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ABSTRACT

The presence of several analog circuits with reduced components count, low power supply,

better accuracy and fast speed is an extremely challenging task. Recently a number of papers

have been published on analog filter design using CMOS technology. The least power

consumption and highest fidelity is possible by using CMOS- Operational Transconductance

Amplifier (OTA) instead of Op-amp. As a consequence, the CMOS based circuits approach has

often been claimed to provide advantages of higher frequency range of operation, lower power

consumption, higher slew rates, improved linearity, and better accuracy. This report describes the

implementation of electronically tunable, analog filter based on Operational Transconductance

Amplifier (OTA) using CMOS technology.

The operational transconductance amplifier (OTA) is an amplifier whose differential input

voltage produces an output current. Thus, it is a voltage controlled current source. There is

usually an additional input for a current to control the amplifier's transcoductance. The

transcoductance can be continuously controlled by an auxiliary DC current. It gives the

possibility to control electronically the parameters of realized filters.

In this work electronically tunable filter circuits such low pass, high pass, band pass, band stop

in first order and second order has been implemented. A floating and grounded resistance using

OTA has been implemented and the same is used in realizing the filters.

In this work SPICE simulation of realization of OTA using CMOS technology, as the basic

building block has been done and its DC characteristics are verified. The workability of

electronically tunable, OTA based filters using CMOS technology has been confirmed by

PSPICE Simulation and the results are compared with PSPICE simulation of the commercially

available operational tranconductance amplifier LM13600/LM13700. Further hardware results

are verified using the same commercial IC.
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CHAPTER-1
COMMONLY USED ANALOG BUILDING BLOCKS

1.1 INTRODUCTION

Passive component are generally the basic building block, which work normally on high

frequency; but at audio frequency inductor causes problem. Inductor size increases at audio

frequency and become bulky and expensive at low frequency inductor requires more

number of turns which adds series resistances and degrades the inductor performance

because of low quality factor (Q), which results in high power dissipation. Using the OTA

the above mention problems are solved.

The filter circuits employ Operational Transconductance Amplifier (OTA) namely

LM13700 as a basic building block where Transconductance of an OTA is controlled by an

auxiliary current. It gives the possibility to control electronically the parameter of realized

analog filters. This report contains a first order and second orders various filters with

functional blocks usually operational tranconductance amplifiers. Their main advantage is

greater versatility, which permits different types of the filters, or of the transfer functions,

to be realized simultaneously at the available outputs of the active blocks. Usually the low-

pass (LP), high-pass (HP), band-pass (BP) and band-reject (BR) functions are there

realized.

Recently a progress in analogue technology has produced several functional blocks which

are suitable for higher frequency ranges. One of them is the transconductor also called the

operational transconductance amplifier (OTA). Commercially available transconductors are

for example LM 13600/ LM 13700. These integrated circuits include two sub circuits,

namely a transcoductance amplifier (OTA) and a voltage buffer (VB). There the

transcoductance (gm) can be continuously controlled by an auxiliary DC current (IBB) It

gives the possibility to control electronically the parameters of realized filters.
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1.2 CURRENT MODE 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.
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1.3 ANALOG BUILDING BLOCKS

1.3.1 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 ( and ), which is called the differential input

voltage. The output voltage of the op-amp is given by the equation,= ( − ) (1.1)

Where is the voltage at the non-inverting terminal and 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 ~ 10 -10 .
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Figure 1.1 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 ( ) (in practice the voltages

available from the output are limited by the supply voltages + and− )

 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.
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1.3.2 OPERATIONAL TRANSCONDUCTANCE AMPLIFIER
An operational Transconductance amplifier (OTA) is a voltage controlled current source

(VCCS) device [5-6]. 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:

IO U T = gm (V IN+ − V IN−) (1.2)

The amplifier's output voltage is the product of its output current and its load resistance:= . (1.3)

Figure 1.2 OTA Model

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

(1.4)
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The transconductance of the amplifier is usually controlled by an input current, denoted

("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 = we cannot make gm infinite
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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]. Electronically

tunable analog filter are useful in many applications, such as telecommunication, multimedia

and consumer electronics. Medical electronics etc. are important subsystems in such systems.

Among the existing realization method of continuous-time domain integrated analog filters

circuit, 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.

Commercially available transconductance amplifier LM13600/ LM13700 [19] using in

various modern circuits in field of Electronics such Amplifier, Active filter, oscillator and

non linear circuits. Some papers have been reported on Active filter Circuit with commercial

available Transconductance Amplifier [19].

2.1 CMOS-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 [7]. Since a number of

researches 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 [6]. CMOS-OTA is used in many of application instead of commercial operational

amplifies due to its features such as low power consumption, requirement of very low supply

voltage and 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
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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 [7]. 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 report wills a subset of general

voltage amplifiers. [19]. for further information about the rich variety of amplifier

configurations available using the OTA, the reference [Geiger-9] 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 band

pass filter and notch filters are realized in [9,10].

Ref [10] presents an OTA based current controlled type biquadratic filters configration using

two and three OTA, which realize all different filter 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 Grounded Resistance using OTA
The active filter realized using OTA as grounded Resistance [20-21] which makes not only

the passive resistance less circuit also provided a tunable of circuits. There are two type of

grounded resistance realized positive grounded resistance and negative grounded resistance.

This report realized resistivity with frequency. The workability of grounded resistance circuit
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has conformed with CMOS Block as well as commercially available integrated circuit namely

LM13700 transconductance amplifier (OTA)

2.2.4 Floating Resistance using OTA
Same as grounded resistance the active filter   realized using OTA as dynamic resistance

which provided electronically tunable active filter [20-21]. This report its dynamic range with

frequency spectrum.  The workability of dynamic resistance circuit has conformed with

CMOS Block as well as commercially available integrated circuit namely LM13700

transconductance amplifier (OTA)
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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 [8]. 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].



Page | 11

3.2 OTA - 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)

Fig: 3.1 Circuit Symbol of OTA

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.

Fig 3.2: Equivalent circuit of an ideal OTA
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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. In reality the transconductance is also a function of the input differential

voltage as shown in the below equation:= (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 in put DC

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 0.5µm 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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3.3.1 The PSPICE schematic of CMOS realization of OTA

Fig. 3.3 CMOS realization of OTA

3.3.2 Result

Fig 3.4 Simulated plot between transconductance (gm) & bias current (Ibias)
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Above Fig 3.4 shows that the transconductance gain of the OTA can be varied by the

bias current .

3.3.3 Result

Fig. 3.5 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.
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CHAPTER 4

APPLICATION OF TRANSCONDUCTANCE AMPLIFIER

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. For further information about the rich variety of amplifier

configurations available using the OTA, the reference [Geiger-11] is extremely useful.

Fig 4.1 OTA as an inverting amplifier

The voltage gain and output impedance are given by:= − (4.1)= − (4.2)= − (4.3)

On putting the value of Equations (4.1.1) and (4.1.2) in Equation (4.1.3), we get:= − (4.4)
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And the input impedance is given by:= (4.5)

4.1.1Result

The simulated input-output is plot of inverting amplifier shown in fig. 4.2

Fig 4.2 Input-output response of the inverting amplifier using OTA

The gain is 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 Ibb bias current 300ua. By changing the bias current we can change gm

which increases the gain of amplifier.

4.2 OTA as Algebraic Summer
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.
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Fig 4.3 Circuit 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 OTA4= (4.6)= (4.7)= (4.8)

On applying KCL as node 2, we get:I01 + I02 + I03 = gm0V0 (4.9)

Putting the Equation (4.6), (4.7), and (4.8) in Equation (4.9)V0 = gm1gm0 V1 + gm2gm0 V2 + gm3gm0 V3 (4.10)
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4.2.1 Result
The simulated input-output plot of algebraic summer is shown in fig. 4.4

Fig: 4.4 Input-output waveform of algebraic summer circuit using OTA

4.3 First Order High Pass Filter Using Single OTAIn fig.4.5 high pass filter configuration using single CMOS-OTA which is proposed in[11] is shown. Frequency response with the input bias current of the OTA is shown in fig

4.6.

Fig. 4.5 High pass filter using OTA
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4.3.2 Transfer Function= (0 − ) (4.10)= − (4.11)= ( )/ (4.12)

NOW, Equation (4.12) can be written as:= ( − ) (4.13)

From Equation (4.11)− = ( − ) (4.14). = ( + ) (4.15)= (4.16)

So, the Equation (4.16) is the given transfer function of the High pass filter.

4.3.2 Results
The simulated frequency response plot of high pass filter using OTA is shown in fig. 4.6

Fig. 4.6 Frequency Response of High Pass Filter using OTA
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4.3.3 First Order High Pass Filter Using LM13700
The PSPICE schematic of high pass filter using LM 13600/ LM13700 is shown in figure

4.7 and the frequency response of the same is shown in fig. 4.8.

Fig. 4.7 High pass filter using LM 13700

The circuit shown in fig. 4.7 is a first order low pass filter (LPF). Here the dc voltage V1

and V3 is used for supplying the dc biasing. The Ibb provided by external resistance R5

which in turn determines gm. The analysis of this circuit is simple provided with the

darlington pair attached at the output of OTA is known as buffer. The input and output

voltage of Darlington pair are same and that is VO at R6.

The purpose of using a Darlington pair at the output of OTA is to convert the OTA output

i.e. current output into a voltage VO at R6. The Darlington pair offers very large input

resistance.
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4.3.4 Results
The simulated frequency response plot of high pass filter using LM 13600/LM 13700 is

shown in fig. 4.8

Fig. 4.8 Frequency Response of High Pass Filter using LM 13700
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4.4 First Order Low Pass Filter Using Single OTA
The SPICE schematic of low pass filter using OTA is shown in fig. 4.9.

Fig. 4.9 Low pass filter using OTA

4.4.1 Transfer Function= ( − ) (4.17)= / (4.18)

On putting Equation (4.18) in Equation (4.17). = ( − ) (4.19).( + ) = (4.20)= (4.21)

Hence, Equation (4.21) is the transfer function of the first order Low pass filter.

The simulated frequency response plot of low pass filter using OTA is shown in fig. 4.10
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4.4.2 Results

Fig. 4.10 Frequency Response of Low Pass Filter using OTA

4.4.3 First Order Low Pass Filter Using LM13700
The SPICE schematic of low pass filter using LM 13600/ LM13700 is shown in fig. 4.11.

Fig. 4.11 Low Pass Filter using LM13700
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The circuit shown in fig.4.11 is a first order low pass filter (LPF). Here the dc voltage V6,

V7 used for dc biasing  for single OTA IC LM13700   and V10and V11 is used  supply the

dc biasing foe second OTA IC. The IBB provided by external resistance 33k. For both trans

conductance amplifier.

The gain of given circuit is

= 11 += 2
4.4.4 Results
The simulated frequency response plot of low pass filter using LM 13600/ LM13700 is
shown in fig. 4.12

Fig. 4.12 Frequency Response of Low Pass Filter using LM13700
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4.5 First Order All Pass Filter Using Single OTA

Fig. 4.13 All Pass Filter using OTA

4.5.1 Results
The simulated frequency response plot of all pass filter using OTA is shown in fig. 4.14

Fig. 4.14 Frequency Response of All Pass Filter using OTA
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The simulated Phase response plot of All Pass filter using OTA is shown in fig. 4.15

Fig. 4.15 Phase Response of All Pass Filter using OTA

4.5.2 First Order All Pass Filter Using LM13700
The SPICE schematic of low pass filter using LM 13600/ LM13700 is shown in fig. 4.16

Fig. 4.16 All Pass Filter using LM13700
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The circuit shown in fig. 4.16 is a first order All pass filter (APF) . Here the dc voltage V2

and V3 used for dc biasing for OTA IC LM13700.  IBB provided by external resistance R5

33k for keep the output in linear region.

4.5.4 Results
The simulated frequency response plot of all pass filter using LM 13600/ LM13700 is
shown in fig. 4.17

Fig. 4.17 Frequency Response of All Pass Filter using LM13700

The simulated Phase response plot of all pass filter using LM 13600/ LM13700 is shown in
fig. 4.18

Fig. 4.18 Phase Response of All Pass Filter using LM13700
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CHAPTER 5

BIQUARDRATIC FILTERS USING OTA

5.1 Second Order Biquadratic Filter

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. Operational transconductance amplifiers (OTAs) have exhibit
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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.

5.2 High Pass Biquadratic Filter Using Two OTA

Fig 5.1 Second Order High Pass Filter using two OTA
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5.2.1 Transfer function

VIN = VC; VA and VB grounded ; High pass filter.

5.2.2 Results
The simulated frequency response plot of high pass filter using OTA shown in fig. 5.2

Fig 5.2 High Pass Filter response of second order filter using OTA
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5.2.3 High Pass Biquadratic Filter Using LM13700
The SPICE schematic of high pass filter using LM 13600/ LM13700 is shown in fig. 5.3

Fig. 5.3 Second Order High Pass Filter Using LM13700

The circuit shown in fig.5.3 is second order High Pass Filter using two transconductance
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5.2.4 Results

The simulated frequency response plot of high pass filter using LM 13600/ LM13700 is
shown in fig. 5.4

Fig. 5.4 High Pass Filter response of second order filter using LM13700

5.3 Low Pass Biquadratic Filter Using Two OTA

Fig 5.5 Second Order low Pass filter using two OTA
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5.3.1Transfer function for second order low pass filter:

 Set Vin = VA; VB and VC are grounded.
 Set gm1 = gm2 = gm.
 Divide through by C1C2 in both numerator and denominator to achieve a standard

biquadratic form.

Result of following transfer function

This expression has the form of the standard biquadratic circuit [Sedra-91]:

Therefore, the circuit with these particular control voltage settings is a low pass filter with a
critical frequency given by:

and a constant . It is straightforward to show that the following transfer
functions can be obtained from the indicated control voltage settings:
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5.3.2 Results

The simulated frequency response plot of high pass filter using OTA shown in fig. 5.6

Fig. 5.6 Low Pass Filter response of second order filter using two OTA

The SPICE schematic of low pass filter using LM 13600/ LM13700 is shown in fig. 5.7

5.3.3 Low Pass Biquadratic Filter Using LM13700

Fig. 5.7 Second Order High Pass Filter Using LM13700
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5.3.4 Results
The simulated frequency response plot of low pass filter using LM 13600/ LM13700 is
shown in fig. 5.8

Fig. 5.8 Low Pass Filter response of second order filter using LM13600/LM13700

5.4 Band Pass Biquadratic Filter Using Two OTA

Fig. 5.9 Second Order band Pass filter using two OTA
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5.4.1 Transfer function

Vin = VB ; VA and VC grounded Band pass filter. Set gm1 = gm2 = gm

= + +
5.4.2 Results
The simulated frequency response plot of band pass filter using OTA shown in fig. 5.10

Fig. 5.10 frequency response of second order Band filter using two OTA

The performance of the proposed band pass filter in Fig. 5.10 has been simulated using

CMOS block  by SPICE simulation and  verify the given theoretical prediction. The power

supplies are selected as VDD = +5V and VSS = -5V. C1 = C2 = 1nf and IB1 = IB2 =

100uA and IB1 = IB2 = 300uA with different result which show how quality factor of band

pass filter vary by changing the transcoductance (gm).

Conclusion: From the Fig. 5.10 it is clear that critical or centre frequency of the band pass

filter changes from approx. 10KHz to 50KHz when at bias current changes from 50uA, and

300uA. The centre frequency changes on changing the value of the dc bias current.

Generalized Transfer function

Vin = VB ; VA and VC grounded Band pass filter. Set gm1 = gm2 = gm.
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Divide through by C1C2 in both numerator and denominator to achieve a

standard biquadratic form

5.4.3 Band Pass Biquadratic Filter Using LM13700

Fig. 5.11 Second Order Band Pass Filter Using LM13700
5.4.4 Results
The simulated frequency response plot of band pass filter using LM 13600/ LM13700 is
shown in fig. 5.12

Fig. 5.12 band pass filter response of second order filter using LM13600/LM13700
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5.5 Notch Biquadratic Filter Using Two OTA

Fig. 5.13 Second Order Notch filter using two OTA

5.5.1 Results
The simulated frequency response plot of band pass filter using OTA shown in fig. 5.14

Fig. 5.14 Frequency response of Second Order Notch filter using two OTA
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5.5.2 Notch Biquadratic Filter Using LM13700
The SPICE schematic of Notch filter using LM 13600/ LM13700 is shown in fig. 5.15

Fig. 5.15 Second Order Notch Filter Using LM13700

The simulated frequency response plot Notch filter using LM 13600/ LM13700 is shown in
fig. 5.16

5.5.3 Results

Fig. 5.16 Frequency response of second order filter using LM13600/LM13700
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5.6 BIQUARDRATIC FILTERS 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.

5.6.1 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].
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5.6.2: Generalized Circuit Using Three OTA:

Fig: 5.17: 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.

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. 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:= √ & = (5.1)

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
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transconductance of both the OTA1 and OTA2 are same i.e. gm1=gm2 that if the bias

current is same the above equations become:= √ & = √√ (5.2)

From the Equation (5.2) 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.

(i) 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.

A general relationship between the output voltage and three control voltages namely, VA,

VC, and VB can be obtained from Fig…. we may write

= = =
Where V1,V2 and V3 refer to the input pins of the respective OTA’s. Therefore, the current

out of the OTA-1 is

= ( − ) = ( − )
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For OTA-2

= = ( − )
and = 0. Therefore, the current out of the OTA-2 is

= ( − ) = ( − )
For OTA-3 = = = += ( − ) = ( − )
At the output of both OTA-2 and OTA-3, Kirchhoff’s current law gives us

+ = − = ( − ).
Collecting all terms in Vo together

+ + = + +
Solving for Vo gives

5.6.2.1 Transfer function

=
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5.6.3 High Pass Filter Using Three OTA

Fig. 5.18 Second Order High pass filter using three OTA

The simulated frequency response plot of high pass filter using OTA shown in fig. 5.19

5.6.3.1 Transfer function

A high pass filter can be obtained by setting VA=VB= ground and applying input signal to

VC. The expression for high pass filter is obtained as

= + + [ = = = ]
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5.6.3.2 Results

Fig. 5.19 Frequency response of Second Order high pass filter using three OTA

5.6.3.3 High Pass Filter Using LM13700
The SPICE schematic of high pass filter using LM 13600/ LM13700 is shown in fig. 5.20

.
Fig. 5.20 Second Order High Pass Filter Using LM13700
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5.6.3.4 Results
The simulated frequency response plot Notch filter using LM 13600/ LM13700 is shown in
fig. 5.21

Fig. 5.21 Frequency response of Second Order high pass filter Using LM13700

5.6.4 Low Pass Filter Using Three OTA

Fig. 5.22 Second Order low pass filter using three OTA
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5.6.4.1 Transfer function

= + += + +
Where =

=
5.6.4.2 Results

The simulated frequency response plot of high pass filter using OTA shown in fig. 5.23

Fig. 5.23 Frequency response of Second Order low pass filter using three OTA

A second order low pass filter can be obtained by applying input signal to VA and

grounding VC and VB. Assuming = = = and dividing both numerator

and denominator by C1C2, we obtain the standard biquadratic form of a low pass filter,
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5.6.4.3 Low Pass Filter Using LM13700
The SPICE schematic of low pass filter using LM 13600/ LM13700 is shown in fig. 5.24

Fig. 5.24 Second Order low pass filter Using LM13700

5.6.4.4 Results

The simulated frequency response plot low pass filter using LM 13600/ LM13700 is shown
in fig. 5.25

Fig. 5.25 Second Order low pass filter Using LM13700
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5.6.5 Band Pass Filter Using Three OTA

Fig. 5.26 Second Order band pass filter using three OTA

5.6.5.1 Transfer function

This transfer function is of the form

= + +
which is the standard second order band pass filter.
Where, the center frequency of the filter is

=
And 3-dB bandwidth is found directly from the transfer function to be

= = ( /sec )
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5.6.5.2 Results
The simulated frequency response plot of band pass filter using OTA shown in fig. 5.27

OTA 3   IBB = 50uA OTA 3         IBB = 500uA

Fig. 5.27 Frequency response of Second Order band pass filter Using OTA

One can synthesize a band pass filter from the transfer function by setting VA and VC to

ground and applying input voltage to VB. The transfer function then becomes.

= + +
Dividing both numerator and denominator by C1C2, gives

= + +
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5.6.5.3 Band Pass Filter Using LM13700
The SPICE schematic of band pass filter using LM 13600/ LM13700 is shown in fig. 5.28

Fig. 5.28Second Order band pass filter Using LM13700

5.6.5.4 Results
The simulated frequency response plot band pass filter using LM 13600/ LM13700 is
shown in fig. 5.29

Fig. 5.29 Frequency response of Second Order band pass filter Using LM13700
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5.6.6 Notch Filter Using Three OTA

Fig. 5.30 Second Order Notch filter using three OTA

5.6.6.1 Transfer function

=
5.6.6.2 Results
The simulated frequency response plot of Notch filter using OTA shown in fig. 5.31

IBB = 100uA IBB = 300uA

Fig. 5.31 Frequency response of Second Order Notch filter using three OTA
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5.6.6.3 Notch Filter Using LM13700
The SPICE schematic of notch filter using LM 13600/ LM13700 is shown in fig. 5.32

`Fig. 5.32 Second Order notch filter Using LM13700

5.6.6.4 Results
The SPICE schematic of notch filter using LM 13600/ LM13700 is shown in fig. 5.33

Fig. 5.33 Frequency response of Second Order notch filter Using LM13700
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CHAPTER-6
OTA- COMPONENT REALIZATION AND FILTERS

6.1 Introduction
The performance of filters designed by the use of passive components degrades at audio

frequencies and the required resistances and inductances values calculated from the

mathematical expression are very difficult to meet from the market. To find a solution to

this problem report performed a study to realize Passive component by active component

using Operational Transconductance Amplifier (OTA). By controlling the Voltage Gain of

OTA, one can change its transconductance, which is very useful in the designing the first

order and second order active filter. at audio frequencies inductor causes problem.

Inductorsize increases, at audio frequency and become bulky & expensive. At low

frequencies inductor requires more number of turns which adds series resistances and

degrades inductor’s performance because of its low quality factor (Q), which results in high

power dissipation. Using OTA the above mentioned problems are solved.

6.2 Grounded Resistance

Fig. 6.1 Circuit for a grounded resistor

Considered fig.  Which simulate grounded using OTA. Apply KCL at node A  gives

Iin + IO = 0 6.1

Where I = -Vm x gm
Substituting the value of I from equation (6.2) in equitation (6.1) we have
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=
6.3 PSPICE schematic of Grounded resistance using OTA

Fig. 6.2 Grounded positive Resistance using OTA

6.3.1 Results
The simulated plot of grounded positive resistance using OTA shown in fig. 6.3

Fig. 6.3 Resistance with Frequency response using OTA
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6.3.2 Grounded resistance using LM13700
The SPICE schematic of grounded positive resistance using LM 13600/ LM13700 is shown
in fig. 6.4

Fig. 6.4 Grounded positive resistance using LM 13700

6.3.3 Results
The simulated plot of grounded positive resistance using LM13700  shown in fig. 6.5

Fig. 6.5 resistance with frequency response using LM 13700
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6.4 Grounded Negative Resistance

Fig. 6.6 Circuit for a grounded resistor (-R)

Considered  fig.  Which simulate grounded (-R) using OTA. Apply KCL at node A  gives

Iin + IO = 0 6.3

We have  Io = gm Vin 6.4

where I = -Vm x gm

Substituting the value of I from equation (6.4 in equitation (6.3) we have= −
6.5 PSPICE schematic of Grounded Negative Resistance using OTA

Fig. 6.7 Grounded negative resistance using OTA
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6.5.1 Results
The simulated plot of grounded negative resistance using OTA shown in fig. 6.8

Fig. 6.8 Resistance with Frequency response using OTA

6.6 Floating Resistance

Fig. 6.9 Circuit for a floating resistor

After analyzing figure 6.9 we have

I01 = gm1 (V2 - V1) 6.5

I02 = gm2 (V1 - V2) 6.6

But I01 = - I1 and I02 = -I2
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Thus from equation 6.5 and 6.6 if gm1 = gm2 = gm we have I1 = -I2

R = 1/gm for gm1 = gm2 = gm

6.7 PSPICE schematic of Floating resistance with V2=0 using OTA

Fig. 6.10 floating resistance using OTA

6.7.1 Results

The simulated plot of floating resistance using OTA shown in fig. 6.11

Fig. 6.11 Resistance with Frequency response using OTA
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6.7.2 Floating Resistance with V2=0 using LM13700
The SPICE schematic of floating resistance using LM 13600/ LM13700 is shown in fig.
6.12

Fig. 6.12 floating resistance using LM 13700

6.7.3 Results

The simulated plot of floating resistance using LM13700 shown in fig. 6.13

Fig. 6.13 resistance with frequency response using LM 13700/LM13700
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6.8 PSPICE schematic of Floating resistance with V1=0 using OTA

Fig.6.14 Floating Resistance using OTA

6.8.1 Results
The simulated plot of floating resistance using OTA shown in fig. 6.15

Fig.6. 15 Resistance with Frequency response using OTA
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6.8.2 Floating resistance with V1=0 using LM13700
The SPICE schematic of floating resistance using LM 13600/ LM13700 is shown in fig.
6.16

Fig 6.16 floating resistance using LM 13700

6.8.3 Results
The simulated plot of floating resistance using OTA shown in fig. 6.17

fig. 6.17 resistance with frequency response using LM 13700/LM13700
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6.9 Notch Filter using Floating resistance

Fig. 6.18 Notch filter using floating resistance

The simulated plot of Notch filter using floating resistance shown in fig. 6.19

6.9.1 Results

Fig. 6.19 frequency response of Notch filter using floating resistance
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Simulated plot of Notch filter using floating resistance shown in fig. 6.20

Fig. 6.20 Phase response of Notch filter using floating resistance

6.10 All pass filter using Floating resistance

Fig.6.21 All Pass filter using floating resistance
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6.10.1 Results
The simulated plot of All Pass Filter using floating resistance shown in fig. 6.22

Fig. 6.22 frequency response of All Pass Filter using floating resistance

The simulated plot of All Pass Filter using floating resistance shown in fig. 6.23

Fig. 6.23 Phase response of All Pass Filter using floating resistance
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CHAPTER-7

HARDWARE IMPLEMENTATION USING IC LM13700

Filters are essential to the operation of most electronic circuits. In general, a filter is an

electrical network that alters the amplitude and/or phase characteristics of a signal with

respect to frequency. Hardware implementation of filter circuits using commercially

available LM13700 was done. The results obtained are in good agreement with the

simulated results.

7.1 Hardware for first order Low pass and high pass filter
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7.1.1 LOW PASS FILTER RESPONSE

Frequency Out put Frequency Out put
10 12 1900 11.6
100 12 2000 10.2
200 12 3000 10.2
300 12 4000 10.2
400 12 5000 7.6
500 12 6000 7.5
600 12 7000 6
700 12 8000 5.8
800 12 9000 4.9
900 12 10000 4.3
1000 12 11000 4.1
1100 12 12000 3.3
1200 12 13000 3.3
1300 12 14000 3.3
1400 12 15000 3.3
1500 12 16000 1.2
1600 11.6 17000 1.2
1700 11.6 18000 0.8
1800 11.6 19000 0.6

20000 0.6

7.1.2Result

Fig. 7.1 frequency response of low pass filter using hardware
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7.1.3 HIGH PASS FILTER RESPONSE

Frequency Out put Frequency Out put
10 0.1 2000 0.7

100 0.1 3000 0.7
200 0.1 4000 0.9
300 0.1 5000 0.9
400 0.1 6000 1
500 0.1 7000 1
600 0.2 8000 1
700 0.2 9000 1
800 0.2 10000 1
900 0.2 11000 1

1000 0.5 12000 1
1100 0.5 13000 1
1200 0.7 14000 1
1300 0.7 15000 1
1400 0.7 16000 1
1500 0.7 17000 1
1600 0.7 18000 1
1700 0.7 19000 1
1800 0.7 20000 1
1900 0.7

7.1.4 Result

Fig. 7.2 frequency response of high pass filter using hardware
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7.2 Hardware for Second  order Low pass/ high pass/band pass and
notch  filter  using two OTA

7.3 Hardware for Second order Low pass/ high pass/band pass and notch filter
Using Three OTA
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CONCLUSION AND FUTURE SCOPEThe OTA is receiving increasing attention as a basic building block in analog circuitdesign. It is relatively a new building block operating from low voltage supplies andovercomes the finite gain bandwidth product associated with traditional op-amp. Thebasic principle behind the design of OTA is to provide amplification of high frequencysignals with the ease of using standard operational amplifier.
In this work effort is made to study the role of OTA as an active building block in various

filters. CMOS realization of OTA present in the literature is studied and this building block

is used to realize various filters. All the circuits were simulated using PSPICE program and

0.5um process parameters were used for it. Simulation results show that the various

characteristics are in good agreement with the commercial available IC LM13600/

LM13700. In this report using CMOS technology, a systematic approach to lower the

power consumption and the chip area of analog circuits is presented by using CMOS-OTA

(Operational transconductance Amplifier) and also observed that OTA based circuits have

good response on higher frequency.

Further, Oscillators, multivibrators and multiplier can be designed using OTA.Operational amplifiers and some commercial IC’s are commonly used to constructmonostable and bistable multivibrators. But these voltage mode circuits have somedisadvantages like complex internal circuitries and use of more passive components.
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MODEL PARAMETER FOR CMOS LEVEL 3 , 0.5 uM TECHNOLOGY

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)
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