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ABSTRACT


The presence of several nonlinear analog circuits with reduced components count, low power supply, better accuracy and fast speed is an extremely challenging task. This project work describes implementation of CMOS based non-linear analog signals processing circuits like: multiplier, squaring circuit, Schmitt trigger, full-wave rectifier circuit, etc. These non-linear circuits have their important applications in wireless communication and image & pattern recognition. These fields have been well established for a long time now. However, in the wireless communication applications, the available bandwidths are being stretched too much and the search is on to make circuits and systems that tap the previously unused GHz range. Such a problem to make use of available bandwidth in communication system can be solved by the use of non-linear analog circuit.

The squaring circuit and rectifier circuit have a very good frequency response and have advantage to be used in communication system. Both are widely used in communication applications such as frequency doubling, dividing, modulating and adaptive filtering. The study of full-wave rectifier plays very important role in communication systems where the demodulation of low-level analog signal is required. Some more application of rectifiers circuits are in RMS to DC convertors, peak detectors, RF demodulators, piecewise linear function generators and nonlinear analogue signal processing circuits. Another non-linear analog circuit discussed in this project is Schmitt trigger which has many applications in numerous circuits, both analog and digital. Schmitt trigger using CMOS-OTA have the following advantage narrow supply range such as: limited interface capability, low input impedance and unbalanced output characteristics. All these advantages are very useful in communication system for noise immunity etc. The implementation of some more non-linear circuits such as: multiplier, integrator and differentiator which have good frequency response and require low power supply also studied in this project.

On the other hand, in the image-processing domain, efficient hardware implementation of compression algorithms is extremely essential. The least power consumption and highest fidelity is possible by using CMOS-OTA instead of Op-amp. As a consequence, the CMOS based circuits approach has often been claimed to provide the following advantages: higher frequency range of operation, lower power consumption, higher slew rates, improved linearity, and better accuracy.  So, this work emphasize on non-linear analog circuits using CMOS-OTA. With the realization of CMOS-OTA which is transconductance amplifiers, the following features arises that any improvement in filters, amplifier, non-linear analog signal processing circuit or in any other circuit’s characteristics performance or flexibility can be obtained. Basically operational Transconductance amplifier based structures offers improvement in design simplicity and programmability as compared to operational amplifier based structures. OTA based structure use only OTA and capacitors which reduces the component count, and, hence, are attractive for integration. So it is widely used in many areas where the requirement of low-power and reduced size is needed in IC’s fabrication.

  In this work PSPICE simulation of various non-linear analog circuits, by using OTA and   

  Op-amp. This work include the realization of all these circuits like: OTA, non-linear       

  analog circuits by using CMOS technology and their characteristics are verified. Further 
  different application of OTA in first order and second order filter designing, amplifier    

  circuit and summer circuits have been simulated and verified.
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                               CHAPTER 1
                           INTRODUCTION
The implementation of some analog signal processing circuits using CMOS based op-amp and OTA (Operational Transconductance Amplifier) has been discussed in this project. Recently a number of papers have been published on continuous-time analog CMOS [7] signal processing. In contrast to discrete-time analog signal processing circuits, such circuits are free from Nyquist constraints, have no switching noise (as in switched capacitor circuits), have no noise aliasing into the baseband, and do not need antialiasing or smoothing filters. “Analog" indicates something that is mathematically represented as a set of continuous values. This differs from "digital" which uses a series of discrete quantities to represent signal. Analog values are typically represented as a voltage, electric current, or electric charge around components in the electronic devices. An error or noise affecting such physical quantities will result in a corresponding error in the signals represented by such physical quantities. Analog circuits use a continuous range of voltage as opposed to discrete levels as in digital circuits. Analog circuits are sometimes called linear circuits although many non-linear effects are used in analog circuits such as mixers, modulators, etc. Good examples of analog circuits include vacuum tube and transistor amplifiers, operational amplifiers, multipliers, squaring circuit, Schmitt trigger, oscillators, etc.
1.1 Linearity:

A linear circuit is an electronic circuit in which, for a sinusoidal input voltage of frequency f, any output of the circuit (the current through any component, or the voltage between any two points) is also sinusoidal with frequency f. Note that the output need not be in phase with the input. An equivalent definition of a linear circuit is that it obeys the superposition principle This means that the output of the circuit F(x) when a linear combination of signals ax1(t) + bx2(t) is applied to it is equal to the linear combination of the outputs due to the signals x1(t) and x2(t) applied separately:
 [image: image2.png]


                                                               (1.1)
Informally, a linear circuit is one in which the values of the electronic components, the resistance, capacitance, inductance, gain, etc. don't change with the level of voltage or current in the circuit.
Imagine, we have a sealed box containing electrical circuits and that circuit have four terminals i.e., two for the "input" and two for the "output." Let the output current I be observed for a succession of voltages V  applied to the input terminals, and let a plot be made of these two quantities, with I vertically and V  horizontally. If the I-V curve which is obtained is a straight line, the electrical devices in the box are to be called linear elements. If the "circuit elements" in the box consist merely of a series resistance, the symmetrical straight line of Fig.1.1 will be obtained. 

	
[image: image3.png]




	    Fig.1.1Symmetrical Ohmic element


Let a fluctuating voltage (V-t) be applied to the input terminals. Then the fluctuating output current V-t), as shown in this figure, will have the same shape as that of the input voltage.

1.2 Non-linearity:

In mathematics, a nonlinear system is a system which is not linear, that is, a system which does not satisfy the superposition principle, or whose output is not directly proportional to its input. Less technically, a nonlinear system is any problem where the variable(s) to be solved for cannot be written as a linear combination of independent components. Nonlinearity is the behavior of a circuit, particularly an amplifier, in which the output signal strength does not vary in direct proportion to the input signal strength. In a nonlinear device, the output-to-input amplitude ratio (also called the gain) depends on the strength of the input signal.

In an amplifier that exhibits nonlinearity, the output-versus-input signal amplitude graph appears as a curved line over part or all of the input amplitude range. Two examples are shown below. The amplifier depicted by the red curve has gain that increases as the input signal strength increases; the amplifier depicted by the blue curve has gain that decreases as the input signal strength increases.
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                                                Fig 1.2 Example of nonlinearity
Or in other words, if the circuit elements consist of crystals, such as galena or iron pyrites, or if they consist of copper-oxide rectifiers, the unsymmetrical, non-linear (non-Ohmic) curve of Fig.1.2 will be obtained. 

	[image: image5.png]




	    Fig 1.3 Non-Ohmic unsymmetrical element


A pure sinusoidal voltage at the input will not yield an output current of the same (sinusoidal) wave-form. Instead, the current will be partially rectified, as shown in the figure, and will be distorted or "full of harmonics".

Sometimes it may be difficult to differentiate between analog and digital circuits as they have elements of both linear and non-linear operation. An example is the comparator which takes in a continuous range of voltage but only outputs one of two levels as in a digital circuit. Similarly, an overdriven transistor amplifier can take on the characteristics of a controlled switch having essentially two levels of output.
1.3 COMMONLY USED ANALOG BUILDING BLOCKS
Analogue Integrated Circuit Design is becoming increasingly important with growing opportunities. Coupled with the various technological improvements are the ever shrinking feature size of the devices on IC’s and the consequent reduction of power supply voltages. This has led to creation of alternate analogue design techniques.
Historically analogue design was viewed as a voltage dominated form of signal processing. This is apparent from the fact that current signals were transferred into voltage domain before any analogue signal processing could be done. But due to the advances in the process technology a shift is made to current mode of signal processing. Analog IC design is receiving a tremendous boost from the development and application of current mode processing which has an inherent performance feature of wider bandwidth [2].
1.4 CURRENT MODE SIGNAL PROCESSING
The growth of analog IC design has been impeded by the process technologies that are mostly optimized for digital applications only. With the evolution of submicron technologies such as 0.18 micron and 0.13 micron, the supply voltages have been reduced to 3.3 Volts and lower. This makes it difficult to design a voltage mode CMOS circuits with high linearity and wide dynamic range. Recently, current mode circuits have become a viable alternative for future applications because of their inherent advantages over voltage mode circuits [2]. 

The main advantage of using current mode technique is because the non-linear characteristics exhibited by most field effect transistors. A small change in the input or controlling voltage results in a much larger change in the output current. Thus for a fixed supply voltage, the dynamic range of a current mode circuit is much larger than that of a voltage mode circuit. If a supply voltage is lowered, one can still get the required signals represented by the current.                  

A second advantage of current mode circuits is that they are much faster as compared to voltage mode circuits. The parasitic capacitances present in the analog circuits must be charged and discharged with the changing voltage levels. In a current mode circuit, a change in current level is not necessarily accompanied by a change in the voltage level. Hence, the parasitic capacitances will not affect the operating speed of the circuit by a significant amount. 

Other advantages of using current mode circuits are that they do not require specially processed capacitors or resistors; they are more compatible with digital CMOS technology making integration of mixed signal circuits more feasible. Due to all the advantages of current mode analogue signal processing there has been an emergence of new analogue building blocks ranging from the current conveyor, OTA, OTRA and current feedback op-amps through to sampled data current circuits such as dynamic current mirrors and analogue neural networks.

1.5 ANALOG BUILDING BLOCKS
1.5.1 OPAMP 
The operational amplifier is one of the most useful and important components of analog electronics. They are widely used in popular electronics. Their primary limitation is that they are not especially fast: The typical performance degrades rapidly for frequencies greater than about 1 MHz. The primary use of op-amps in amplifier and related circuits is closely connected to the concept of negative feedback. Feedback represents a vast and interesting topic in itself.
An op-amp has a DC-coupled high-gain electronic voltage amplifier with a differential input and, usually, a single-ended output. Ideally the op-amp amplifies only the difference in voltage applied between its two inputs ([image: image7.png]


 and[image: image9.png]


), which is called the differential input voltage. The output voltage of the op-amp is given by the equation,
[image: image11.png]


                                                                                                          (1.5.1)

Where [image: image13.png]


 is the voltage at the non-inverting terminal and [image: image15.png]


 is the voltage at the inverting terminal and G open-loop is the open-loop gain of the amplifier. 

The ideal operation is difficult to achieve and the non-ideal conditions often raise limitations like finite impedances and drift, their primary limitation being not especially fast. The typical performance degrades rapidly for frequencies greater than 1MHz, although some models are designed especially for higher frequencies. High input impedance at the input terminals (ideally infinite) and low output impedance at the output terminal(s) (ideally zero) are important typical characteristics. The other important fact about op-amps is that their open-loop gain is huge. This is the gain that would be measured from a configuration in which there is no feedback loop from output back to input. A typical open-loop voltage gain is ~ [image: image17.png]10*
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 .  
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Figure 1.4 Non ideal internal circuit of Op-amp
An ideal op-amp is usually considered to have the following properties, and they are considered to hold for all input voltages: 

· Infinite open-loop gain.

· Infinite voltage range available at the output ([image: image22.png]


) (in practice the voltages available from the output are limited by the supply voltages [image: image24.png]+Vear



  and[image: image26.png]—Vear



 ) 

· Infinite bandwidth 

· Infinite input impedance

· Zero input current

· Zero input offset voltage 

· Infinite slew rate 

·  Zero output impedance 

· Infinite Common-mode rejection ratio (CMRR) 

· Infinite Power supply rejection ratio for both power supply rails. 

1.5.2 OPERATIONAL TRANSCONDUCTANCE AMPLIFIER 
An operational Transconductance amplifier (OTA) is a voltage controlled current source (VCCS) device [7-8]. There is usually an additional input for a current to control the amplifier's transconductance. The OTA is similar to a standard operational amplifier but output impedance is infinite in ideal OTA where it is zero in ideal Op-amp and OTA may be used with negative feedback. 

The OTA is not as useful by itself in the vast majority of standard op-amp functions as the ordinary op-amp because its output is a current. One of its principal uses is in implementing electronically controlled applications such as variable frequency oscillators and filters and variable gain amplifier stages which are more difficult to implement with standard op-amps. In the ideal OTA, the output current is a linear function of the differential input voltage, and is given by: 

IOUT = gm (VIN+ − VIN−)                                                            (1.5.2)
The amplifier's output voltage is the product of its output current and its load resistance: 
[image: image28.png]
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Figure 1.5 OTA Model

The voltage gain is then the output voltage divided by the differential input voltage: 

  [image: image30.png]Gloltage =




 



(1.5.4)

The transconductance of the amplifier is usually controlled by an input current, denoted [image: image32.png]Lyias



 ("bias current"). The amplifier's transconductance is directly proportional to this current. This is the feature that makes it useful for electronic control of amplifier gain, etc. 

As an ideal OTA is usually considered to have the following properties and they are considered to hold for all input voltages:

· Infinite input impedance  

· Infinite output impedance (i.e. Rout= ∞).

· gm is variable and [image: image34.png]


 we cannot make gm[image: image36.png]


infinite.

1.5.3    CURRENT CONVEYOR

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 [17]. Two years later, today’s widely used second-generation CCII was described in [17], and in 1995 the third-generation CCIII [3]. However, initially, during that time, the current conveyor did not find many applications because its advantages compared to the classical operational amplifier were not widely appreciated. An IC Current Conveyor, namely PA630, was introduced by Wadsworth in 1989 and about the same time, the now well known CFOA AD844 was recognized to be internally a CCII+ followed by a voltage follower [3]. 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. Several generations of current conveyors have been defined over the years. The different types of terminals relation of a current conveyor can be characterized by:

1.5.3.1 The First Generation Current Conveyor (CCI):
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                                        Fig 1.6 First generation current conveyor
The current conveyor (CCI), as initially introduce, is a 3-port devices whose black-box representation can be seen in the fig:. the operation of this devices is such that if a voltage is applied to the input terminal Y, an equal potential will appear on the input terminal X. In a similar fashion, an input current I being forced into terminal X will result in an equal amount of current flowing into terminal Y. As well, the current I will be conveyed to output terminal Z such that terminal Z has the characteristics of a current source, of value I, with high output impedance. The potential of X, being set by that of Y, is independent of the current being forced into port X. Similarly, the current through input Y, being fixed by that of X, is independent of the voltage applied at Y [25]. Thus the device exhibits a virtual short-circuit input characteristics at port X and a dual virtual open-circuit input characteristic at port Y.

Mathematically, the input-output characteristic of CCI can be described by the following hybrid equation 
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                                                                                          (1.5.5)
Where the variables represent total instantaneous quantities. The +sign applies for the CCI in which both Z and X flow into the conveyor, denoted CCI+. The –sign apply for the opposite polarity case, denoted CCI-. To visualize the interaction of the port voltages and currents described by the above matrix equation the nullator-norator representation.  
1.5.3.2 The Second Generation Current Conveyor (CCII):
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                                     Fig 1.7 Second generation current conveyor
To increase the versatility of the current conveyor, a second version in which no current flows in terminal Y, was introduces. This building block has since proven to be more useful than CCI. Thus, terminal Y exhibits infinite input impedance. [25] The current at X follows that applied to Y, thus X exhibits zero input impedance. The current supplied to X to is conveyed to the high-impedance output terminal Z, where it is supplied with either positive (CCII+) or negative polarity (CCII-). [25]  
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                                                                                          (1.5.6)
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  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 fig1 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. Its features find most applications in the current mode, when its 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.
1.5.3.3 The Third Generation Current Conveyor (CCIII) :
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Fig 1.8 Block diagram of CCII

CCIII is defined from the general equations that describe the first and second generation current conveyors. The first and second current conveyors are now widely used, principally in the analogue domain, to implement a significant number of high performance signal processing function. Similarly the general symbol associated with CCIII is shown in Fig 1.8 X, Y and Z are their input-output ports and ground is reference [3].
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                                                                                             (1.5.7)

This conveyor can be describes using the above matrix-relation. Where, b characterizes the current transfer from X to Z. For b positive the circuit is a positive transfer conveyor. This becomes a conveyor with negative transfer when b is negative, a is related to the nature of the conveyor. Thus, only two general classes of current conveyor, with either a=1 or a=0, have been described up to now. For a=1, the circuit is a first generation current conveyor. It is called a second generation conveyor for a=0. A new conveyor, which corresponds to a=-1, is introduced here, which is known as third generation current conveyor (CCIII) which is very useful to take out the current flowing through a floating branch of a circuit. 

1.5.4 CURRENT FEEDBACK OPERATIONAL AMPLIFIER

The current feedback operational amplifier (CFOA) is a type of electronic amplifier whose inverting input is sensitive to current, rather than to voltage as in a conventional voltage-feedback operational amplifier (VFA). The first integrated circuits CFAs were introduced in 1987 by both Comlinear and Elantec (designer Bill Gross). They are usually produced with the same pin arrangements as VFAs, allowing the two types to be interchanged without rewiring when the circuit design allows. In simple configurations, such as linear amplifiers, a CFA can be used in place of a VFA with no circuit modifications, but in other cases, such as integrators, a different circuit design is required. The circuit symbol of CFOA characterized by the following matrix form:
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Therefore, this active element can be characterized with the following equations:
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Fig.1.9 Circuit Symbol of CFOA

Current-Feedback Operational Amplifiers (CFOAs) are employed as an alternative to conventional voltage op-amps because of their inherent advantages:

· The CFOA closed-loop bandwidth is independent of its close-loop gain, provided that the feedback resistance is kept constant 

· The CFOA input and output stages work both in class AB and give high slew-rate values AD844A is CFOA chip which is commercially available in the market.
  1.6 OVERVIEW OF THE PROJECT
This thesis has been written in five chapters. Chapter fifth in this thesis covers what is typically considered to be the core material for study the non-linear analog signal processing circuit from simulation.

Chapter one is an introductory chapter of the whole project. The topics covered in this chapter include the objectives of the project and define the linearity, nonlinearity, different analog building block such as: OTA, OP-amp, CC, CFOA etc. 
Chapter two discuss the literature survey of different papers which are related to this project work. 
Chapter three of this project consists of detailed discussion on Operational Transconductance Amplifier. The CMOS based OTA has been realized using PSICE tools. It shows the relation between literature review and the basic concept of the project. 

Chapter four discusses application of OTA in 1st order and 2nd order filter designing. All the mathematical expressions are presented in this chapter along with thorough explanations and simulations results.

Chapter five focuses on the study of some non-linear analog signal processing circuits using CMOS, op-amp and OTA. Some non-linear analog circuit like: integrator, differentiator, multiplier, squaring circuit, rectifier and Schmitt trigger has been implemented. The difference between op-amp based circuit and OTA based circuit through their frequency response, power supply, slew rate, bandwidth has been discussed in this Chapter. This Chapter includes simulation results using 0.18 micron and 0.5micron CMOS-technology on PSPICE tool. 
                            CHAPTER 2               
                    LITERATURE SURVEY                           
The demand for electronic circuits with extremely low supply voltages and power consumption is important in development of microelectronic technologies [2]. Wideband analog signal processing systems are useful in many applications, such as telecommunication, multimedia and consumer electronics. Analog filter, oscillator, and nonlinear analog circuits, etc., are important subsystems in such systems. Among the existing realization method of continuous-time domain integrated analog signal processing circuit, filters etc., OTA topology is most useful one, and it offer good performances with lower power consumption and high frequency operation. In many applications, additional requirements appear, particularly the extreme speed or the accuracy of signal processing. Simultaneous fulfillment of the above demands is problematic. CMOS technology using the OTA as the active element can achieve a considerable improvement in ampliﬁer speed, accuracy and bandwidth, overcoming the ﬁnite gain–bandwidth product associated with operational ampliﬁers. Literature survey reveals the emergence of OTA as an alternate analog building block. A variety of papers have been reported on OTA during last one and a half decade. This includes various CMOS realization of OTA and wide variety of signal processing and generation applications such as OTA realization, filters, amplifier, and non-linear analog signal processing circuits.

2.1CMOS-OTA Realization
 The commercial OTA were not meant to be used in open loop mode. The maximum input voltage for a typical bipolar OTA is of the order of only 30mV [9]. Since a number of research have investigated to increase the input voltage range and to linearise the OTA. 

So, from the realization of CMOS-OTA input voltage range increases and also linearise the OTA. Some of the attractive properties of OTA are their fast speed in comparison with conventional low-output impedance op-amps, and their bias dependence conductance tunability [8]. Today CMOS-OTA is used in many of application instead of commercial operational amplifies because of it’s following features i.e. a). It lowers the power consumption. b). can be used at very low supply voltage. C). It give better result at high frequency. It reduces the zero cross-over distortion as compared to conventional op-amp. With the realization of CMOS-OTA which is Transconductance amplifiers by which the following features arises that any improvement in filters, amplifier or in any other circuit characteristics, performance or flexibility can be obtained. In recent years, several high-performance CMOS OTA realizations have been presented [9]. This leads to growing interest for the design of OTA-based analog signal processing circuits. 

2.2 OTA Applications

2.2.1 Amplifiers: 
Here, the study of the operational transconductance amplifier (OTA) as a replacement for the conventional op-amp as a inverting amplifier is done. This section will discuss a subset of general voltage amplifiers, with negative feedback [24]. For further information about the rich variety of amplifier configurations available using the OTA, the reference [Geiger-11] is extremely useful. 
2.2.2 Filters:
Various filters have been designed using OTA. Second order voltage mode filters are realized in [11]. Ref [12] gives two realizations, first and second order depending on the value of tranconductance and capacitance. First-order low pass and high pass filter, second- order bandpass filter and notch filters are realized in [11,12].
Ref [12] presents an OTA based current controlled type biquadratic ﬁlters conﬁguration using two and three OTA, which realize all different ﬁltering functions, namely low-pass, high-pass, band-pass, notch and all-pass. 

A generalized electronically tunable high-input impedance voltage-mode universal biquadratic filter based on CMOS OTAs is discussed in [13]. These are used to realize all the filtering functions like low-pass, high-pass, band-pass, notch and all-pass. 
2.2.3 Non-linear analog circuits:
Some non-linear analog signal processing circuits are implemented using both op-amp and CMOS-OTA. 
Integrator and differentiator using OTA are realizes in [10] & [16]. Ref [10-18] presents the extensive use of analog multiplier in communication systems. It also shows the voltage characteristics of a four quadrant multiplier [18]. Ref [20] present analog four-quadrant multiplier which is a computational block for nonlinear operations on modern analog signals processing circuits, e.g., automatic gain controllers, modulators, waveform generators, etc. LV/LP (low-voltage/low-power) design has played key roles for light, long-lived mobile/hand-held portable electronics systems. 

The squaring circuit is widely used in analog signal processing applications such as multiplier, modulating, frequency doubling, and frequency dividing and adaptive filtering [21]. Ref [21] proposes low-voltage squarer circuit that uses the simple differential amplifier without any passive component. The circuit operates as source follower and all MOS transistors are in saturation region.

Ref [22] presents inverting and non-inverting full-wave rectifier of low-level signal which is a critical and demanding aspect of analog signal processing in telecommunication, instrumentation, measurement and control. This rectifier circuit is implemented by using CMOS-operational transconductance amplifier instead of diode [16].

Ref [23] presents a current-controllable Schmitt trigger using operational transconductance amplifiers (OTAs). It consists of two OTAs and two grounded resistors. The output level of the circuit is determined by one OTA and one resistor, and the threshold level is determined by the other OTA and resistor.  

                             CHAPTER 3
              CMOS REALIZATION OF OTA
This chapter presents the realization of the CMOS-Operational transconductance amplifier (OTA). CMOS implementation and simulation verifies that biased current is proportional to the transconductance of the OTA [10]. These building blocks are used in later chapters for constructing second order filters, rectifiers, etc. 
3.1 Introduction:
 An operational transconductance amplifier (OTA) is a voltage controlled current source (VCCS) device [9-10]. They are found useful in interface circuits, instrumentation amplifiers, continuous-time-filters and oscillators. Primarily voltage amplifiers (such as: op-amp) in which the output voltage equals the gain times the input voltage. The Operational transconductance amplifier (OTA) is primarily a voltage-to-current amplifier in which the output current equals the gain times the input voltage. By definition the transconductance of electronics devices is the ratio of the output current to the input voltages. For an OTA voltage is the input variable and current is the output variable. Therefore the ratio of the output current to the input voltage is its gain which is known as transconductance (gm). Ideal characteristics of an OTA are same as that of the operational amplifier unlike infinite output impedance (which is zero in op-amp). There is also a input bias terminal besides two differential non-inverting and inverting input terminals.
 The OTA is popular for implementing voltage controlled filters (VCF) and oscillators (VCO), rectifiers, multiplier and in many other circuit which plays an important role over conventional op-amp like: reduces the component count in the circuit, used at high frequency range, can be operate a very low power supply voltage which in turn reduces the power consumption of the given circuit [12].
3.2 OTA Circuit and it’s principle of Operation:
An OTA is a voltage controlled current source, more specifically the term “operational” comes from the fact that it takes the difference of two voltages as the input for the current conversion [9].
The ideal transfer characteristic is therefore:

IOUT = gm (VIN+ − VIN−)                                                                                                   (3.1)

or, by taking the pre-computed difference as the input:

IOUT = gm VIN                                                                                                                                                                              (3.2) 
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                                       Fig: 3.1 OTA Symbol with transconductance gm.

The above circuit is the symbol of an operational transconductance amplifier (OTA) with two differential input terminals and a bias current input with transconductance gm.
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                                  Fig 3.2: Equivalent circuit of a ideal OTA

The above figure shows that the output current depends on transconductance (gm) and on the differential input terminal voltages. This also shows that input impedance of an ideal OTA is infinite. 
The proportionality factor between output current and input differential voltage is called transconductance. With the ideally constant transconductance gm as the proportionality factor between the above two equation. In reality the transconductance is also a function of the input differential voltage as shown in the below equation:
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                                                                                                                        (3.3)

And

gm = K IBIAS                                                                                                                                                                                      (3.4)

 Also OTA transconductance depends on a constant (K) times the bias current (where K is the temperature dependent function). Consequently, the output current of an OTA is controlled by the input voltage and the bias current as shown below:

IOUT= gm Vin = K IBIAS Vin                                                                                                 (3.5)                              

To summarize, an ideal OTA has two voltage inputs and a bias current input with infinite input impedance (i.e. there is no input current) and high output impedance. The common mode input range is also infinite, while the differential signal between these two inputs is used to control an ideal current source (i.e. the output current does not depend on the output voltage) that functions as an output. 
3.3 CMOS realization of OTA

The OTA has been simulated using the CMOS structure of Figure 3.1 with DC supply voltage equal to 150mV and bias voltage equal to VDD = +5V and VSS = -5V and Ibias = 50µA . 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 + 5V, and bulks of NMOS are connected -5V). The simulations are based on .05µm CMOS technology. Fig. 3.3 shows the CMOS implementation of simple OTA. It uses only eight MOSFET transistors and one current source. Assume four MOS transistors operating in saturation region.
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                                      Fig 3.3: An OTA circuit using MOSFET           
3.4 Program:

*A CMOS BASED OTA 

VDD  2  0 DC    5V 

VSS  3  0  DC  -5V 

VIN  1  0  DC  .15V

*VIN  1  0  AC  .15V

IBB  9  3 DC    50UA

M1   6  0  9  9  NMOD  L=2U  W=40U

M2   4 1  9  9   NMOD  L=2U  W=40U 

M3   5  5  3  3  NMOD  L=2U  W=40U

M4   8  5  3  3  NMOD  L=2U  W=40U

M5   5  6  2  2  PMOD  L=2U  W=40U

M6   6  6  2  2  PMOD  L=2U  W=40U

M7   4  4  2  2  PMOD  L=2U  W=40U

M8   8  4  2  2  PMOD  L=2U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17  +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 +MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 +LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16  +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00 +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02)

RL 8 7 1KOHM

VX 7 0  0V

.AC DEC 10 10HZ 100000KHZ

*.DC IBB  1US 100US 5US

.OP 

.PLOT DC I(VX)

.PROBE

.END

3.5 Result and Discussion:
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       Fig 3.4: Simulated relationship between transconductance (gm) & bias current (Ibias)    
Above Fig 3.4 shows that the transconductance gain (gm) of the OTA can be varied by the bias current IBB.
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                               Fig3.5: frequency response of the CMOS-OTA

Fig3.5: shows the AC analysis which consists of open loop frequency response of the OTA for input voltage of 150mV.  

                                  CHAPTER 4
   ANALOG SIGNAL PROCESSING APPLICATIONS                                                                  
4.1 OTA as an Inverting Amplifier:

Here, the study of the operational transconductance amplifier (OTA) as a replacement for the conventional op-amp as a inverting amplifier is done. This section will discuss a subset of general voltage amplifiers, with negative feedback. For further information about the rich variety of amplifier configurations available using the OTA, the reference [Geiger-11] is extremely useful. 
4.1.1 Circuit:
                     [image: image72.png]i

]

-
-

ilml

2

158

vo2




                                           Fig 4.1 OTA as an inverting amplifier

The voltage gain and output impedance are given by:
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                                                                                                             (4.1.1)
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                                                                                                              (4.1.2)
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On putting the value of Equations (4.1.1) and (4.1.2) in Equation (4.1.3), we get:
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                                                                                                                    (4.1.4)                                 

And the input impedance is given by:
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                                                                                                                       (4.1.5)

4.1.2 Program:

* CMOS BASED OTA AS AN INVERTING AMPLIFIER

VIN  1  0  AC  .12V SIN(0 .12V 10KHZ)

XA1  0 1 13 2  OTA

XA2  0 2 14 2  OTA

.PARAM VAL=30UA

IBB2 14 0 {VAL}

IBB1 13 0 DC 200UA

.SUBCKT OTA 1 10 9 8 

VDD  2  0 DC    5V 

VSS  3  0  DC  -5V 

M1   6  10 9  9  NMOD  L=2U  W=40U

M2   4  1  9  9   NMOD  L=2U  W=40U 

M3   5  5  3  3  NMOD  L=2U  W=40U

M4   8  5  3  3  NMOD  L=2U  W=40U

M5   5  6  2  2  PMOD  L=2U  W=40U

M6   6  6  2  2  PMOD  L=2U  W=40U

M7   4  4  2  2  PMOD  L=2U  W=40U

M8   8  4  2  2  PMOD  L=2U  W=40U.MODEL NMOD NMOS (LEVEL=3 +PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 +DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4 THETA=1.8120E-01 +RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 +VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 CGDO=4.0920E-10 +CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-0 MJ=0.76700  CJSW=2.000E-11 +MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16 +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00  +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300  CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02)

.ENDS OTA

RL 2 0 1KOHM

.STEP PARAM VAL LIST 50UA 250UA 450UA

.TRAN 5US  200US

.OP 

.PLOT DC V(2)

.PROBE

.END
4.1.3 Result:
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                   Fig 4.2 Input-output response of the inverting amplifier using OTA
The gain are completely settable by the external currents, with no external, passive components except those needed to generate the current from a standard voltage source. In the above result we change the value of bias current of OTA2 i.e. IB2 from 50uA, 250uA and 450uA and see the result that output voltage increase in the same manner as we increase the input biased current. So above result verify the Equation (4.1.4).
4.2 OTA as Algebraic Summer Circuit:

To add currents require only a node where Kirchhoff’s current law sum the currents.  Convert voltages into currents by means of transconductors, add the resulting current at a node, and if the result must be another voltage, use a current to voltage converter to obtain the output voltage. A current to voltage converter is a resistor. 

 4.2.1 Circuit:
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                     Fig 4.3Circuit based on transconductance for summing voltages

On solving above circuit we get the output voltage in terms of ration of the transconductance of OTA1, OTA2 and OTA3 to the OTA0.
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On applying KCL as node 2, we get:
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                                                                                            (4.2.4)


Putting the Equation (4.2.1), (4.2.2), and (4.2.3) in Equation (4.2.4)
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4.2.2 Program:

* CMOS BASED OTA AS SUMMMER CIRCUIT
V1  1  0  AC  .05V SIN(0 .05V 10KHZ)

V2  4  0  AC  .07V SIN(0 .07V 10KHZ)

V3  5  0  AC  .09V SIN(0 .09V 10KHZ)
XA1  1 0  2  OTA

XA2  4 0  2  OTA

XA3  5 0  2  OTA

XA0  0 2  2  OTA

.SUBCKT OTA 1 10 8 

VDD 2 0 DC 5V

VSS 3 0 DC -5V

IBB 9 0 DC 400UA

M1   6  10 9  9  NMOD  L=2U  W=40U

M2   4  1  9  9   NMOD  L=2U  W=40U 

M3   5  5  3  3  NMOD  L=2U  W=40U

M4   8  5  3  3  NMOD  L=2U  W=40U

M5   5  6  2  2  PMOD  L=2U  W=40U

M6   6  6  2  2  PMOD  L=2U  W=40U

M7   4  4  2  2  PMOD  L=2U  W=40U

M8  8  4  2  2  PMOD  L=2U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 +LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16  +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00 +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02)

.ENDS OTA

.TRAN 5US  200US

.PROBE

.END
4.2.3 Result:
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                   Fig: 4.4 Input-output waveform of algebraic Summer circuit using OTA

4.3 First Order Filter Using Single OTA
Here, we will study high pass filter and low pass filter using a single CMOS-OTA and shows that there frequency can be varied easily by changing the input bias current of the OTA [11].

4.3.1High Pass Filter:

4.3.1.1Circuit:

                                [image: image98.png]



                                             Fig4.5: High pass filter using OTA 
4.3.1.2 Transfer Function:
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                                                                                                        (4.3.1.1)
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                                                                                                                   (4.3.1.2)
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                                                                                                                 (4.3.1.3)      

NOW, Equation (4.3.1.3) can be written as:
[image: image106.png]


                                                                                                       (4.3.1.4)
From Equation (4.3.1.2)

[image: image108.png]g Vo = SC(V, — V)



                                                                                               (4.3.1.5)
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                                                                                               (4.3.1.6)
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                                                                                                                 (4.3.1.7)

So, the Equation (4.3.1.7) is the given transfer function of the High pass filter.
4.3.1.3 Program:

*First ORDER HIGH PASS FILTER
VIN  1  0  AC  .15V

C1  1  2  1000PF

XA1  0 2 2  OTA

.SUBCKT OTA 1 10 8 

VDD 2 0 DC 3V

VSS 3 0 DC -3V

IBB 9 0 DC 100UA

M1   6  10 9  9      NMOD  L=2U  W=2U

M2   4  1  9  9   NMOD  L=2U  W=2U 

M3   5  5  3  3     NMOD  L=2U  W=2U

M4   8  5  3  3     NMOD  L=2U  W=2U

M5   5  6  2  2     PMOD  L=1U  W=40U

M6   6  6  2  2     PMOD  L=1U  W=40U

M7   4  4  2  2     PMOD  L=1U  W=40U

M8   8  4  2  2  PMOD  L=1U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17  +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 +MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 +LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16 +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00  +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02)

.ENDS OTA

.AC DEC 100 1KHZ 10000KHZ 

.PRINT AC VM(2) VM(1)

.PROBE

.END

4.3.1.4 Result:
[image: image113.emf]            Frequency

1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz 3.0MHz 10MHz 30MHz 100MHz

V(2)/ V(1)

0

150m

300m

450m

600m

750m

900m


                                              Fig: 4.6 High pass filter response
4.3.2 Low Pass Filter:

4.3.2.1 Circuit:

                                 [image: image114.png]



                                              Fig 4.7 Low pass filter using OTA
4.3.2.2 Transfer Function:
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                                                                                                        (4.3.2.1)
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                                                                                                                      (4.3.2.2)
On putting Equation (4.3.2.2) in Equation (4.3.2.1)
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                                                                                                 (4.3.2.3)
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                                                                                                (4.3.2.4)
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                                                                                                                  (4.3.2.5)

Hence, Equation (4.3.2.5) is the transfer function of the first order Low pass filter.
4.3.2.3 Program:

 *FIRST ORDER LOW PASS FILTER
VIN  1  0  AC  .15V

C1  2  0  1000PF

XA1  1 2 2  OTA

.SUBCKT OTA 1 10 8 

VDD 2 0 DC 3V

VSS 3 0 DC -3V

IBB 9 0 DC 100UA

M1   6  10 9  9     NMOD  L=2U  W=2U

M2   4  1  9  9  NMOD  L=2U  W=2U 

M3   5  5  3  3    NMOD  L=2U  W=2U

M4   8  5  3  3    NMOD  L=2U  W=2U

M5   5  6  2  2    PMOD  L=1U  W=40U

M6   6  6  2  2    PMOD  L=1U  W=40U

M7   4  4  2  2    PMOD  L=1U  W=40U

M8   8  4  2  2  PMOD  L=1U  W=40U
.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 +MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 +LAMBDA=0.02)
.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16  +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00 +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02)

.ENDS OTA

.AC DEC 100 1KHZ 10000KHZ 

.PRINT AC VM(2) VM(1)

.PROBE

.END

4.3.2.4 Result:
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                                   Fig: 4.8 Response of 1st order low pass filter

4.4 Biquadratic Filter Using Two OTA

Operational transconductance amplifiers (OTAs) have exhibit some advantages in the circuit design.  An OTA provides an electronic tunability of its transconductance gain, wide tunable range and powerful ability to generate various circuits [11-14]. Moreover, OTA based circuits require no resistors and, therefore, are suitable for integrated circuit implementation. So, OTA is a very good basic block to design high-performance filters.
4.4.1 Introduction

A new electronically tunable three inputs and single output voltage-mode universal biquadratic filter based on simple CMOS operational transconductance amplifiers (OTAs) and grounded capacitors. Additionally, the circuit parameters ω0 and Q can be set orthogonally by adjusting the transconductance and grounded capacitors. The filter also offers an independent electronic control of parameters ω0 by adjusting the transconductance through the bias current/voltage of the OTA. The given configuration provides low pass, high pass, bandpass, and notch filter voltage responses at a high impedance input terminal, which enable easy cascadability. For realizing all the filter responses, no critical component matching condition is required, and all the incremental parameter sensitivities are low. 

A biquadratic filter is very useful block to realize high-order filters. Several voltage-mode biquadratic filters based on OTAs have been implemented. Focusing the number of input and output ports, the voltage-mode universal filters may be divided into four categories: (i) a single-input, single-output (SISO), (ii) a single-input, multiple-output (SIMO) type, (iii) a multiple-input, single-output (MISO) type, and (iv) a multiple-input, single-output (MIMO) type. Generally, the SISO filter can simultaneously realize multi-function outputs by altering the connection way of the circuits, but altering the connection way can only realize a filtering output at a time. But the MISO and MIMO configurations provide a variety of circuit characteristics with different input and output currents, and usually does not require any parameter matching conditions and additional circuits [13]. 

Here, focus is on the realization of the third category where different filter functions will be realized by simply connecting appropriate input voltages. The filter performance parameters ω0 and Q can be set orthogonally by adjusting the Transconductance and grounded capacitors and electronic tuned through adjusting the bias current/voltage of the OTA. For the realization of all the filter responses, no critical component matching conditions are required.

4.4.2 Circuit:
Second-order filter structures find widespread applications directly and in the design of higher-order filters. Here we will realize second order filter using CMOS –OTA which will provide attractive features like: high-input impedance, the use of only two grounded capacitors, the versatility to synthesize LP, BP, HP, BS and AP responses without component matching conditions. Also, the circuit parameters ω0 and Q can be set orthogonally by the circuit components. The second order filter using two OTA is show below:
                   [image: image126.png]



                                  Fig 4.9: A Second order filter using two OTA

The above circuit is simple second order filter in which only four components are required to obtain a second order transfer function. The output transfer function of the circuit is given by the relation: [11]
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                                                          (4.4.1)
From the above transfer function the output voltage depends on three input which will decide the type of the filter. The above filter is a constant-Q pole adjustment filter, that is, on varying the transconductance of the OTA (if the gm of both the OTA is same) then ω0 will change but the quality factor will remain same i.e. bandwidth of the filter will be change in all condition. Transconductance of the operational transconductance amplifier depend on the bias current (from the Equation 3.1.4), so the quality factor will remain same on changing the value of the bias current. This relation can be easily understood with the equation given below:
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                                     (4.4.2)
Where gm1, gm2, C1 and C2 are the transconductance of the OTA and capacitances respectively. Now if the Transconductance of both the OTA are same i.e. gm1=gm2 that if the bias current is same the above equations become:
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                                          (4.4.3)
From the Equation (4.4.3) we see that on changing the value of bias current, critical or centre frequency will be change but maintaining the constant Q (quality factor).

It is clearly seen from Eq. (4.4.3) that:  
       (ii) The HP response can be obtained when:       Vin = VC,  VA and VB are grounded 

       (ii) The BP response can be obtained when:       Vin = VB and VA and VC are grounded.  

       (iii) The LP response can be obtained when:        Vin = VA,  VB  and VC are grounded. 

       (iV) The notch filter response obtained when:     Vin = VA = VC and VB is grounded. 
Thus, the given filter can realize all the standard types of the biquadratic filtering function without component matching condition requirements as well as require no an inverting-type voltage input signal hence the name ‘‘universal biquadratic filter’’. Moreover, the three input signals Vin1, Vin2 and Vin3, are connected to the high-input impedance input nodes of the OTAs.

From Eqs.(4.4.4) the parameter Q can be set by C1 and C2 and parameter ω0 can be set by transconductance gm without disturbing Q. Thus, the biquadratic filter has orthogonal tuning capability for the circuit parameters Q and ω0. Moreover, the parameter ω0 also tunes by adjusting the transconductance gm through the bias currents/voltages of the OTAs, hence the name ‘‘electronically tunable biquadratic filter’’.

4.4.3 Program:
*A SECOND ORDER FILTER USING TWO OTA

VIN  1  0  AC  .15V

.PARAM VAL=30UA

IBB 4 0 {VAL}

XA1 0 2 4 3 OTA

XA2 3 2 4 2 OTA
.SUBCKT OTA 1 10 9 8 

VDD 2 0 DC 5V

VSS 3 0 DC -5V

M1   6  10  9  9  NMOD L=2U  W=2U

M2   4  1 9  9  NMOD    L=2U  W=2U 

M3   5  5  3  3  NMOD   L=2U  W=2U

M4   8  5  3  3  NMOD   L=2U  W=2U

M5   5  6  2  2  PMOD   L=2U  W=2U

M6   6  6  2  2  PMOD   L=2U  W=40U

M7   4  4  2  2  PMOD   L=2U  W=40U

M8   8  4  2  2  PMOD   L=2U  W=40U

.MODEL CMOSN NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17   +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01   +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL CMOSP PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16   +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00   +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 +MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)

.ENDS OTA

C1 3 1 100PF

C2 2 0 100PF

.AC DEC 100 1KHZ 10000KHZ

.STEP PARAM VAL LIST 30UA 50UA 90UA 

.PROBE

.END
4.4.4 Results:
The performance of the proposed universal biquadratic filter in Fig. 4.9 has been simulated using PSPICE to verify the given theoretical prediction. The second order filter using two CMOS OTA performed with 0.5µm CMOS technology provided by MOSIS. The aspect ratios of the transistors used are W/L = 2µm/2µm for the NMOS devices and W/L = 40µm/2µm for the PMOS devices. The power supplies are selected as VDD = +3V and VSS = -3V. C1 = C2 = 100pF and IB1 = IB2 = 75uA are given. This setting has been designed to obtain the LP, BP, HP and notch filter responses and the frequency range is up to 10MHz.
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                Fig4.10: High pass filter response of second order filter using two OTA 
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                 Fig 4.11: Low pass response of second order filter using two OTA
For Band pass filter when:   Vin = VB and VA and VC are grounded and for the Notch filter when:      Vin = VC = VA and VB are grounded:

[image: image140.emf]            Frequency

1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz 3.0MHz 10MHz

V(9)/ V(1)

0

0.15

0.30

0.45

0.60

0.75

0.90

1.05

1.20


                   Fig4.12: Bandpass filter response of second order filter using two OTA
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             Fig4.13: Magnitude response of second order Notch filter using two OTA
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                Fig4.14: Phase response of second order Notch filter using two OTA 
Conclusion: From the Figure 4.12, it is clear that critical or centre frequency of the bandpass filter changes to approx. 70KHz, 90KHz and 110KHz when at bias current changes from 30µA, 50µA and 90µA. Centre frequency changes on changing the value of the bias current but maintains the constant quality factor Q (sharpness). Eqs. (4.4.3).
4.5 A Second order Filter Using Three OTA

The Biquadratic filter using three Operational transconductance amplifiers (OTAs) which have some extra features and characteristics over the second order filter using two OTA [11] studied here. For realizing all the filter responses, no critical component matching condition is required. PSPICE simulation results are performed to confirm the theoretical analysis. 
4.5.1 Introduction
An OTA provides an electronic tunability of its transconductance gain, wide tunable range and powerful ability to generate various circuits. Moreover, OTA based circuits require no resistors and, therefore, are suitable for integrated circuit implementation. So, OTA is a very good basic block to design high-performance filters. A new electronically tunable three inputs and single output voltage-mode universal biquadratic filter based on simple CMOS operational transconductance amplifiers (OTAs) and grounded capacitors.
By using the three OTA to make a second order filter the circuit parameters ω0 and Q can be set orthogonally by adjusting the transconductance and grounded capacitors. The filter also offers an independent electronic control of parameters Q-factor by adjusting the transconductance through the bias current/voltage of the OTA which is the only difference in second order filter with two OTA that we can change only critical frequency. But in case of second order filter using three OTA we can also change the quality factor by changing the value of bias current of OTA3. We realize all the result using CMOS that on changing the value of bias current, critical or centre frequency and quality factor both will be change independently and dependently which is the attractive feature of the circuit using three OTA. So, in this circuit we can obtain both type of the result [11].

4.5.2: Circuit Using Three OTA:

            [image: image143.png]



                          Fig: 4.15: Second Order Filter using Three CMOS-OTA
Given figure show the circuit of second order filter using three OTA, three input, two matched capacitor and a single output. 

The output voltage of th e above circuit is given by: [11]
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                                        (4.5.1)
From the above transfer function we see that output voltage depends on three inputs which will decide the type of the filter [13]. The above filter is a circuit with independent pole and zero adjustment that we can adjust both the factor independently. That is, constant-Q pole adjustment filter, that is, on varying the transconductance of the OTA1 and OTA2  then ω0 will change but the quality factor will remain same i.e. bandwidth of the filter will be change in all condition. Similarly, constant- ω0 pole adjustment filter, that is, on only varying the transconductance of the OTA3 then Q-factor will change but the critical frequency will remain same i.e. bandwidth of the filter will be same in all condition. As we know that transconductance of the operational transconductance amplifier depend on the bias current (from the Equation (3.1.4)), so the quality factor and centre frequency will change on changing the value of the bias current. This relation can be easily understood with the equation given below:
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                                (4.5.2)
Where gm1, gm2, C1 and C2 are the transconductance of the OTA1 and OTA2, similarly gm3 is transconductance of the OTA3 and capacitances respectively. Now if the transconductance of both the OTA1 and OTA2 are same i.e. gm1=gm2 that if the bias current is same the above equations become:
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                                          (4.5.3)
From the Equation (4.5.3) we see that on changing the value of bias current, critical or centre frequency and quality factor both will be change independently and dependently which is the attractive feature of the circuit using three OTA. As it the second order filter using three input so it will give the standard types of the biquadratic filtering function without component matching condition requirements.

 All It is clearly seen from Eq. (4.5.1) that:  
       (ii) The HP response can be obtained when:       Vin = VC,  VA and VB are grounded 

      (ii) The BP response can be obtained when:        Vin = VB and VA and VC are grounded.  

      (iii) The LP response can be obtained when:        Vin = VA,  VB  and VC are grounded. 
       (iV) The notch filter response obtained when:    Vin = VA = VC and VB is grounded. 
4.5.3 Program:
*SECOND ORDER FILTER USING THREE OTA
VSS  8  0  DC -3V 

VIN  1  0  AC  .015V

.PARAM VAL=30UA

IBB3 6 0 {VAL}

IBB1 7  8  DC 50UA

XA1 0 2 7 3 OTA

XA2 3 2 7 2 OTA

XA3 0 2 6 2 OTA

.SUBCKT OTA 1 10 9 8 

VDD 2 0 DC 5V

VSS 3 0 DC -5V

M1   6  10 9  9  NMOD  L=2U  W=2U

M2   4  1  9  9  NMOD  L=2U  W=2U 

M3   5  5  3  3  NMOD  L=2U  W=2U

M4   8  5  3  3  NMOD  L=2U  W=2U

M5   5  6  2  2  PMOD  L=2U  W=40U

M6   6  6  2  2  PMOD  L=2U  W=40U

M7   4  4  2  2  PMOD  L=2U  W=40U

M8   8  4  2  2  PMOD  L=2U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17   +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01   +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 +MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 +LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16   +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00  +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 +LAMBDA=0.02 )

.ENDS OTA

C1 3 1 100PF

C2 2 0 100PF

.AC DEC 100 1KHZ 100000KHZ

.STEP PARAM VAL LIST 40UA 90UA 130UA

.PROBE

.END
4.5.4 Results:
The performance of the given universal biquadratic filter in Fig. 4.15 has been simulated using PSPICE to verify the given theoretical prediction. The second order filter using three CMOS OTA performed with 0.5µm CMOS technology provided by MOSIS. The aspect ratios of the transistors used are W/L = 2µm/2µm for the NMOS devices and W/L = 40µm/2µm for the PMOS devices. The power supplies are selected as VDD = +3V and VSS = -3V. C1 = C2 = 100pF and IB1 = IB2 = 50µA are given and the bias current of the OTA3 i.e. IBIAS3 = 40µA and 70µA for seeing change in the quality factor. This setting has been designed to obtain the LP, BP, HP and notch filter responses and the frequency range is up to 10MHz.

For bandpass filter when:   Vin = VB and VA and VC are grounded and for the notch filter when:      Vin = VC = VA and VB are grounded:
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                               Fig4.16: Bandpass response of the second order filter 
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               Fig4.17: Magnitude response of second order Notch filter using three OTA 
Above two results shows the response of the Band pass filter and Notch filter at bias current of OTA3 equal to 40µA in the critical frequency is approx. 130 KHz and Q-factor is 525.
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               Fig4.18: Phase response of second order Notch filter using three OTA 
Above two results shows the response of the Band pass filter and Notch filter for the bias current of OTA3 in the range equals to 40µA, 90µA, 130µA and which gives the same critical frequency approx. 130KHz but Quality factor are different in all cases.                                                     

                              CHAPTER 5 

NON-LINEAR ANALOG SIGNAL PROCESSING               

                                CIRCUITS                                          
Here, discussion is on the implementation of some analog signal processing circuits using CMOS based op-amp and OTA (operational transconductance amplifier) which are conducted on analog signals by analog means. These non-linear analog circuits which discussed here are: Multiplier, Squaring circuit, Rectifier using OTA, Schmitt trigger, Integrator, Differentiator, etc.

5.1: Integrator:

By introducing electrical reactance into the feedback loops of op-amp amplifier circuits the output voltage changes with changes in the input voltage over time [19]. Drawing their names from their respective calculus functions, the integrator produces a voltage output proportional to the product (multiplication) of the input voltage and time
5.1.1 Integrator using op-amp:

Capacitance can be defined as the measure of a capacitor's opposition to changes in voltage. If the value of capacitance is more than more the opposition. Capacitors oppose voltage change by creating current in the circuit: that is, they either charge or discharge in response to a change in applied voltage. So, the more capacitance a capacitor has, the greater its charge or discharge current will be for any given rate of voltage change across it.

5.1.1.1 Circuit:
In the given fig 5.1, where we need precisely the opposite function, called integration in calculus. Here, the op-amp circuit would generate an output voltage proportional to the magnitude and duration that an input voltage signal has deviated from 0 volts. Stated differently, a constant input signal would generate a certain rate of change in the output voltage: differentiation in reverse. To do this, swap the capacitor and resistor in the previous circuit:

                         [image: image157.png]




                                       Fig 5.1 Integrator using op-amp 

If the input voltage is exactly 0 volts, there will be no current through the resistor, therefore no charging of the capacitor, and therefore the output voltage will not change. 
However, on applying a constant positive voltage to the input, the op-amp output will fall negative at a linear rate, in an attempt to produce the changing voltage across the capacitor necessary to maintain the current established by the voltage difference across the resistor. Conversely, a constant, negative voltage at the input results in a linear, rising (positive) voltage at the output. The output voltage rate-of-change will be proportional to the value of the input voltage. 
Output voltage for the integrator is given as follows: 
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                                                                                                                 (5.1.1.1)                                     
 Or                                                
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                                                                                               (5.1.1.2)
One application for this device would be to keep a "running total" of radiation exposure, or dosage, if the input voltage was a proportional signal supplied by an electronic radiation detector. Nuclear radiation can be just as damaging at low intensities for long periods of time as it is at high intensities for short periods of time. An integrator circuit would take both the intensity (input voltage magnitude) and time into account, generating an output voltage representing total radiation dosage. 

Another application would be to integrate a signal representing water flow, producing a signal representing total quantity of water that has passed by the flow meter. 
5.1.1.2 Program:

VIN  1  0  PWL (0 0 1NS -1V 1MS -1V 1.0001MS 1V 2MS 1V  

+ 2.0001MS -1V 3MS -1V 3.0001MS 1V 4MS 1V)

R1  1  2  5K

C1  2  4  0.1UF

XA1  0  2  4   OPAMP

.SUBCKT OPAMP 1   2   6

RIN
 1 2
  10MEG

EGAIN 3 0 1 2 100K

RP1
 3 4
  1000

CP1
 4 0
  1.5915UF

EBUFFER
5 0 4 0
1

ROUT
           5 6 10

.ENDS

.TRAN  50US  4MS

.PROBE

.END
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                  Fig 5.2 input and output waveform of the integrator using op-amp
5.1.2 Integrator Using CMOS-OTA:

The gm-C integrators have been used in continuous time filters, because of their easy tunability, low current consumption and generally small excess phase shift. A gm-C integrator consists of a transconductance stage driving a capacitor which is grounded from its other end. The transconductor is required to have a full signal voltage swing at its output. In order to obtain a sufficient DC-gain for the transconductor some kind of cascading techniques are usually utilized at the output. This in conjunction with the high output voltage swing will lead to large output current source dimensions and increased noise. In most cases the output current sources will dominate the signal-to-noise ratio. Another problem with the gm-C integrators is the sensitivity to parasitic capacitances. Any output, input or wiring capacitances will alter the integrator time constant directly.
5.1.2.1 Circuit:

                              [image: image163.png]



                                  Fig 5.3 CMOS-OTA AS A INTERGRATOR
Above Fig 5.3 is an integrator circuit using OTA, which have the advantage of varying output voltage by changing the bias current. So the output current is given by:
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                                                                                                              (5.1.2.1)
And output voltage in given by:
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                                                                                                       (5.1.2.2)
5.1.2.2 Program:

*INTEGRATOR CIRCUIT USING OTA
VIN  1  0  PWL (0 0 1NS -.1V 1MS -.1V 1.0001MS .1V 2MS .1V  
+2.0001MS -.1V 3MS -.1V 3.0001MS .1V 4MS .1V)

C1  2  0  0.01UF

XA1  1 0 2  OTA

.SUBCKT OTA 1 10 8 

VDD 2 0 DC 5V

VSS 3 0 DC -5V

IBB 9 0 DC 60UA

M1    5  10 9  9    NMOD  L=2U  W=40U

M2    6  1  9  9  NMOD  L=2U  W=40U 

M3    7  7  3  3   NMOD  L=2U  W=40U

M4    8  7  3  3   NMOD  L=2U  W=40U

M5    7  5  2  2   PMOD  L=2U  W=40U

M6    5  5  2  2   PMOD  L=2U  W=40U 

M7    6  6  2  2   PMOD  L=2U  W=40U

M8    8  6  2  2   PMOD  L=2U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.06684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17   +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 

+CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U TPG=1  

+ VTO=-0.09352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9 +THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16   +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00   +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 MJ=0.48300 

+ CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)

.ENDS OTA

.TRAN  50US  4MS

.PROBE

.END

5.1.2.3 Result:
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                Fig 5.4 Input and output waveform of the integrator using CMOS-OTA 
The above figure shows the input-output waveform of the integrator using op-amp and OTA. We use the PSPICE tool for simulation of the above two circuit. Where CMOS-OTA use the eight MOSFETs with the aspect ratio W/L=2/40 um and 0.5um CMOS technology. As it seen from the figure that OTA integrator requires much low power supply than the op-amp based integrator and give better result on higher frequency with less distortion in comparison to op-amp.
5.2 Differentiator:
5.2.1 Differentiator using Op-Amp

A circuit in which output waveform is the derivative of the input waveform is known as the differentiator or the differentiation amplifier. Such a circuit is obtained by using operational amplifier in the inverting configuration connecting a capacitor, C1 at the input. 
In a differentiator circuit the output voltage proportional to the rate of change of the input voltage. This leads to cool applications such as extracting edges from square waves, converting sine-waves into cosines and changing triangle waves into square waves. But most circuits are susceptible to some trouble and this one's vulnerabilities are instability and noise. However, remedies are available to reduce the troubles without losing the desired function. Recall that the op amp's "prime directive" is to maintain 0 V (virtual ground) at its negative input. This places the input voltage VS across C1, producing an input current proportional to the rate of change of the input voltage. 
5.2.1.1 Circuit:
[image: image169.png]sort





                                      Fig 5.5: differentiator circuit using op-amp
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                                                                                                                    (5.2.1.1)

Because no current flows into the op amp itself, I must flow through R2 creating the output voltage.
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                                                                                                                (5.2.1.2)
Substituting for I we get
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                                                                                                        (5.2.1.3)
You may have noticed that the differentiator circuit looks a lot like its complementary companion, the integrator. The only difference being the swapped locations of the R and C. 
5.2.1.2 Program:

VIN  1  0  PWL (0 -2V 0.05 2V 0.1 -2V 0.15 2V 0.2 -2V 0.25 2V 0.3 -2V)

C1
1
2
10NF

R2
2
4
500K

XOP
0 2
4
OPAMP1


.SUBCKT OPAMP1      1   2   6

RIN
1
2
10MEG

EGAIN
3 0
1 2
100K

RP1
3
4
1000

CP1
4
0
1.5915UF

EBUFFER
5 0
4 0
1

ROUT
5
6
10

.ENDS

.TRAN 
1MS  300MS

.PROBE

.END

5.2.1.3 Result:
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                           Fig 5.6 Input-output waveform of the Differentiator
The input-output waveform of the differentiator using is shown in the Fig 5.6. We use the PSPICE tool for simulation of the above two circuit. As it is clear from the figure that differentiator circuit convert the triangular shaped input waveform into square shaped output waveform and perform the function of the differentiator.
5.2.2 Differentiator using CMOS-OTA:

Here, the inverting differentiator circuit using CMOS-OTA and compare the result with op-amp based differentiator has been done in this topic. Differentiator circuit using OTA is shown below [11-16]:
5.2.2.1 Circuit:
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                                  Fig 5.7 Differentiator using CMOS-OTA

Now solving the above circuit, we get the following transfer function:
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                                                                                                             (5.2.2.1)
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                                                                                                               (5.2.2.2)
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From Equation (5.2.2.2); voltage at node X is given by:                            
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                                                                                                            (5.2.2.3)
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                                                                                                                  (5.2.2.4)
Applying KCL at node X, we get:                             
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                                                                                                                  (5.2.2.5)
From Equation (5.2.2.3) and (5.2.2.4),                          
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                                                                                                            (5.2.2.6)
Now, from Equation (5.2.2.1), (5.2.2.5) and (5.2.2.6),                        
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                                                                                                    (5.2.2.7)
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                                                                                                                   (5.2.2.8)
If, gm1=gm2=gm3=gm, then we get the following relation;                                                    
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                                                                                                                (5.2.2.9)
Where; gm=1/R.

So, Equation (5.2.2.9) is the transfer function of the ideal differential amplifier.

5.2.2.2 Program:

*DIFFERENTIATOR USIN CMOS-OTA

VIN  1  0  PWL (0 0 100US .15 200US 0 300US .15 400US 0V 500US .15V 600US 0V)

C1  3  0  .1NF

XA1  0 1 2  OTA

XA2  2 0 3  OTA

XA3  0 2 3  OTA

.SUBCKT OTA 1 10 8 

VDD 2 0 DC 3V

VSS 3 0 DC -3V

IBB 9 0 DC 60UA

M1    5  10 9  9    NMOD  L=2U  W=40U

M2    6  1  9  9  NMOD  L=2U  W=40U 

M3    7  7  3  3   NMOD  L=2U  W=40U

M4    8  7  3  3   NMOD  L=2U  W=40U

M5    7  5  2  2   PMOD  L=1U  W=40U

M6    5  5  2  2   PMOD  L=1U  W=40U 

M7    6  6  2  2   PMOD  L=1U  W=40U

M8    8  6  2  2   PMOD  L=1U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.6684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+ THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.9352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9

+ THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16 +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00 +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)

.ENDS OTA

.TRANS 0  600US

.PROBE

.END

5.2.2.3 Result:
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                     Fig 5.8 Input-output waveform of the OTA based Differentiator
5.3 Four-Quadrant Analog Signal Multiplier:
Analog multiplier finds extensive use in communication systems. Figure 5.9 shows the voltage characteristics of a four quadrant multiplier [18]. This multiplier is termed a four quadrant multiplier because both inputs can be either positive or negative. The ideal output of the multiplier is related to the inputs by:                                     
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                                Fig: 5.9 Simple block diagram of analog multiplier

Where, Km is the multiplier gain with units of V-1. In reality imperfection exist in the multiplier gain, resulting in the offset and nonlinearities. The output of the multiplier can be written as [10]:
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                                Fig5.10: Operation of four quadrant analog multiplier
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                                           (5.3.2)
Where, VOSx, VOSy, and VOSout are the offset voltages associated with the x-, y-inputs, and the output, respectively. The term  [image: image208.png]


 and [image: image210.png]


 represents the nonlinearities in the multiplier. Normally these nonlinearities are specified in terms of the total harmonic-distortion or by specifying the maximum deviation in percentages between a straight line and the actual characteristics curve shown in figure 5.10 over some range of the input voltages.

5.3.1 Circuit:

A CMOS multiplier employing a multiplying quad (M1-M4) is shown in Fig: 5.11 the multiplying quad operates in the triodes region, and thus MOSFETs M1-M4 can be thought of as a resistor. For the moment we will not consider the biasing of the quad. The negative output voltages of the multiplier are given by:
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                                                                                                  (5.3.3)
While the positive output voltages is [10]:         
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                                                Fig: 5.11 CMOS analog multiplier
The output voltage of the multiplier is:

[image: image217.png]


                                                      (5.3.5) 

A simplified schematic of the multiplying quad with biasing is shown in Fig: 5.12. The Op-amp inputs are at an AC virtual ground and at DC voltages of VCM (the Op-amp output common-mode voltage). In order to minimize the DC input current on the x-axis inputs, the common-mode DC voltage on this input is set to VCM. The DC biasing voltages on the y-input is set to a value large enough to keep the quad in triode. The inputs signal have been broken into two parts (e.g., [image: image219.png]


  and -[image: image221.png]


) to maintain generality. In practice, the minus inputs can be connected directly to the bias voltages at the cost of large signal linearity. (the input is not truly differential in this situation.) 

When MOSFET is in the linear or in the triode region, then drain current is given by:
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                                                                                    (5.3.6)
So, using the above equation and noticing that the DC gate-source voltage of all the MOSFETs are same, the drain current can be written as;
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                        Fig: 5.12: Spice simulation schematic of CMOS-multiplier
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                                                             (5.3.9)
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We can design so that[image: image233.png]
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. We can use Equation (5.3.5) together with equation (5.3.7)-(5.3.10) to rewrite the output voltage of the multiplier as:
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                         (5.3.11)

We see that if [image: image247.png]A
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), this equation can be written as:
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                                                                                                          (5.3.12)

The source of a MOSFET (the terminal we label “source” depends on which way current flows in the MOSFET) in the multiplying quad is connected either to the Op-amp or to the x-inputs. When the sources of the MOSFETs are connected to the op-amp, all the MOSFETs in the multiplying quad have the same threshold voltages. (since the source of each MOSFETs is tied to the same potential, the body effect changes each MOSFETs threshold voltages by the same amount.) if the x-input is sinking a current, then the source of M1 and M3 are the “+” x-input and thus [image: image261.png]A
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. In any case, the threshold voltages of the MOSFETs cancel and Equation (5.3.12) holds. Comparing Equation (5.3.12) and (5.3.1) result in defining the gain of the multiplier.
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                                                                                                                    (5.3.13)
5.3.2 Program:

*FOUR QUADRANT ANALOG MULTIPLIER 
VCM1  5  0 DC    1.5V 

VCM2  6  0  DC   3.5V 

VIN1  1  2  AC   1V

VIN2  3  4  AC  1V

M1    1  3  7  7   NMOD  L=2U  W=10U

M3    1  4  8  8   NMOD  L=2U  W=10U 

M2    2  4  7  7   NMOD  L=2U  W=10U

M4    2  3  8  8   NMOD  L=2U  W=10U

R1    5  1  20KOHM

R2    5  2  20KOHM

R3    6  3  20KOHM

R4    6  4  20KOHM

R5    9  7  20KOHM

R6    0  8  20KOHM

.MODEL NMOD NMOS ( LEVEL=4 vfb=-9.73820E-01 lvfb=3.67458E-01 wvfb=-+4.72340E-02 phi=7.46556E-01 lphi=-1.92454E-24 wphi=8.06093E-24 k1=1.49134E+00 +lk1=-4.98139E-01 wk1=2.78225E-01 k2=3.15199E-01 lk2=-6.95350E-02 wk2=-1.40057E-01 eta=-1.19300E-02 leta=5.44713E-02 weta=-2.67784E-02 muz=5.98328E+02 +dl=6.38067E-001 dw=1.35520E-001 u0=5.27788E-02 lu0=4.85686E-02 wu0=-+8.55329E-02 u1=1.09730E-01 lu1=7.28376E-01 wu1=-4.22283E-01 x2mz= +7.18857E+00 lx2mz=-2.47335E+00 wx2mz=7.12327E+01 x2e=-3.00000E-03 lx2e=-+7.20276E-03 wx2e=-5.57093E-03 x3e=3.71969E-04 lx3e=-3.16123E-03 wx3e=-+3.80806E-03 x2u0=1.30153E-03 lx2u0=3.81838E-04 wx2u0= 2.53131E-02 x2u1=-+2.04836E-02 lx2u1=3.48053EE-02 wx2u1=4.44747E-02 mus=7.79064E+02 +lmus=3.62270E+02 wmus= -2.71207E+02 x2ms=-2.65485E+00 lx2ms=3.68637E+01 +wx2ms=1.12899E+02 x3ms= 1.18139E+01 lx3ms=7.24951E+01 wx3ms=-5.25361E+01 +x3u1=2.12924E-02 lx3u1= 5.85329E-02 wx3u1=-5.29634E-02 tox=4.35000E-002 +temp=2.70000E+01 vdd= 5.00000E+00 cgdo=3.79886E-010 cgso=3.79886E-010 +cgbo=3.78415E-010 xpart= 1.00000E+000 n0=1.00000E+000 ln0=0.00000E+000 +wn0=0.00000E+000 nb= 0.00000E+000 lnb=0.00000E+000wnb= 0.00000E+000 +nd=0.00000E+000 lnd= 0.00000E+000 wnd=0.00000E+000 rsh= 27.9 cj=1.037500E-04  +cjsw=2.169400E-10 js= 1.00000E-08 pb=0.8 pbsw=0.8 mj=0.66036 mjsw=0.178543 +wdf= 0 ) 

XA1  7  8  9  0  OPAMP

.SUBCKT OPAMP 1  2  5  4

RIN 1  2  2MEG

RO  3  5  75

EA  3  4  2  1  2E+5

.ENDS OPAMP

.DC VIN1 -2V 2V .2V, VIN2 -1V 1V .5V

.PROBE

.END

5.3.3 Result:

Simulating the performance and understanding the analog multiplier operation is an important step in the design process. The design of a multiplier consist of designing the op-amp, selecting the size of multiplying quad, and designing the bias network using the PSPICE tool. The gain of the multiplier in Fig 5.13 is given by:
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                           Fig 5.13 DC characteristic of the multiplier of Fig 5.12
A DC sweep showing the operation of the multiplier is shown in the above figure. The x-input Vx, was swept from -1 to +1V, while at the same time the y-input was stepped from -1 to +1V in 0.5V increments. Keeping in mind that the output of the multiplier is V0+ - V0- to understand the data presented in Fig 5.13 by considering points A and B. At point A the y-input is 1V while x-input is 0.4V. the output voltage of the multiplier is the product of the multiplier gain and these two inputs voltages (i.e., 5.1V.0.4V = 2V). Similarly the output voltage at point B is 3V.
5.4 CMOS Squaring Circuit:
The CMOS technology is one good choice for this requirement and is interesting for analog circuit designing in the past two decades. There are many advantages, such as, low cost technology, small size, easily scaled and high packing density, low power consumption and capable to operate under low supply voltage while the performance still maintains [21].
 The squarer circuit is widely used in analog signal processing applications such as multiplier, modulating, frequency doubling, frequency dividing and adaptive filtering. Presently, there is growing interest in current-mode circuit [21] for high-frequency performance and the trend to lower supply voltage which will reduce the dynamic be written as, range of voltage-mode circuits. Nowadays, the squarer circuit has been implemented by various techniques. This paper proposes low-voltage squarer circuit that uses the simple differential amplifier without any passive component. The circuit operates as source follower and all MOS transistors are in saturation region. The simulation of the proposed circuit by using PSPICE level 7 is based on 0.18micron CMOS technology is carried out with MOSIS transistor model.
5.4.1 Circuit:
 This circuit is very suitable for low-voltage application and IC implementation [21].  Considering the circuit in Fig. 5.14, while both transistor works in saturation region is expressed as:
                         [image: image269.png]Vdd





                                  Fig 5.14: CMOS-Squaring Circuit       
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                                                                                                  (5.4.1)
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                                                                                                  (5.4.2)
For, VGS>VTH, VDS>=VGS-VTH
 Where,   [image: image275.png]


  is the transconductance parameter of transistor, U0 is the electron mobility, C0x is the gate oxide capacitance per unit area, W/L is the transistor aspect ratio, VGS is the gate-to-source voltage, VDS is the drain-to-source voltage and VTH is threshold voltage of the MOS transistor. If the transistors are homogeneous, as K1=K2=K and VTH1=VTH2=VTH, then the expression can be obtained as:
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                                         (5.4.3)
Then the summation can be written as:

 [image: image279.png]Iy = KVi2 +K(V, +V,p)?



                                                                                    (5.4.4)
Where, Isum=I1+I2. Since the ISUM is also through M3, then it can be written as:                                                                                
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                                                                                            (5.4.5)                                      
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                                                                                              (5.4.6)

Substituting Equation (5.4.6) into (5.4.4) get,
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                                                                 (5.4.7)
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                                                                  (5.4.8)

As small signal of Vin assume that Vin=0.  Then, the output current can be expressed as the simple input signal squarer as follows,
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                                                                                  (5.4.9)                                                                 

It can be derived from the small-signal that:
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                                                                              (5.4.10)

Equation (5.4.10) can be written as simple formula as:
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                                                                                                              (5.4.11)
Where,  [image: image299.png]
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Program 5.4.2
*A CMOS-SQUARING CKT 

VDD  2  0 DC    1V 

VSS  8  0  DC  -1V 

VIN  1  3  DC  .15V
R1   1 0 1OHM

R2   3 0 1OHM
M1   2  1  4  4  NMOD  L=.27U  W=.27U

M2   2  3  4  4  NMOD  L=.27U  W=.27U 

M3   4  4  8  8  NMOD  L=.27U  W=.27U
.MODEL NMOD NMOS ( LEVEL=7 TNOM=27 TOX=4.1E-9 XJ=1E-7 +NCH=2.3549E17 VTH0=0.3750766 K1=0.5842025 K2=1.245202E-3 K3=1E-3 +K3B=0.0295587 W0=1E-7 NLX=1.597846E-7 DVT0W=0 DVT1W=0 DVT2W=0 +DVT0=1.3022984 DVT1=0.4021873 DVT2=7.631374E-3U0=296.8451012 UA=-+1.179955E-9 UB=2.32616E-18 UC=7.593301E-11 VSAT=1.747147E5 A0=2 +AGS=0.452647 B0=5.506962E-8 B1= 2.640458E-6 KETA=-6.860244E-3 +A1=7.885522E-4 A2=0.3119338 RDSW=105 PRWG=0.4826 PRWB=-0.2 WR=1 +WINT=4.410779E-9 LINT=2.045919E-8 XL=0 XW=-1E-8 DWG=-2.610453E-9 +DWB=-4.344942E-9 VOFF=-0.0948017 NFACTO=2.1860065CIT=0 CDSC=2.4E-4 +CDSCD=0CDSCB=0 ETA0=1.991317E-3 ETAB=6.028975E-+5DSUB=0.0217897 +PCLM=1.706259 PDIBLC1=0.2320546 PDIBLC2=1.670588E-+3 PDIBLCB=-0.1 +DROUT=0.8388608 PSCBE1=1.904263E10 PSCBE2=1.546939E-8 PVAG=0 +DELTA=0.01 RSH=7.1 MOBMOD=1 PRT=0 UTE=-1.5 KT1=-0.11 KT1L=0 +KT2=0.022 UA1=4.31E-9 UB1=-7.61E-18 UC1=-5.6E-11 AT=3.3E4 WL=0 WLN=1 +WW=0 WWN=1 WWL=0 LL=0 LLN=1 LW=0 LWN=1 LWL=0 CAPMOD=2 +XPART=0.5 CGDO=6.7E-10 CGSO= 6.7E-10 CGBO=1E-12 CJ=9.550345E-4 PB=0.8 +MJ= 0.3762949 CJSW=2.083251E-10   PBSW=0.8 MJSW=0.1269477 CJSWG=3.3E-10 +PBSWG=0.8 MJSWG=0.1269477 CF=0 PVTH0=-2.369258E-3   PRDSW=-1.2091688 +PK2=1.845281E-3 WKETA=-2.040084E-3 LKETA=-1.266704E-3 PU0=1.0932981 +PUA=-2.56934E-11   PUB=0 PVSAT= 2E3            PETA0   = 1E-4           PKETA=-3.350276E-3)

.DC VIN  -.15V .15V 0.05

.PROBE

.END
5.4.3 Results:

The performance of the proposed squarer circuit simulated using PSPICE with level 7 model of 0.18[image: image303.png]


m CMOS with W/L = 0.27/0.27([image: image305.png]


m),  the supply voltage VDD = +1V and VSS = -1V. Since the drains of the squarer transistors (M1 and M2), are connected to VDD, while Gate and Drain of M3 are coupled, all transistors work in the saturation region.
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                                  Fig 5.15 DC transfer curve of the squaring circuit
Fig5.4.2 shows the DC transfer curve of the squarer circuit of the Fig 5.4.1. The input range is from -100mV to +100mV. The above figure shows the squaring output voltage of the circuit that confirm to Equation 5.4.10. The maximum values of the output  voltage is -453[image: image307.emf]            Time
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                                  Fig 5.16 Saw-tooth input to the squaring circuit  
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                                  Fig 5.17 Transient response of the squaring circuit

Fig 5.16 and Fig 5.17 shows the input-output transient waveform of the squaring circuit. The input voltage +Vin has 0.5ns time period. The input swings from -100mV to +100mV.

A simple CMOS squaring circuit is proposed. The circuit is based on 0.18um CMOS technology simulated using PSPICE level 7. The circuit has wide dynamic range and low power consumption. The power consumption is about 86.5uW with a -1V to +1V power supply. 

5.5 Full-wave Rectifier Based On CMOS-OTA:

Rectifier of low-level signal is a critical and demanding aspect of analog signal processing in telecommunication, instrumentation, measurement and control. For example, its applications can be founded in RMS to DC convertors, peak detectors, RF demodulators, piecewise linear function generators and nonlinear analogue signal processing circuits. The main problem of the operation of diode-based rectifier is limited by its threshold voltage. The precision rectifiers based on operational amplifiers, diodes and resistors exhibits significant distortion during the zero-crossing transitional portion of the circuit’s operation due to small signal transient behavior, restricting the upper frequency limit of the circuit to a value well below that of the operational amplifier employed. This drawback has been improved through CMOS-OTA [21]. 
On the other hand, the use of high slew-rate op-amps does not solve this problem but it will perform the rectifier with a better high frequency response. Recently, there is a considerable interest in the design of current-mode signal processing, since a current-mode circuit provides a very good high frequency performance when compared with a voltage-mode circuit. Therefore, many current-mode full-wave rectifiers using current conveyors and diodes, have been reported in the literature [21]. In addition, a full-wave rectifier circuit that designed through the application of the supply-current sensing technique to current conveyors has been presented. It is well accepted that an operational transconductance amplifier (OTA) [9],[10] is one of the important active circuit building blocks in the design of analog signal processing circuits. In the past, the use of the OTAs with diodes to realized nonlinear functions have been reported. However, there is not much reported in the literature on the use of OTAs for designing full-wave rectifier. In addition, in most of the reported rectifier circuits, diodes are mainly the important key element to provide the rectifying action. The objective of this paper is to present a technique to realize rectifiers using the characteristic of the CMOS-differential amplifier inside the OTAs which is discussed in the Chapter 3. The proposed full-wave rectifier are therefore using OTAs as only the active circuit elements. A scheme to improve the input voltage swings restriction and the temperature dependence of the OTA transconductance gain is also introduced.
5.5.1 Basic full-wave rectifier:

Full wave rectifier circuit can be designed by adding two half wave rectifiers where OTA1 and OTA2 are positive and negative half wave rectifiers respectively. Full wave rectifier using four OTA is shown below:

        [image: image309.png]



                    Fig5.18: Basic OTA-based full wave rectifier
Now, from the above figure for positive half cycle of input i.e. VIN>0, OTA1 AND OTA3 will operates because i1 and i3 are fed as a bias current for both the OTA and i4=0 for VIN>0. Noting that in the case of Vc>2VT, then both OTA allow only positive current only.

i0= [image: image311.png]


= g m2V                                                                                                             (5.5.1)
During negative half cycle i.e. VIN<0, OTA2 and OTA4 will operates because i2 and i4 are fed as a bias current for both the OTA and i2=0 for VIN<0.

i0= [image: image313.png]i4



= g m4Vc                                                                                                             (5.5.2)
where, g m2=g m4, because of same biased current to both the OTA.
 Since, the output current i0 is the summation of the current i1 and i2. We can write the relation between the input voltage VIN and the output current i0 is given by:

i0= [image: image315.png]


+[image: image317.png]i4



= g mVc                                                                                                         (5.5.3)
Similarly, by changing the polarity of the input terminal of CMOS-OTA, we get the inverting full-wave rectifier.
5.5.2 The compensated OTA-based full wave rectifier:

It is clearly seen from the above Equation (5.5.3) that the net output current is the full-wave rectification of the input signal. However, there is no major limitations that occur from the use of the ordinary CMOS based OTA in the circuit design.
5.5.3 Circuit:

The compensation scheme, temperature-insensitive wide dynamic range OTA-based full wave rectifier if shown in the given figure 5.19                                                                                                        

  [image: image318.png]


  

            Fig 5.19: The compensated OTA-based full-wave rectifier    
The OTA5 which is formed as an electronically tunable resistor, and a resistor R1 function as a voltage divider circuit. This makes the Vin-Vx voltage across OTA5 small and therefore increase in the circuit dynamic range. The voltage across OTA5 is used as input voltages for the OTA1 and OTA2. From routine circuit analysis of the figure 5.19, voltage at node X or Vx can be written:  
[image: image320.png]ImsPs
= —ometL

140,,5R;



                                                                                                          (5.5.3)
And the current i1 and i3 can be expressed as:
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                                                                                           (5.5.4)
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. From (5.5.3) and (5.5.4), the current [image: image326.png]


 and [image: image328.png]


 become

 [image: image330.png]iy

Imis
140,,5R;



 QUOTE  
[image: image332.png]iy

Imis
140,,5R;



                                                                                           (5.5.5)

If by design, let [image: image334.png]g > 1



, the current [image: image336.png]
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 can be approximately given by:
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                                                                                                 (5.5.6)

So the output voltage is equal to:
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                                                                                                               (5.5.7)

As we considered here, [image: image348.png]
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. Equation (5.5.6) shows that the temperature dependence of transconductance gain is compensated by [image: image352.png]


.
5.5.4 Program:

* RECTIFIER CIRCUIT

 VIN  1  0  AC  .15V SIN(0 .12V 10KHZ)

VC  4 0 DC .15V

IBB 9 0 500UA

XA1  1  8 2 9 OTA

XA2  4  0 5 2 OTA

XA3  8  1 3 9 OTA

XA4  4  0 5 3 OTA

XA5  1 8 8 9 OTA

R1 8 0 1KOHM

R2 5 0 1KOHM

.SUBCKT OTA 1 10 9 8 

VDD 2 0 DC 5V

VSS 3 0 DC -5V

M1   6  10 9  9  NMOD  L=2U  W=50U

M2   4  1  9  9  NMOD  L=2U  W=50U 

M3   5  5  3  3  NMOD  L=2U  W=50U

M4   8  5  3  3  NMOD  L=2U  W=50U

M5   5  6  2  2  PMOD  L=2U  W=40U

M6   6  6  2  2  PMOD  L=2U  W=40U

M7   4  4  2  2  PMOD  L=2U  W=40U

M8   8  4  2  2  PMOD  L=2U  W=40U
.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.06684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493.4

+THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01 +CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 +CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U TPG=1 +VTO=-0.09352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 UO=124.9 +THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 NSUB=8.0710E+16 +NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 KAPPA=9.3660E+00  +CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 CJ=9.3400E-04 MJ=0.48300 

+ CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)

.ENDS OTA

.TRAN 0MS  200US

.PROBE

.END

5.5.5 Result:

In order to test the developed ideas and to verify the theoretical prediction, the performance of the circuit in Fig. 5.19 was simulated using the PSPICE simulation program. The supply voltage VCC = −VEE were set to 15V. The OTA bias currents used are IB1 = IB2 = IB3 = IB4 = IB5 = 500µA and R1 = R2 = 10 k.
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      Fig 5.20 DC transfer characteristic of the implemented OTA-based full-wave rectifier.
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         Fig 5.21 Simulation results of the positive full-wave rectifier at the frequency 10 kHz
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       Fig 5.22 Simulation results of the negative full-wave rectifier at the frequency 10 kHz
Figs. 5.21 and 5.22 show the positive and negative output voltages of the CMOS based OTA rectifier circuits at frequency of 10KHZ which have less distortion at (zero crossing) as compared to conventional op-amp at such a frequency i.e., 10KHZ then its output give more distortion.

5.6 Schmitt Trigger:
The Schmitt trigger with fully adjustable hysteresis has a number of important applications in instrumentation and measurement systems. Schmitt trigger circuit convert an irregular-shaped waveform to a square wave or pulse. In this section we will discuss Schmitt trigger using Op-Amp and OTA both. Both the circuit are implemented using CMOS based op-amp and OTA.
5.6.1 Schmitt Trigger using CMOS Op-Amp:

We will briefly discuss on two stage CMOS Op-Amp as shown in the given Fig 5.23 before, discussing the Schmitt trigger using op-amp, this is simple but elegant circuit and is used in variety of form in the VLSI design systems [17].
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                                  Fig 5.23 CMOS based Op-Amp

The circuit consist of two gain-stages. The first stage is formed by the differential pair M1-M2 together with its current mirror load M3-M4. This differential-amplifier circuit provides a voltage gain that is typically in the range of 20v/v to 60v/v, as well as performing conversion from differential to single-ended form while providing a reasonable common-mode rejection-ratio (CMMR). The second stage consist of the common source transistor M6 and its current source load M7. The second stage typically provides a gain of 50v/v to 80v/v. in addition it takes part in the process of frequency compensating the op-amp.
The overall DC voltage gain is the product of two stage transistor gain i.e. A=A1.A2 which is equal to 500v/v to 5000v/v and the output resistance is also large (in the range of kilo-ohms).  So, This simplified equivalent circuit in general applies to a variety of two-stage op-amps, including the first two stage of the 741 type bipolar op-amp which we will use in Schmitt trigger circuit.
5.6.1.1 Circuit:

Schmitt trigger circuit is use as a comparator and it converts a irregular-shaped waveform into a square or pulse shaped waveform. A Schmitt trigger using the CMOS op-amp is shown in the Fig: 5.24 [19]:
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                                             Fig 5.24: Schmitt Trigger

The input voltage VIN triggers (changes the state of) the output Vo every time it exceeds a certain voltage levels called the upper threshold voltage VUT and the lower threshold voltage VLT. In Fig5.24, these threshold voltages are obtained by using the voltage divider R1-R2, where the voltage across R1 is fed back to the (+) input. The voltage across R1 is a variable reference threshold voltages that depends on the value and polarity of the output voltage Vo. When Vo=+VSAT, the voltage across R1 is called the upper threshold voltage, VUT. The input voltage Vin must be slightly more positive than VUT in order to cause the output Vo to switch from +VSAT to – VSAT. As long as VIN < VUT, Vo is at +VSAT. Using the voltage divider rule:

[image: image359.png]


                                                                                                 (5.6.1.1)

On the other hand, when Vo=-VSAT, the voltage across R1 is referred to as the lower threshold voltage, VLT. Vin must be slightly more negative than VLT in order to cause Vo to switch from -VSAT to +VSAT. In other words, for Vin values greater than VLT, Vo is at -VSAT. VLT is given by the following equation:

[image: image361.png]


                                                                                                 (5.6.1.2)
Thus, if the threshold voltages VLT and VUT are larger than the input noise voltages, the positive feedback will eliminate the false output transitions. Also, the positive feedback, because of its regenerative action, will make Vo switch faster between +VSAT and -VSAT. In Fig 5.24, a resistance ROM=R1IIR2 is used to minimize the offset problems.
5.6.1.2 Program:

SCHMITT TRIGGER USING OP-AMP
VCC  5  0 DC  15V

VEE  6  0 DC  -15V

VIN  1  0  AC  1V SIN(0 1V 200HZ)

R1  1  2  99.8OHM

R2  4  3  50KOHM

R3  3  0  100OHM

XA1  3    2     5    6    4    op-amp

.subckt op-amp    1 2 3 4 5

  c1   11 12 8.661E-12

  c2    6  7 30.00E-12

  dc    5 53 dy

  de   54  5 dy

  dlp  90 91 dx

  dln  92 90 dx

  dp    4  3 dx

  egnd 99  0 poly(2),(3,0),(4,0) 0 .5 .5

  fb    7 99 poly(5) vb vc ve vlp vln 0 10.61E6 -1E3 1E3 10E6 -10E6

  ga    6  0 11 12 188.5E-6

  gcm   0  6 10 99 5.961E-9

  iee  10  4 dc 15.16E-6

  hlim 90  0 vlim 1K

  q1   11  2 13 qx

  q2   12  1 14 qx

  r2    6  9 100.0E3

  rc1   3 11 5.305E3

  rc2   3 12 5.305E3

  re1  13 10 1.836E3

  re2  14 10 1.836E3

  ree  10 99 13.19E6

  ro1   8  5 50

  ro2   7 99 100

  rp    3  4 18.16E3

  vb    9  0 dc 0

  vc    3 53 dc 1

  ve   54  4 dc 1

  vlim  7  8 dc 0

  vlp  91  0 dc 40

  vln   0 92 dc 40

.model dx D(Is=800.0E-18 Rs=1)

.model dy D(Is=800.00E-18 Rs=1m Cjo=10p)

.model qx NPN(Is=800.0E-18 Bf=93.75)

.ends 

.TRAN  0  10mS 1mS

.PROBE

.END
5.6.1.3 Result:
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                     Fig 5.25 Input and output waveforms of the Schmitt Trigger.
5.6.1.4 Program:
*SCHMITT TRIGGER USING CMOS OP-AMP

VIN  1  0  AC  1V SIN(0 1V 200HZ)

R1  1  2  99.8OHM

R2  4  3  50KOHM

R3  3  0  100OHM

XA1  3    2     4    OPAMP

*    Vi+  Vi-  Vout

.SUBCKT OPAMP    1 2 5 

VDD  3 0 DC 1.5V

VSS  11 0 DC -1.5V

IREF 4 0 DC 40UA

M1  6 2 8 8 PMOD L=0.6U W=1.25U 

M2  7 1 8 8 PMOD L=0.6U W=1.25U

M3  6 6 11 11 NMOD L=0.6U W=1.25U

M4  7 6 11 11 NMOD L=0.6U W=1.25U

M6  5 7 11 11 NMOD L=0.6U W=1.25U

M5  8 4 3 3 PMOD L=0.6U W=1.25U

M7  5 4 3 3 PMOD L=0.6U W=1.25U

M8  4 4 3 3 PMOD L=0.6U W=1.25U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.06684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 UO=493 +THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 NSUB=1.1290E+17 +NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 KAPPA=1.6100E-01  CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 CJ=5.9000E-04 MJ=0.76700 

+ CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 WD=1.83E-07 LAMBDA=0.02)

.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.09352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 +UO=124.9 THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 +NSUB=8.0710E+16 NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 +KAPPA=9.3660E+00 CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 +CJ=9.3400E-04 MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)

Cc  10 5  0.6P

CL  5  0  1P 

R   7  10 1.53K 

.ends

*  Transient analysis from 0 to 4 ms in steps of 20 us 

.TRAN  0  10mS 

.PROBE

.END
5.6.1.5 Result:
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          Fig 5.26 Input and output waveforms of the Schmitt Trigger using CMOS-op-amp.
From the above two figure we, conclude that the output of the Schmitt trigger is a square wave when input is the sine wave. So Schmitt trigger is the analog circuit that convert a irregular shaped input signal (i.e. triangular shaped, sinusoidal, trapezoidal, etc) into a square wave output signal.

Two class of Schmitt trigger as shown in the above Fig 5.25 and 5.26. which convert the sinusoidal signal into square wave by using 741 conventional op-amp IC and by CMOS-Op amp. As we know that cmos based analog circuit can be operate at low voltages and also have good frequency response and low power consumption. So, Schmitt trigger response of the Fig 5.25 is valid only for low frequency input signal i.e., up to 100hz, at higher frequency it produce more distortion in comparison to CMOS-op amp circuit as shown in Fig 5.26. The output signal has good frequency response and low distortion up to frequency of 10KHZ.  

5.6.2 Schmitt Trigger Using CMOS-OTA

A current-controllable Schmitt trigger using operational transconductance amplifiers (OTAs) is presented. It consists of two OTAs and two grounded resistors. The output level of the circuit is determined by one OTA and one resistor, and the threshold level is determined by the other OTA and resistor. The Schmitt trigger with fully adjustable hysteresis has a number of important applications in instrumentation and measurement systems [26]. Such a circuit can easily be implemented using an operational transconductance amplifier (OTA) with a resistor to obtain a regenerative feedback. The circuit configuration is shown in Fig. 5.27. The hysteresis of the circuit is linearly controllable by the external DC current, since its threshold level is simply determined by the product of the DC bias current of the OTA, IB, and the resistance of the feedback resistor, R [23].
                             [image: image364.png]



                          Fig 5.27 Conventional Schmitt Trigger using OTA
However, the Schmitt trigger has two important limitations: first, since the node determining the threshold level is used as the output terminal, its output level also varies with the bias current control; secondly, it is impossible to obtain counter-clockwise hysteresis by using this circuit.
5.6.2.1 New Current-Controllable OTA-R Schmitt Trigger:

 The circuit diagram of the proposed OTA-R Schmitt trigger is shown in Fig. 5.28. It consists of two voltage amplifiers: one is formed by OTA1, and R1 (grounded OTA4) and the other by OTA2 and R2 (grounded OTA3). These voltage amplifiers are connected in a positive-feedback loop and thus they saturate with their output voltages either at the positive saturation level or at the negative saturation level. [23]

5.6.2.2 Circuit:
To drive the transfer characteristic VO- VIN, we assume that Vo is at one of its two possible saturation levels, e.g. the positive saturation level L, (= R1.IB1), thus VT = R2.IB2. Now as VIN is increased from 0V, we can see from the circuit that nothing happens until VIN reaches a value equal to VT.
         [image: image365.png]



                        Fig 5.28 New current-controllable OTA-R Schmitt Trigger.
As VIN begins to exceed this value, a net negative voltage develops between the input terminals of OTA1. This voltage is amplified by the first amplifier, OTA1, and R1 and thus V0 goes negative. The second amplifier, OTA2, and R2, in turn causes VTH, to go negative, thus increasing the net negative input to OTA1, and keeping the regenerative process going. This process causes the circuit eventually to go to its negative-saturation state, in which V0 = L= (-R1.IB1) and VT = -R2.IB2. It is easy to see that increasing VIN further has no effect on the acquired state of the circuit. The transfer characteristic for increasing VIN is shown in Fig. 5.29. Observe that the characteristic is that of a comparator with a threshold voltage denoted VTH, where VTH = R2.IB2. In a similar manner, we can obtain the transfer characteristic for decreasing VIN. The results are also shown in Fig. 5.29. Note that the output voltage of the circuit is directly proportional to the bias current of OTA1, whereas the threshold voltage is directly proportional
                      [image: image366.emf]
                         Fig 5.29 Transfer characteristics of Schmitt Trigger

to the bias current of OTA2. It is clear that these voltages can be independently and linearly controlled by each of the bias currents of the OTAs. The Schmitt trigger with the counter-clockwise hysteresis can be obtained by simply interchanging the inverting terminal with the non-inverting terminal of each OTA.

5.6.2.3 Program:

*SCHMITT TRIGGER USING CMOS-OTA
VIN  1  0  PWL (0 -.2V 0.05 .2V 0.1 -.2V 0.15 .2V 0.2 -.2V 0.25 .2V 0.3 -.2V)

IBB 9 0 DC 500UA

IBB1 12 0 DC 500UA

XA1  1  2 9 3 OTA

XA2  0  3 9 2 OTA

XA3  0  3 12 3 OTA

XA4  0  2 12 2 OTA

.SUBCKT OTA 1 10 9 8 

VDD 2 0 DC 3V

VSS 3 0 DC -3V

M1   6  10 9  9  NMOD  L=25U  W=50U

M2   4  1  9  9  NMOD  L=25U  W=50U 

M3   5  5  3  3  NMOD  L=25U  W=50U

M4   8  5  3  3  NMOD  L=25U  W=50U

M5   5  6  2  2  PMOD  L=10U  W=40U

M6   6  6  2  2  PMOD  L=10U  W=40U

M7   4  4  2  2  PMOD  L=10U  W=40U

M8   8  4  2  2  PMOD  L=10U  W=40U

.MODEL NMOD NMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=1 VTO=0.06684 DELTA=1.0700E+00 LD=4.2030E-08 KP=1.7748E-04 +UO=493.4 THETA=1.8120E-01 RSH=1.6680E+01 GAMMA=0.5382 +NSUB=1.1290E+17  NFS=7.1500E+11 VMAX=2.7900E+05 ETA=1.8690E-02 +KAPPA=1.6100E-01  CGDO=4.0920E-10 CGSO=4.0920E-10 CGBO=3.7765E-10 +CJ=5.9000E-04 MJ=0.76700  CJSW=2.000E-11 MJSW=0.71000 PB=0.9900000 +WD=1.83E-07 LAMBDA=0.02)
.MODEL PMOD PMOS (LEVEL=3 PHI=0.700000 TOX=9.6000E-09 XJ=0.200000U +TPG=-1 VTO=-0.09352 DELTA=1.2380E-02 LD=5.2440E-08 KP=4.4927E-05 +UO=124.9 THETA=5.7490E-02 RSH=1.1660E+00 GAMMA=0.4551 +NSUB=8.0710E+16  NFS=5.9080E+11 VMAX=2.2960E+05 ETA=2.1930E-02 +KAPPA=9.3660E+00  CGDO=2.1260E-10 CGSO=2.1260E-10 CGBO=3.6890E-10 +CJ=9.3400E-04 MJ=0.48300 CJSW=2.5100E-10 MJSW=0.21200 PB=0.930000 WD=1.83E-07 LAMBDA=0.02)
.ENDS OTA

.TRAN  0US  .3S

.PROBE

.END
5.6.2.4 Result:
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                      Fig 5.30 Input waveform of Schmitt Trigger using CMOS-OTA

[image: image368.emf]            Time

0s 50ms 100ms 150ms 200ms 250ms 300ms 350ms 400ms 450ms

V(3)

-2.0V

-1.0V

0V

1.0V

2.0V


                     Fig 5.31 Output response of Schmitt Trigger using CMOS-OTA

The Schmitt trigger shown in Fig. 5.28 was built using CMOS-OTAs. The resistors used were: R1 = R2, =10kQ. All measurements were performed at supply voltages of l0V. Fig. 5.31 shows the measured output for a fixed IB1 = IB2 = 50uA. 4 when the input is a l0kHz triangular wave of amplitude 2V.  From the CMOS-OTA base Schmitt trigger circuit, we can be certain that the output and threshold voltages of the Schmitt trigger are linearly dependent on the bias current IB1 and IB2, respectively. 

A new OTA- R Schmitt trigger has been described. The circuit uses two OTAs and two grounded resistors (realized using OTA). A new OTA-R Schmitt trigger has been realized using only OTA without passive components as compared to OTA-R Schmitt trigger [23]. It has an excellent capability for adjusting the hysteresis and output levels independently. An additional feature is its flexibility that allows two types of hysteresis, clockwise and counter-clockwise. Because of these properties, the implemented Schmitt trigger is expected to find wide applications in communication and instrumentation systems.
           CONCLUSION AND FUTURE SCOPE

Conclusion:

In this project work a systematic approach to lower the power consumption of analog circuits is presented by using CMOS-OTA (Operational transconductance Amplifier) and also observe that OTA based circuits have good response on higher frequency.

In this work effort is made to study the role of OTA as an active building block in analog signal processing circuits. CMOS realization of OTA present in the literature is studied and this circuit is used to realize various linear and non linear analog signal processing circuits.
The present work concentrates on the development of non-linear analog integrated circuits for real time processing of data designed in 0.5-micron and 0.18 micron technology. The circuits are simulated using the PSPICE Tools with the CMOS level 3 and level 7 design libraries. Simulation results show that the various characteristics are in good agreement with the theory. Slight variations in the results arise due to the non ideal behavior of the OTA used.
Future Scope:

Current age can very well be termed as the electronic age from communication to computation, from cell phones to desktop computers, electronic circuits are everywhere. Entire technologies, algorithms and devices are being developed for such various applications. The phenomenal advances have been made possible by the progress of the integrated signal processing circuit technology that has allowed hugely complex systems to be integrated onto a single monolithic integrated circuit with more than a million transistors on it and this can be achieved by using CMOS technology (which requires less area and less power consumption).

Further, realization of some more mathematical algorithm which is very useful in analog signal processing like: divider circuit, square rooter circuit etc. can be designed using CMOS-OTA. 
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