term of output, Ki is Integral gain, a tuning parameter and e is error = SP − PV , t is Time or instantaneous time (the present), τ is a dummy integration variable, the parameter Ti is called the integral time. Integral action is also known as reset and the parameter Ti as reset time.
Like the P-Only controller, the Proportional-Integral (PI) algorithm computes and transmits a controller output (CO) signal every sample time, T, to the final control element. The computed CO from the PI algorithm is influenced by the controller tuning parameters and the controller error e(t). 

PI controllers have two tuning parameters to adjust. While this makes them more challenging to tune than a P-Only controller, they are not as complex as the three parameter PID controller. 

Integral action enables PI controllers to eliminate offset, a major weakness of a P-only controller. Thus, PI controllers provide a balance of complexity and capability that makes them by far the most widely used algorithm in process control applications.

3.1.3 The PI Algorithm

While different vendors cast what is essentially the same algorithm in different forms, here we explore what is variously described as the dependent, ideal, continuous, position form:



                        Fig. 3.1: Control System with PI
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Where:
  CO = controller output signal (the wire out)
  CObias = controller bias or null value
  e(t) = current controller error, defined as SP – PV
  SP = set point
  PV = measured process variable (the wire in)
  Kc = controller gain, a tuning parameter
  Ti = reset time, a tuning parameter

The first two terms to the right of the equal sign are identical to the P-Only controller. The integral mode of the controller is the last term of the equation. Its function is to integrate or continually sum the controller error, e(t), over time.

3.2 PI controller using CCII 

A PI controller is composed of a proportional, and an integral term. The PI controller is sufficient when the process dynamics is essentially first-order. The current-mode and voltage mode PI controllers are shown in Figures 3.2.
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Fig. 3.2:  PI Controller (a) current mode (b) voltage mode

The analysis of the used PI controller circuits in Fig 3.2 gives the following current transfer functions:
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Where, 
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It should be noted that the traditional PI controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PI controller employs single CCII+ and three passive elements (two capacitors and one resistor), which are all grounded. 
3.2.1 SIMULATION RESULT 

(i) Current Mode PI:

                                       In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=1k and C1=C2=10pF    for circuit in figure 3.2. PI controller has the parameters that are calculated as Kp=1,Ti =10-8 s.  
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                      Fig. 3.3: simulated result of Current Mode PI using CCII
(ii) Voltage Mode PI:
                                         In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=1k and C1=1pF, C2=100pF    for circuit in figure 3.2. PI controller has the parameters that are calculated as Kp=.01,Ti =10-7 s.
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                 Fig.3.4 : simulated result of Voltage Mode PI using CCII
3.3 PI controller using DVCC 

It should be noted that using a single DVCC and two grounded admittances Y1 and Y2, it is easy to construct the basic current processing block of Fig.3.5 , 

[image: image88.emf]
Fig. 3.5: DVCC based basic current processing block

which has the following transfer function

[image: image89.emf]                                               

By choosing Y1 and Y2 appropriately, various basic blocks operating in CM can be obtained:
(A) Amplifier: If the admittances are Y1 =1/R1 and Y2 = 1/R2, the current-mode amplifier can be found as

[image: image90.emf]                                      

The gain of the amplifier can be adjusted by changing R1 and R2.

(B) Integrator: If the admittances are Y1 = sC1 and Y2 = 1/R2 the current-mode integrator can be achieved as

[image: image91.emf]                                  

The current mode and voltage mode controllers are shown in figure 3.6. The circuit consist two DVCC and five grounded passive element which is important in IC implementation.
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Fig. 3.6: PI Controller (a) current mode (b) voltage mode
 Circuit given in figure gives the following transfer function.
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It should be noted that the traditional PI controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PI controller employs single DVCC and three passive elements (two capacitors and one resistor), which are all grounded. 

3.3.1 SIMULATION RESULT
(i) Current Mode PI:

                                         In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=10k and C1=C2=10pF    for circuit in figure 3.6. PI controller has the parameters that are calculated as Kp=1,Ti =10-7 s.
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                  Fig. 3.7: Simulated result of current mode PI using DVCC

(ii) Voltage Mode PI:

                                       In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=10k and C1=C2=10pF    for circuit in figure 3.6. PI controller has the parameters that are calculated as Kp=1, Ti =10-7 s.
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                  Fig. 3.8: Simulated result of voltage mode PI using DVCC
3.4 PI controller using CDBA
A PI controller is composed of a proportional, and an integral term. The PI controller is sufficient when the process dynamics is essentially first-order. The current-mode and voltage mode PI controllers are shown in Figures 3.9. 
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Fig. 3.9: PI controller (a) current mode (b) voltage mode

The analysis of the used PI controller circuits in Fig.3.9 gives the following current transfer functions:
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Where, 
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It should be noted that the traditional PI controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PI controller employs single CDBA and three passive elements (one capacitors and two resistor). 

3.4.1 SIMULATION RESULT 

(i) Current Mode PI:

                                         In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=10k, R2=250k and C1=10pF    for circuit in figure 3.9. PI controller has the parameters that are calculated as Kp=.04, Ti =.25 us.
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                Fig. 3.10: Simulated result of current mode PI using CDBA
(ii) Voltage Mode PI:
                                        In order to demonstrate the performance of the proposed PI controllers, computer simulations are done with R1=10k, R2=250k and C1=10pF    for circuit in figure 3.9. PI controller has the parameters that are calculated as Kpi=.04,Ti =.25 us.
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                 Fig. 3.11: Simulated result of voltage mode PI using CDBA
CHAPTER 4 

Proportional Derivative controller

This chapter presents proportional derivative controllers. In the first section we discussed about proportional (P), derivative (D) and proportional derivative (PD) controller. Then in next sections, we realized the PD controllers by using current conveyor, differential voltage current conveyor and current differential buffered amplifier in both current and voltage mode. In these sections, we simulate PD controllers by using PSpice and show the simulation results.

4.1 Introduction

Proportional derivative controller is composed of two terms: proportional and derivative. The proportional term is used to adjust the speed of response of the system and the derivative term adjusts the degree of the stability of the system. Initially we will discuss P and I individually.

4.1.1 Proportional Controller

Proportional control is a simple and widely used method of control for many kinds of systems. With this type of controller, the controller output (control action) is proportional to the error in the measured variable. The error is defined as the difference between the current value (measured) and the desired value (setpoint). If the error is large, then the control action is large. Mathematically:
c(t) = Kc * e(t) + cs 

where e(t) represents the error, Kc represents the controller's gain, and cs represents the steady state control action necessary to maintain the variable at the steady state when there is no error. 

4.1.2 Derivative Controller
The derivative function looks at the rate at which the proportional offset changes over time (thus the term derivative) and adjusts the output of the controller as required to minimize the rate of change. When properly applied, the derivative function will help to minimize the deviation from set point that a system will experience when it sees a sudden change in the requirements of the process.
The rate of change of the process error is calculated by determining the slope of the error over time (i.e., its first derivative with respect to time) and multiplying this rate of change by the derivative gain Kd. The magnitude of the contribution of the derivative term (sometimes called rate) to the overall control action is termed the derivative gain, Kd. The derivative term is given by:

controller output = Td*d(error)/dt = Td*d(SP - PV)/dt
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where Dout represents Derivative term of output, Kd represents Derivative gain, a tuning parameter and e is error = SP − PV , t is Time or instantaneous time (the present),the parameter Td is called derivative time.
In the PD controller, Derivative control is mathematically the opposite of integral action, but while we might have an integral-only controller, we would never have a derivative-only controller. The reason for this is that derivative control only knows the error is changing. It does not know what the set point actually is. Derivative action has the potential to improve performance when sudden changes in measured variable occur, but it should be used with care. It is mostly a matter of using enough, not too much. In most commercial processes sudden changes in process output may appear. In most cases a sudden change in the slope of such a process output cannot be avoided at all times. Using such a process output in controllers with pure derivative action, would lead to unwanted steps in the controller output. Moreover, high frequency noise in the measured signals may lead to unwanted large outputs of the controller.
4.2 PD controller using CCII 

A PD controller is composed of a proportional, and an derivative term. The PD controller is sufficient when the process dynamics is essentially first-order. The current-mode and voltage mode PD controllers are shown in Figures 4.1
[image: image107.emf]
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Fig 4.1:  PD Controller (a) current mode (b) voltage mode

The analysis of the PD controller circuits in Fig 4.1 gives the following current transfer functions:
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where,
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It should be noted that the traditional PD controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PD controller employs single CCII+ and three passive elements (two capacitors and one resistor), which are all grounded.
4.2.1 SIMULATION RESULT 

(i) Current Mode PD:

                                                In order to demonstrate the performance of the PD controllers, computer simulations are done with R1=R2=1k and C1=1pF    for circuit in fig 4.1. PD controller has the parameters that are calculated are Kp = 1 and Td= 10-9s.
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            Fig. 4.2: Simulated result of current mode PD using CCII

   (ii)           Voltage Mode PD:
                                                 In order to demonstrate the performance of the PD controllers, computer simulations are done with R1=R2=1k and C1=10pF    for circuit in figure 4.1. PD controller has the parameters that are calculated are  Kp=1 and Td=10-8s.
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            Fig. 4.3: Simulated result of voltage mode PD using CCII

4.3 PD controller using DVCC 

It should be noted that using a single DVCC and two grounded admittances Y1 and Y2, it is easy to construct the basic current processing block of Fig. 4.4
[image: image115.emf]
Figure 4.4: DVCC based basic current processing block

which has the following transfer function

 [image: image116.emf]                                               

By choosing Y1 and Y2 appropriately, various basic blocks operating in CM can be obtained.
(A) Amplifier: If the admittances are Y1 =1/R1 and Y2 = 1/R2, the current-mode amplifier can be found as

[image: image117.emf]                                      

The gain of the amplifier can be adjusted by changing R1 and R2.

(B) Differentiator: If the admittances are Y1 = 1/R1 and Y2 =sC2 the current-mode differentiator can be obtained as

[image: image118.emf]           

The current mode and voltage mode controllers are shown in figure 4.5. The circuit consist two DVCC and five grounded passive element which is important in IC implementation.
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Fig 4.5: PD Controller (a) current mode (b) voltage mode
 Circuit given in figure gives the following transfer function.
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Where

 [image: image123.emf]
[image: image124.emf]
It should be noted that the traditional PD controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PD controller employs single DVCC and three passive elements (two capacitors and one resistor), which are all grounded. 

4.3.1 SIMULATION RESULT
(i) Current Mode PD:

                                         In order to demonstrate the performance of the PD controllers, computer simulations are done with R1=R2=1k and C1=10pF    for circuit in fig 4.5. PD controller has the parameters that are calculated as Kp=0.1, Td=10-8 s.
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                   Fig. 4.6: Simulated result of current mode PD using DVCC

(ii) Voltage Mode PD:

                                         In order to demonstrate the performance of the PD controllers, computer simulations are done with R1=R2=1k and C1=10pF    for circuit in fig 4.5. PD controller has the parameters that are calculated as Kp=0.1, Td=10-8 s.
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             Fig. 4.7: Simulated result of voltage mode PD using DVCC
4.4  PD controller using CDBA
A PD controller is composed of a proportional, and an derivative term. The PD controller is sufficient when the process dynamics is essentially first-order. The current-mode and voltage mode PD controllers are shown in Figures 4.8
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Fig 4.8:  PD Controller (a) current mode (b) voltage mode

The analysis of the PD controller circuits in Fig gives the following current transfer functions:

[image: image129.emf]
[image: image130.emf]
Where,
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It should be noted that the traditional PD controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally three op-amps and seven floating passive elements. However, this PD controller employs single CDBA and three passive elements (two capacitors and one resistor).

4.4.1 SIMULATION RESULT 

(i) Current Mode PD:

                                                 In order to demonstrate the performance of the PD controllers, computer simulations are done with R1=10k and C1=C2=10pF    for circuit in figure 4.8. PD controller has the parameters that are calculated as Kp=1 and Td=10-7
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                Fig. 4.9: Simulated result of current mode mode PD using CDBA

(ii) voltage Mode PD:

                                         In order to demonstrate the performance of the  PD controllers, computer simulations are done with R1=10k and C1=C2=10pF    for circuit in figure 4.8 . PD controller has the parameters that are calculated as Kp=1 and Td=10-7
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                       Fig. 4.10: Simulated result of voltage mode PD using CDBA
CHAPTER 5

Proportional Integral Derivative Controller

This chapter presents proportional integral derivative controllers. In the first section we discussed about proportional (P), integral (I) and derivative (D) and proportional integral derivative (PID) controller. Then in next sections, we realized the PID controllers by using current conveyor, differential voltage current conveyor and current differential buffered amplifier in both current and voltage mode. In these sections, we simulate PID controllers by using PSpice and show the simulation results.

5.1 Introduction

Proportional-integral-derivative (PID) controllers are extensively used in the many industrial control systems. It is estimated that more than 90% of all control loops involve PID controllers [4] because of their simplicity in design, easiness in parameter tuning, and cheap in cost [2]. A PID controller is composed of three terms. They are: (1) proportional, (2) integral, and (3) derivative. The proportional term adjusts the speed of response of the system, the integral term adjusts the steady-state error of the system and the derivative term adjusts the degree of stability of the system. 

 It is well known that a PID controller can be realized using op-amp circuits (integral, derivative and proportional circuits together with a summer circuit) as shown in Fig. 5.1. It can be seen from the Fig. that the circuit employs four op-amps and ten floating passive elements.

[image: image135.emf]
Fig. 5.1: Traditional PID controller constructed with op-amps
Contrary to PID controllers realized with OP-AMPs, PID controllers designed by the current conveyors provide good results, such as greater linearity, wider bandwidth, better dynamic range, less chip area, less power dissipation and easy realization, etc. [1,2]. The second-generation current conveyor (CCII) has proved to be a versatile analog building block that can be used to implement numerous high frequency analog signal applications. 
However, when it comes to applications demanding differential or floating inputs like impedance converter circuits and current mode instrumentation amplifiers, which also require two high input impedance terminals, a single CCII block is no more sufficient. In addition, most of  these applications employ floating elements in order to minimize the number of used CCII blocks. For this reason and in order to provide two high input impedance terminals, two active building blocks, namely, the differential voltage current conveyor (DVCC)  have been proposed in the late 90s. Although this building blocks has been used in a variety of applications, their CMOS circuit realizations exhibited mainly low input and output dynamic ranges. CDBA is a universal element for filter design, primarily for voltage-mode operation. Some of the applications from the basic CDBA feature, i.e. the non-problematic implementation of both non inverting and inverting integrator as a building block of filters of arbitrary order.
5.1.1 Proportional Controller 

Proportional control is a simple and widely used method of control for many kinds of systems. With this type of controller, the controller output (control action) is proportional to the error in the measured variable. The error is defined as the difference between the current value (measured) and the desired value (setpoint). If the error is large, then the control action is large. Mathematically:
c(t) = Kc * e(t) + cs 

where e(t) represents the error, Kc represents the controller's gain, and cs represents the steady state control action necessary to maintain the variable at the steady state when there is no error. 

5.1.2 Integral Controller

Integral control is what we have when the signal driving the controlled system is derived by integrating the error in the system.  The transfer function of the controller is Ki/s, if you think in terms of transfer functions and Laplace transforms. With integral action, the controller output is proportional to the amount of time the error is present. Integral action eliminates offset that remains when proportional control is used.  The integral term is given by

controller output = (1/Ti)*int(error)

or
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Where Iout is Integral term of output, Ki is Integral gain, a tuning parameter and e is error = SP − PV , t is Time or instantaneous time (the present), τ: a dummy integration variable, the parameter Ti is called the integral time. Integral action is also known as reset and the parameter Ti as reset time.

5.1.3 Derivative Controller
The derivative function looks at the rate at which the proportional offset changes over time (thus the term derivative) and adjusts the output of the controller as required to minimize the rate of change. When properly applied, the derivative function will help to minimize the deviation from set point that a system will experience when it sees a sudden change in the requirements of the process.
The rate of change of the process error is calculated by determining the slope of the error over time (i.e., its first derivative with respect to time) and multiplying this rate of change by the derivative gain Kd. The magnitude of the contribution of the derivative term (sometimes called rate) to the overall control action is termed the derivative gain, Kd. The derivative term is given by:

controller output = Td*d(error)/dt = Td*d(SP - PV)/dt
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Where Dout is Derivative term of output, Kd is Derivative gain, a tuning parameter and e is error = SP − PV , t is Time or instantaneous time (the present), the parameter Td is called derivative time.
5.2 PID controller using CCII 

A PID controller is composed of a proportional, Integral and derivative terms. The PID controller is sufficient when the process dynamics is essentially first-order. Both current-mode and voltage mode PID controllers employing reduced number of active element, that are composed of two second generation current conveyors with five grounded passive elements. Both of the PID controllers do not require passive component matching. In other words, each of the passive elements can be selected arbitrarily. are shown in Figures 5.2.
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Fig 5.2:  PID Controller (a) current mode (b) voltage mode

The analysis of the PID controller circuits in Fig 5.2 gives the following current transfer functions:
[image: image140.emf]
The proportional gain (Kp=Kpi=Kpv), the integral time constant (Ti =Tii =Tiv) and the derivative time constant (Td =Tdi =Tdv) parameters of both PID controllers are as: 

[image: image141.emf]
where, α1, α2, β1, β2 and γ1 are in form of multiplier constants for the parameters.

It should be noted that the traditional PID controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally four op-amps and ten floating passive elements. However, this PID controller employs two CCII+ and five passive elements (two capacitors and three resistor), which are all grounded. 
5.2.1 SIMULATION RESULT 

(i) Current Mode PID:

                                          In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1= 0.5k, R2=R3=1k and C1=C2=100pF    for circuit in figure 5.2. PID controller has the parameters that are calculated as 
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                     Fig. 5.3: Simulated result of current mode PID using CCII
(ii) Voltage Mode PID:

                                           In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1=.5k, R2=R3=1k and C1=C2=100pF    for circuit in figure 5.2. PID controller has the parameters that are calculated as 
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                   Fig. 5.4: Simulated result of voltage mode PID using CCII
5.3 PID controller using DVCC 

It should be noted that using a single DVCC and two grounded admittances Y1 and Y2, it is easy to construct the basic current processing block of Fig. 5.5 , 

[image: image150.emf]
Figure 5.5: DVCC based basic current processing block

which has the following transfer function

 [image: image151.emf]                                               

By choosing Y1 and Y2 appropriately, various basic blocks operating in CM can be obtained:
(A) Amplifier: If the admittances are Y1 =1/R1 and Y2 = 1/R2, the current-mode amplifier can be found as

[image: image152.emf]                                      

The gain of the amplifier can be adjusted by changing R1 and R2.

(B) Integrator: If the admittances are Y1 = sC1 and Y2 = 1/R2 the current-mode integrator can be achieved as

[image: image153.emf]                                  

(C) Differentiator: If the admittances are Y1 = 1/R1 and Y2 =sC2 the current-mode differentiator can be obtained as

[image: image154.emf]           

The current mode and voltage mode controllers are shown in figure 5.6 . The circuit consist two DVCC and  grounded passive element which is important in IC implementation.
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Fig 5.6: PID Controller (a) current mode (b) voltage mode
 Circuit given in figure gives the following transfer function.   

[image: image157.emf]
the proportional gain (Kp=Kpi=Kpv), the integral time constant (Ti =Tii =Tiv) and the derivative time constant (Td =Tdi =Tdv) parameters of both PID controllers are as: 

[image: image158.emf]
where, α1, α2, β1, β2 and γ1 are in form of multiplier constants for the parameters.

It should be noted that the traditional PID controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally four op-amps and ten floating passive elements. However, this PID controller employs two DVCC and three passive elements (two capacitors and five resistor), which are all grounded. 
5.3.1 SIMULATION RESULT: 

(i) Current Mode PID:

                                          In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1=R3=10k, R2=1M and C1=C2=10nF    for circuit in figure 4. PID controller has the parameters that are calculated as 
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                    Fig. 5.7: Simulated result of current mode PID using DVCC
(ii) Voltage Mode PID:

                                           In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1=R3=1k, R2=1M and C1=C2=10pF    for circuit in figure 4. PID controller has the parameters that are calculated as 
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                       Fig. 5.8: Simulated result of voltage mode PID using DVCC
5.4 PID controller using CDBA

A PID controller is composed of a proportional, Integral and derivative terms. The PID controller is sufficient when the process dynamics is essentially first-order. Both current-mode and voltage mode PID controllers employing reduced number of active element, that are composed of two current differential buffered amplifier with six grounded passive elements. Both of the PID controllers are shown in Figures 5.9.
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Fig. 5.9:  PID Controller (a) current mode (b) voltage mode

The analysis of the PID controller circuits in Fig. 5.9 gives the following current transfer functions:  

[image: image169.emf]
the proportional gain (Kp=Kpi=Kpv), the integral time constant (Ti =Tii =Tiv) and the derivative time constant (Td =Tdi =Tdv) parameters of both PID controllers are as: 
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It should be noted that the traditional PID controller circuit, which consists of simple op-amp circuits (integral circuit, proportional circuit and a summer circuit) [13], uses totally four op-amps and ten floating passive elements. However, this PID controller employs two CDBA and six passive elements (three capacitors and three resistor).
5.4.1 SIMULATION RESULT 

(i) Current Mode PID:

                                          In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1=R2=R3=1k, and C1=C2=C3=1nF for circuit in figure 5.9. PID controller has the parameters that are calculated as 
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Fig. 5.10: simulated result of current mode PID using CDBA
(ii) Voltage Mode PID:

                                           In order to demonstrate the performance of the proposed PID controllers, computer simulations are done with R1=R3=1k, R2=10k and C1=C2=C3=10pF for circuit in figure 5.9. PID controller has the parameters that are calculated as 
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Fig. 5.11: simulated result of voltage mode PID using CDBA

CONCLUSION
In this thesis, a study of different type of current mode building  blocks has been presented and  Current Conveyor (CC), Differential Voltage Current Conveyor (DVCC)  and Current Differencing Buffered Amplifier (CDBA) are presented in detail. Thereafter, current mode and voltage mode Proportional Integral, Proportional Derivative and Proportional Integral Derivative are realized using current conveyor, differential voltage current conveyor and current differencing buffered amplifier.

All PI, PD and PID controllers employ reduced number of active and passive elements with respect to the traditional op-amp based controllers. So, these controllers need small chip area and less power dissipation and also employ grounded passive element in the circuits which is advantageous from the integrated circuit implementation point of view. All of the controller’s parameters can be taken studied independently. 

The proportional integral, proportional derivative and proportional integral derivative controllers have been simulated with SPICE using CMOS version of active elements.

. 
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APPENDIX

Parameter of CMOS realization of CCII

Table 1. Parameters of CMOS transistors 

0.35 um TSMC CMOS parameter

.MODEL CMOSN NMOS

(LEVEL=3,TOX=7.9E-9, NSUB=1E17,GAMMA=0.5827871,PHI=0.7,VTO=0.5445549,DELTA=0,U0=436.256147,ETA=0,THETA=0.1749684,KP=2.055786E-4, VMAX=8.309444E4,KAPPA=0.2574081,RSH=0.0559398,NFS=1E12,TPG=1,XJ=3E-7,LD=3.162278E-11,WD=7.046724E-8,CGDO=2.82E-10,CGSO=2.82E-10,

CGBO=1E-10,CJ=1E-3,PB=0.9758533,MJ=0.3448504,CJSW=3.777852E-10,MJSW=0.3508721)

.MODEL CMOSP PMOS

(LEVEL=3,TOX=7.9E-9,NSUB=1E17,GAMMA=0.4083894,PHI=0.7,VTO=-0.7140674,DELTA=0,U0=212.2319801,ETA=9.999762E-4,THETA=0.2020774,

KP=6.733755E-5,VMAX=1.181551E5,KAPPA=1.5,RSH=30.0712458,NFS=1E12,TPG=-1,XJ=2E-7,LD=5.000001E-13,WD=1.249872E-7,CGDO=3.09E-10,

CGSO=3.09E-10,CGBO=1E-10,CJ=1.419508E-3,PB=0.8152753,MJ=0.5,CJSW=4.813504E-10,MJSW=0.5)

Table 2. Dimensions of the CMOS transistors

W (um)/ L (um)

PMOS Transistors

M1, M5, M6








1.4/0.35

M2, M3, M4, M13, M15, M16





2.8/0.35

M7









5.6/0.35

NMOS Transistor

M8, M9, M10, M11, M12, M14, M17, M18




0.7/0.35

Parameter of CMOS realization of DVCC

Table 3. Parameters of CMOS transistors 

0.5 um MIETEC CMOS parameter

.MODEL MQ NMOS 

(LEVEL=3 UO=460.5 TOX=1.0E-8 TPG=1 VTO=.62 JS=1.8E-6 XJ=.15E-6 RS=417

RSH=2.73 LD=.04E-6 ETA=0 VMAX=130E3 NSUB=1.71E17 PB=.761 PHI=.905 THETA=.129 GAMMA=.69

KAPPA=.1 AF=1 WD=.11E-6 CJ=76.4E-5 MJ=.357 CJSW=5.68E-10 MJSW=.302 CGSO=1.38E-10 CGDO=1.38E-10 

CGBO=3.45E-10 KF=3.07E-28 DELTA=0.42 NFS=1.2E11)

.MODEL MQ1 PMOS 

(LEVEL=3 UO=100.5 TOX=1.0E-8 TPG=1 VTO=-.58 JS=.38E-6 XJ=.1E-6 RS=886

RSH=1.81 LD=.03E-6 ETA=0 VMAX=113E3 NSUB=2.08E17 PB=.911 PHI=.905 THETA=.120 GAMMA=.76

KAPPA=2 AF=1 WD=.14E-6 CJ=85E-5 MJ=.429 CJSW=4.67E-10 MJSW=.631 CGSO=1.38E-10 CGDO=1.38E-10 

CGBO=3.45E-10 KF=1.08E-29 DELTA=0.81 NFS=.52E11)

Table 4. Dimensions of the CMOS transistors

W (um)/ L (um)

NMOS Transistors

M1, M2, M3, M4







0.8/0.5

M9, M10








14.4/0.5

M11, M12, M16, M17, M18






45/0.5

PMOS Transistor

M5, M6








4/0.5

M7, M8, M13, M14, M15






10/0.5
Parameter of CMOS realization of CDBA

Table 5. Parameters of CMOS transistors 

1 um TSMC CMOS parameter

.MODEL MQ NMOS 

(LEVEL=3 UO=460.5 TOX=1.0E-8 TPG=1 VTO=.62 JS=1.8E-6 XJ=.15E-6 RS=417

RSH=2.73 LD=.0E-6 ETA=0 VMAX=130E3 NSUB=1.71E17 PB=.761 PHI=.905 THETA=.129 GAMMA=.69

KAPPA=.1 AF=1 WD=.11E-6 CJ=76.4E-5 MJ=.357 CJSW=5.68E-10 MJSW=.302 CGSO=1.38E-10 CGDO=1.38E-10 

CGBO=3.45E-10 KF=3.07E-28 DELTA=0.42 NFS=1.2E11)

.MODEL MQ1 PMOS 

(LEVEL=3 UO=100.5 TOX=1.0E-8 TPG=1 VTO=-.58 JS=.38E-6 XJ=.1E-6 RS=886

RSH=1.81 LD=.03E-6 ETA=0 VMAX=113E3 NSUB=2.08E17 PB=.911 PHI=.905 THETA=.120 GAMMA=.76

KAPPA=2 AF=1 WD=.14E-6 CJ=85E-5 MJ=.429 CJSW=4.67E-10 MJSW=.631 CGSO=1.38E-10 CGDO=1.38E-10 

CGBO=3.45E-10 KF=1.08E-29 DELTA=0.81 NFS=.52E11)

Table 6. Dimensions of the CMOS transistors

W (um)/ L (um)

NMOS Transistors

M1, M3, M5, M7, M9







150/1

M12









4/2

M15, M16








100/1

PMOS Transistor

M2, M4, M6, M8, M10






150/1

M11









4/2

M13, M14, M17, M18






5/1

M19, M20








200/1
           





Time
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I(VDC1)
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Time
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V(1)
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4mV





8mV
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