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1. INTRODUCTION

1.1. Symbolic Analysis Background

Several methods have been proposed to solve the problem of symbolic circuit
simulation. A transfer function H(s) was produced with the frequency variable s
being the only symbolic variable in early works. The more general case is when
some or al of the circuit elements are represented by symbolic variables. The
methods developed fall under one of the following categories (Hassoun Marwan M.,
Lin P.; April 1995):

1. Thetree enumeration method: The method is based on by using the sum of all
tree admittance products to find the determinant of the node admittance
matrix several programs have been obtained based on this method.

2. Thesignal flow graph method: The methods developed here are based on the
idea proposed by Mason in the 1950's. Formulation of the signal flow graph
and then the evaluation of the gain formula associated with it (Mason’'s
formula) is the basis for symbolic analysis using this method. This method is
used in the publicly available programs NASAP and SNAP. An improved
signal flow graph method which avoids term cancellations.

3. The interpolation method: This method is best suited when the frequency
variable sis the only symbolic variable in the network. It requires the finding
of the coefficients of the network’s determinant polynomial by evaluating it
a different values of s. However, using real values for s leads to ill-
conditioned equations in addition to generating inaccurate solutions.
Therefore, it is best to use complex values for s. Some implementations of
this method use Fast Fourier Transforms to find the coefficients of the
determinant.

4. The parameter extraction method: This method was introduced in 1973. Other
variations on the method were proposed later. The advantage of the method is
that it is directly related to the basic determinant properties of widely used
equation formulation methods like the modified nodal method and the tableau
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method. The first generation of computer programs available for symbolic

circuit ssimulation based on these methods includes CORNAP, NASAP, and

SNAP. Research in the late 1980's and early 1990's has produced newer

symbolic analysis programs. These programs include ISAAC, ASAP, EASY,

BRAINS and SSPICE.

These methods have network size limitations. The main problem is the
exponential growth of the number of terms involved in the expression for the transfer
function in a circuit as the network gets larger. The solution to analyzing large-scale
circuits lies in a total departure from the traditional procedure of trying to sate the
transfer function as a single expression and using a sequence of expressions
procedure instead. The idea is to produce a succession of small expressions with a
backward hierarchical dependency on each other. The growth of the number of
expressions in this case will be shown to be linear for practical circuits. (Hassoun
Marwan M., Lin P.; April 1995)

1.2. Analog Integrated Circuits

Analog circuits are circuits dealing with signals free to vary from zero to full
power supply voltage. This stands in contrast to digital circuits, which almost
exclusively employ "all or nothing" signals: voltages restricted to values of zero and
full supply voltage, with no valid state in between those extreme limits. Analog
circuits are often referred to as linear circuits to emphasize the valid continuity of
signal range forbidden in digital circuits, but this label is unfortunately misleading.
Just because a voltage or current signal is allowed to vary smoothly between the
extremes of zero and full power supply limits does not necessarily mean that all
mathematical relationships between these signals are linear in the "straight-line" or
"proportional” sense of the word. In this chapter, many so-called "linear” circuits are
quite nonlinear in their behavior, either by necessity of physics or by design.
(www.allaboutcircuits.com)

The circuits in this thesis make use of 1C or integrated circuit, components.
Such components are actually networks of interconnected components manufactured


http://www.allaboutcircuits.com)

1. INTRODUCTION Ahu AKCAM

on a single wafer of semiconducting material. Integrated circuits providing a
multitude of pre-engineered functions are available at very low cost, benefiting
students, hobbyists and professional circuit designers alike. Most integrated circuits
provide the same functionality as "discrete" semiconductor circuits at higher levels of
reliability and at a fraction of the cost. Usually, discrete-component circuit
construction is favored only when power dissipation levels are too high for integrated
circuits to handle.

Perhaps the most versatile and important analog integrated circuit for the
student to master is the operational amplifier, or op-amp. Essentially nothing more
than a differential amplifier with very high voltage gain; op-amps are the workhorse
of the analog design world. By cleverly applying feedback from the output of an op-
amp to one or more of its inputs, a wide variety of behaviors may be obtained from
this single device. Many different models of op-amp are available at low cost, but
circuits described in this thesis will incorporate only commonly available op amp

models. (www.allaboutcircuits.com)

1.3. Overview of the Thesis

The title of thisthesis is “Symbolic Analysis of Analog Integrated Circuits in
Matlab”. The symbolical simulation of electrical circuits is important for Electrical
Engineering education. The main aims of this thesis are to obtain the knowledge of
circuit analysis and to see the experience of actual behavior of typical circuits. This
purpose needs using of powerful software mathematical tools.

The MATLAB is numeric computation software for package engineering and
scientific calculations. The main reasons for wide spread using of MATLAB are
following: easy to learn and use; powerful, flexible and extensible; accurate, robust
and fast; widely used in engineering and science; backed by a professional software
company.

This thesis presents an approach according to Symbolic Analysis of Analog
Integrated Circuits using specially designed examples that can be done on the base of
MATLAB running on personal computers.
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Thethesisis built up as follows. In Chapter 2, Network analysis and synthesis
will be defined and differs between these will be described. Kirchhoff Laws will be
considered circuit equations can be assembled from a description of the circuit.
Several methods exist for this; although the resulting systems of equations are
mathematically equivalent, some methods produce systems which are more
amenable to numerical computation. Some of these methods will be discussed.

In Chapter 3, Analog Integrated Circuits Analysis using Matlab; first of all it
will be described analog integrated circuits. BJT, FET, OP AMP and OTA are
modeled. It can be derived AC and DC models of this analog circuit to define in
symbolic analysis program. There will be explained Matlab Program and graphical
user interface (GUI) that is a graphical display that contains devices and examples
using commands.

In Chapter 4, modeling and simulation of analog circuits will be discussed.
Circuit modeling is presented using the levels of abstraction and hierarchy concepts.
Furthermore, simulation techniques will be addressed that they are used for
simulating analog circuits. Finally, a general overview of circuit simulation will be
discussed.

In last chapter, the results and conclusions will be presented and discussed
directions and recommendations for further research.



2. NETWORK ANALYSISAND SYNTHESIS Ahu AKCAM

2. NETWORK ANALYSISAND SYNTHESIS

Two important topics within the domain of electric network theory are
network analysis and network synthesis. Three such words which are used
extensively in describing the behavior of electric networks are the network, the
excitation and the response. An example of the identification of the network,
excitation and the response isgiven in Fig.2.1.

network

axcitation

III"'III-.‘TILH

Figure 2.1. An example of the identification of the network, excitation, and response.

These words are used to describe electric networks have counterparts in
practically all areas of scientific study. A wide variety of physical and biological
phenomena may be described in terms of an action called a stimulus and a resultant
reaction called a response if any two of the three quantities -the network, the
excitation, and the response- are given, the third may be found for linear networks.
(Balabanian N., 1958) If the network and the excitation are given and the response is
to be determined, the problem is defined as analysis that is represented asin Fig.2.2.

Input CIRCLIT Output
{given) {given) {requirad)

Figure 2.2. A typical “analysis problem” diagram.
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When the excitation and the response are given and it isrequired to determine
a network, the problem is defined as synthesis. It is shown in Fig.2.3. The third
possibility, given the network and the response and required to find the excitation,
has no generally accepted name and is not common.

Input CIRCUIT Cutput
{Qivan) {requirad) {givan)

Figure 2.3. A typical “synthesis problem” diagram.

There is another important difference between analysis and synthesis. In
analysis there is a unique solution although it may be difficult to find. In synthesis,
however, solutions are not unique and there may exist no solution at all. If there is
any solution to a given problem, there are an indefinite number of other solutions
from which a choice may be made (a general characteristic of engineering design).

It might be found by the approximation methods just described correspond to
networks with passive elements. A comparison of the approximation function with a
list of requirements or necessary and sufficient conditions is known as testing.

In analysis there are standard tools for a systematic approach (e.g. circuit
theory, Fourier/ Laplace transforms, convolution). In synthesis there are far too many
design approaches to enumerate here, and plenty of scope for anyone to invent new
ones. It isaless clearly defined problem and then, there are many ways to approach a
solution. There is need of judgment as well as calculation.

2.1. Electrical Circuit Analysis

2.1.1. Electrical Sources

A practical energy source may take one of many forms, depending, for
example, on electro-chemical, electromagnetic, thermo-electric, photo-electric, etc.,
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principles, but for the purpose of circuit analysis only two idealized forms are

recognized, to one of which all practical sources approximate. These are

- Thevoltage source
- Thecurrent source

The voltage source delivers to the circuit whatever currents is necessary to
maintains its terminal. Fig.2.4a and Fig.2.4b shows the symbols for independent
voltage sources.

It is important to appreciate that the voltage may be a function of, for
example, time, temperature, pressure, €tc.; it is constant only with respect to

variations of load.

—o0 —0 — °
+
\ @ - i G)
I—, —0 0
(a) {b) (c)

Figure 2.4. Symbols for independent voltage source: (a) used for constant or time-
varying voltage, (b) used for constant voltage (dc), (c) a current source.

The current source maintains a constant current in the load irrespective of the
terminal voltage-which, in this case, is determined by the magnitude of the load. As
with the voltage source, the generated current may depend on many other factors, but
its one essential attribute is the independence of load. The symbol for an independent
current source is shown in Fig.2.4c where the arrow indicates the direction of current i.

It should be noted that, conventionally, current flows through the source from

the negative to the positive terminal
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2.1.2. Dependent Sources

Dependent sources, also known as controlled sources, are mathematical
source whose are not arbitrarily specified but dependent upon, or its output
controlled by the voltages and currents that exist at some other part of the circuit.
The output is proportionality that called gain. Both voltage and current types of
sources may be dependent, and either may be controlled by a voltage or a current.
Thus, as shown in Fig.2.5, there are four types of dependent sources. These are
voltage-controlled voltage-source (VCVS), voltage-controlled current source
(VCCS), current-controlled voltage- source (CCVS), current-controlled current
source (CCCS). Form the Fig.2.5 the gain constants have dimensions of resistance
(CCVS), conductance (VCCS), or are dimensionless (VCVS and CCCS). (Huelsman
L. P., 1998)

o0—o0 o o—o0 o)
+ +
Wi ;":'\'ll"( Wi G‘ll"(
0—oO0 o) o0—o0 o)
VCVS VCCS
o o o o

] Ric il lo

O (o
CCW3 CCCs

Figure 2.5. Types of ideal dependent sources.

2.1.3. TheLoad

By a method similar to that adopter for energy sources, the load -or passive
element of a circuit— may be idealized and defined by its terminal voltage/ current
relationship. All practical passive devices possess energy dissipative properties, often
accompanied by energy — storage properties so that three distinct idealized types are
possible. (Yorke R., 1986)
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(a) Theresistance parameter

Materials in general have a characteristic behavior the flow of electric charge.
The physical property or ability to resist current is known as resistance and is
represented by the symbol R. The resistor is the simplest passive element.

Ohm’s Law states that the voltage v across aresistor is directly proportional to

the current to i flowing through the resistor.

v=iR (2.1)

where R in Eq. (2.1) is measured in the unit of ohms, designated Q. Since the value

of R can change from zero to infinity. An element with R=0 is called a short
circuit, as shown in Fig.2.6a Similarity, an element with R=¥ is shown open
circuit.

The corresponding diagrammatic representation is shown in Fig.2.6 (&) which
also shows the positive directions of potential difference and current. It should be
noted that, unlike an active element, a passive element develops a potential
difference in opposition to the current flow so that there isafall of potential through
the element in the direction of the current flow.

Figure 2.6. Symbols for (a) resistance, (b) inductance, (C) capacitance.

For this reason the terminal potential difference is called a potential drop-or

voltage drop. The element which possesses resistance is termed a resistor.
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The reciprocal of resistance is conductance designated by the symbol G. The

conductance is a measure of how well an element will conduct electric circuit.
Thus,

0]

I
po
<|—

(2.2)

The units of conductance the mho, siemens or reciprocal ohms with symbol,
the inverted omega (W).

Hence an alternative form of Ohm’'s Law is:
i(t)=v(t) G (2.3)

(b) The inductance parameter

An inductor is a passive element designed to store energy in this magnetic
field. Aninductor consists of coil of conducting wire.

If the current is allowed to pass through an inductor, it is found that the

voltage across the inductor is directly proportional to the time rate of change of the
current.

o (2.4)

where L is the constant of proportionality called the inductance of the inductor. The

unit of inductance isthe Henry (H). The current-voltage relationship is obtained from
Eq. (2.4) as,

it) :% t@/(t) dt +ift,) (2.5)

to

where i(t,) isthe initial current at to.

10
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(c) The capacitance parameter

A capacitor is a passive element designed to store energy in its electric field.
When a voltage source v is connected to the capacitor, it is stored the electric charge.
The amount of charge stored, represented by q, is directly proportional to the applied
voltage v so that

q=Cv (2.6)
where C, the constant of proportionality, is known capacitance of capacitor. The unit

of capacitance is Farad (F). Its symbol is shown in Fig.2.6¢c. To obtain the current-
voltage relationship of the capacitor, taking derivative of both sides of Eq.2.6.

iz% 27
differentiating both sides of Eq.2.6
i(t) =Cd\é—?) 2.8)
integrating both sides of Eq.2.8
1,
v(t) =0+ v(t,) (2.9)

t
where (t,) is initial voltage across the capacitor  to.

2.2. Network Equilibrium Equations

The preceding section provided an introduction to the subject of network
synthesis. The remainder of this chapter devoted to a review of topics to be used

11
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later. It has begun by considering the Kirchhoff laws for the formulation of network
equations. (Yorker, 1986)
In formulating equilibrium equations for networks, the Kirchhoff voltage law

gives a summation of terms of the following three kinds:
Ve, =Rift), V. =L—2, W :é(‘j(t)dt (2.10)

Similarly, the Kirchhoff current law gives a summation of terms of the forms:

av(t) 1
G v(t), C= I@/(t)olt (2.11)

The Laplace transforms of these terms are found using the following identities:

Li(t)=g(t)e dto 1(s) (2.12)
0
di(t) .
L —=sl(s)- i(0+) (2.13)
dt
e 1(s) 1.
g(t)dt= - gd(t)dt|t=0+ (2.14)

In network synthesis, it is conventional to neglect initial condition terms.
Specifications are often given in terms of the sinusoidal steady state for which
network functions are independent of initial conditions, leading to this convention.

Neglecting initial conditions, terms in EQ.2.10 have the following transforms:

Vo(s)=R1(s) V. (s)=sLI(s) V.(s) =él(s) (2.15)

<
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Here the multipliers of the transform current are impedance functions.

Similarly, for Eq. 2.11, the transform terms are

1.()=G V() 1.(s)=Csv(s) 1,(s) :Lisv(s) (2.16)

and the multipliers of V(s) are admittance functions. These equations for R, L, and C

are summarized in Table 2.1.

Table 2.1. Network Equilibrium Equations

R L C
R L C
Relationship of v(t)and i(t), i _1
P () () v=Ri v:Lﬂ v Cddt
instantaneous voltage and current dt
Transform equations, initial
V =RI V =Lsdl V=—1I
conditions set equal to zero Cs
1
I mpedance, Z(s) R Ls s
Admittance, Y(s) 1 1 Cs
’ R Ls

2.3. Kirchhoff’s Voltage and Current Laws

There are two fundamental laws which govern the voltages and currents in a
circuit. They are Kirchhoff Voltage Law and the Kirchhoff Current Law. Regardless
of the composition of the circuit, the voltages and the currents of the circuit are
constrained to satisfy these laws at all times.

The Kirchhoff Voltage Law (KVL) states that the algebraic sum of all
voltages around a closed path (or loop) in a circuit is zero. The closed path (loop)

13
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may be taken over a set of two-terminal element or over a set of nodes between
which multiterminal elements are connected.
For every loop in the circuit a KVL equation can be written.

V2 V3

Wy ) G
@

Vs

Figure 2.7. A single-loop circuit illustrating KVL.
In Fig.2.7 when KVL yields
(— v1)+v2 +V, +(- v4)+v5 =0 (2.17)
Rearranging terms gives
V,+V, +V, =V, +v, (2.18)
The Kirchhoff Current Law (KCL) dtates that algebraic the sum of the

currents entering a node (or a closed boundary) is zero. In a two-terminal element,

the current entering into it is the same as the current leaving it.

14
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Figure 2.8. Currents a anode illustrating KCL.

Consider anode in Fig.2.8. Applying KCL gives
(' i1)+(' i2)+i3+i4+(' is):0 (2-19)

since currents i1, I, is are leaving the node, while iz and is are entering it. By
rearranging the terms,

iy i, =i, +i, i (2.20)

The sum of the currents entering a node is equal to the sum of the currents leaving
the node.

These two laws, which are extraordinarily simple, govern the behavior of all
circuits. From the point of view the mathematical theory of circuits, they constitute
the basic axioms from which theorems concerning circuits are deduced. From the
physical point of view, the equations based on the two laws are equilibrium
equations of the physical system, which is the circuit. At all times, the voltages and
currents in a circuit must be such that the KVL equations are satisfied for every
closed loop and the KCL equations are satisfied at every node and for every element.

The actual values of the voltages and currents in a circuit will depend on the
types of elements that are present.

15
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2.3.1. Mesh Analysis

Having establishes that the KV L equations written for the meshes constitute a
maximal set of independent voltages equations, now another scheme of formulating
equations for planar circuits will be introduced. The scheme is very much like that
the loop equations except that it is easier to apply by inspection. However, the
scheme for loop equations is applicable to planar and nonplanar graphs, whereas the
scheme for the meshes is applicable to planar graphs only.

Consider a general network consisting of m loops. Let I,,1,,L,1, be the
transforms of the m loop currents and V, ,V, ,L_,V,, be the sums of the transforms of

the driving voltage in each of the loops. The application of Kirchhoff’s voltages law

to this network results in m simultaneous equations

Z L+ Z v +Z, | =V,

Im'm

Zyl +Zpl, v +Z, | =V,

2m'm

KKKKKKKKKKKKK
Zml |1+ Zm2|2 +L+me|m :Vm

(2.21)

Where Z ;; isthe self-impedance of loop j and Z ;, isthe impedance common
to loopsj and k, j and k being any numbers from 1 to m The sing of Z, is positive

when |; and I, have the reference direction but otherwise negative. These

equations may be solved for the currents by the use of determinants. The determinant
can be defined

ézll le lel— Zlm
— a—21 Zzz ZZ3LZZm

§<KKKKKKK

e

ézml Zmz ZI3I—me

(2.22)

[ Y ety ety ety Y

to be the loop-basis system determinant.

16
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Examplel:

Figure 2.9. Illustration of mesh analysis (a) a mesh current is assigned to each mesh,
(b) the graph of the circuit.

Consider Fig.2.9 Let the meshes be numbered and oriented as follows:

Mesh 1 : ABFCGA clockwise
Mesh 2 : BDECFB clockwise
Mesh 3 : AEDBA clockwise

Now there is a set of fictitious current variables known as the mesh currents. In each
of meshes there is a circulating current flowing in the elements that constitute mesh.
The mesh currents are denoted as i, ,i,, and i3 in this example and are assigned
the same orientations as those of the meshes. The mesh currents are not physical
currents and, in the general, cannot be measured directly. Because of the last remark
of the last section, mesh currents, in general, are not loop currents.

Suppose KVL equations for the meshes are written. In mesh 1,

v, +V, +Vvy +vg - v; =0 (2.23)

17
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Now, express all the resistor voltages in terms of mesh currents. For example,

v, =Ri (2.24)

Vy =Ry (i - im3) (2.25)

Note that R, is shared by both mesh 1 and mesh 3. The current in R, is the
algebraic sum of mesh currents i, and i.; following this procedure, for the three

meshes can be written, the following three KVL equations:

Rliml"'Rz(iml' -m3)+R3(iml' imz)' E, +E,=0
R4(im2 - im3)+R6im2 - Rs(iml' imz)"'Es' E2:0 (2-26)
Roims - R4(im2 - im:-:)' Rz(iml' im:-:)' E;=0

Rearranging the terms,

(R1+R2+R3)iml' Roimz - Roiz =E; - E,
: R3iml+(R3+R4+R6)im2' Rims=E; - Ej (2.27)
- Ry - Ryl + (Rz +Ry "'Rg)ims: Es

which is a set of simultaneous algebraic equations in the unknownsi ., ,i, and i ;.

The set of equationsis of the form in Eq. (2.21).
Eq. (2.27) are known as the mesh equations. They are merely the KVL
equations expressed in terms of the fictitious variables, the mesh currents.

2.3.2. Node Analysis
Another scheme of writing circuit equations by inspection that is applicable to

both planar and nonplanar graphs is that of node analysis, provided that the circuit
contains only current sources as the excitations. In the case of mesh equations, KVL

18
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equations can be written for the meshes in terms of set new current variables. In the
case of node analysis, KCL equations can be written at each and every node except
one in terms of a set of new voltage variables.

For a network of n nodes and a datum (or reference) node with current

sources whose sums at of each of the nodes have transformsl,,1,,L,1,, a set of

equilibrium equations may be written on the node basis. Let the transforms of the

voltages of the various nodes with respect to the datum node beV, ,V, ,L.,V,. Then

the application of Kirchhoff's current law to the network result in the following

simultaneous equations

Y Vi +YRV, +L+Y V=1
Yo, Vi YoV, +L+Y,V, =1,
KKKKKKKKKKKK

Ynlvl +Yn2V2 +L +YnnVn =1 n

(2.28)

where the admittance terms of the form Y;; represent the admittance of all elements
connected to node j with all other nodes grounded (to the datum), and the Y;, terms

represent the negative of admittance common to nodes j and k, j and k being any
numbers from 1 to n. The node-basis equations may be solved for the voltages by

means of determinants by defining the node-basis system determinant:

é‘Yll Yo Y13 K Y, U

u
De= gYm Yoo Y23 K Y, U
ZKKKKKKKKH

éYnl Yn2 Yn3 I'<Ynn a

(2.29)

Example 2:

Consider the circuit of Fig.2.10 number the nodes as shown. Define four
voltage variables, one from each of the four nodes 1, 2, 3 and 4 to node 5, which
shall be called the reference node. The voltage graph is a tree with node 5 as the
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“root” as shown Fig.2.10. denote the four voltages asv,, ,V,, , V5 and v,, . All the

branch voltages can be expressed in terms of the four voltages as follows:

Referance
nade

(a) ()

Figure 2.10. Node analysis (a) The circuit, (b) its voltage graph with node 5 chosen

asthe reference node, (c) the graph of the circuit

The branch currents can also be expressed in terms of the node-to-reference voltages.

For example,
ip =011 =01y, (2:30)
i, =0,%,=0,(vy - Var) (2.30)

M
Next writing the KCL equations for each of the four nodes 1, 2, 3 and 4 for example,
at nodel,

i, +i, +ig +i, =0 (2.32)

Expressing the currents in terms of the node-to-reference voltages and the sources,
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Ovir 05 (Vlr - V4r)+ jo +].=0
or (2.33)

(91+92)VJJ +0V,, + 0V - QoVy =1~ )2

Repesating the procedure for all nodes, we obtain the following system of equations
in the unknowns which are the node-to-reference voltages,

(91+92)VJJ +0V,, + 0V - QuVy =1+ 2
Ovy, +(93 T 04 )V2r +04Va - Oa3Vy =12

(2.34)
Ovy - QgVy + (94 +0s + 96)V3r - g5V, =0
- OoVyr 05V, - OsVg T (92 03+ 95)V4r =0
The equations are of the form
égl"'gz 0 0 -0, l;'évlrl;' éjl_ le;I
e u u e . u
(E:. 0 gs+g4 g, '93 q(i:.aq:é I2 l;I (2.35)
9 0 -9, 9,%t0st 0, -0 l:I(:ZV3rl:I ? 0 u
e ue Uu e u
e -0, O - Os 9,+0: 90 &0 & 0 ¢

These equations are known as node equations. They are KCL equations in terms of

the node-to-reference voltages.
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3. ANALOG INTEGRATED CIRCUIT ANALYSISUSING MATLAB

3.1. Bipolar Junction Transistors

The bipolar junction transistor (BJT) is athree-terminal device that contains
two ‘back-to-back’ p-n junctions in the same block of semiconductor material
(silicon). The three terminals are connected to three regions of semiconductor
material that are named for the function each performs in the transistor. The three
regions are named emitter, base and collector. The emitter emits or dispatches charge
carriers into the base where control over the carriers is exercised; eventually the
carriers are gathered in the collector region. (Kennth R.L.; Willy M.C. S., 1994)

The NPN and PNP typesof BJTs are shown structurally in Fig.3.1, together

with their schematic symbols.
————o utput
Collectar C T
n-type B C
" jungtion 2 inputo—@)
o—— p-type
Base B PP junctian 1 E
n-type
Ermitter El o o
npn-transistor ngn transistor
————o utput
Collectar C T
C
p-typa E
" junction 2 input
o—— n-type
Base B w junction 1 E
p-typa
Ermitter El o o
prp-transistor pngp ransistor
(@) (b

Figure3.1. NPN and PNP transistor: (a) structure diagram and (b) schematic
symbols.
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3.1.1. BJT Static Characteristics

When the transistor is operated as an amplifier. Since the transistor has only
three terminals, one terminal must be designated as being common to both input and
output. Because of the versatility of the BJT, it can operate with any one of its three
terminals as the common terminal. The amplifier configuration is usually named for
the common terminal, that is, common-base (CB), common-emitter (CE), and

common-collector (CC) or emitter-follower.
3.1.1.1. Common-Base Configuration
In the common-base (CB) configurations, the input is applied between emitter

and base, while the output is taken between collector and base (as illustrated in
Fig.3.2 for a NPN transistor).

E
n n
Eo | oC -« P -«
I lc
input output
Mg
o o N N
: R
Common Base Vg Veg

Figure 3.2. CB configuration using a NPN transistor. For normal operation Vg is

negative, Vg is positive, and conventional currents are in the directions shown.

3.1.1.2. Common-Emitter Configuration
In the common-emitter ( CE ) configuration, the input is applied between base

and emitter while the output is taken between collector and emitter, as shown in
Fig.3.3 for a NPN transistor.
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ol
b
Y
s —{/BE%>_VCE
_llE

Figure 3.3. CE configuration using a NPN transistor.

3.1.1.3. Common-Collector Configuration

In the common-collector (CC) or emitter follower configuration, the input is
applied to the base, while the output is taken from the emitter. The emitter follower (CC
configuration) may be treated as a special case of the CE configuration.

3.1.2. DC Analysisof BJT Circuits

To establish proper operation of the BJT, the base emitter junction must be
forward biased and the collector-base junction must be reverse biased.

+Vee
s °
. +
+\INa, Vee
ac Vee™ ac
input output
(o, O

Figure 3.4. Fixed-bias circuit.
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The circuit in Fig.3.4 called the fixed-bias circuit, provides the transistor with

proper bias for normal operation.

+Vee
1
R i
(1S

Figure 3.5. DC circuit of fixed-bias.

Taking the summation of voltages from the source V. and, through Rg,

across the base emitter junction to ground, and setting it equal to zero, it is obtained
Ve - 1gRg - Vge =0 which yields,

Vee = 18R +Vee (3.2
The base-emitter voltage drop is a forward-biased diode drop. Typically for

silicon transistors, this drop is 0.5 to 0.6V ; for germanium, between 0.2 and 0.3V in

Eq.(3.1) when Vge of this magnitude is compared V., which is typically larger than
10V, Ve may be justifiably neglected. Thus,

Ve @R (3.2

This is the bias curve equation. Because both V.. and Rg are fixed in value,

Eq.(3.2) determines the quiescent base current. Therefore,
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l6g @ (33

In a similar manner, we take the summation of voltages in the collector circuit

and set it equal to zero to obtain. V. - | R; - Ve = 0 whichyields:

Vee = 1cRe +Vee (3.4

This is the load line equation. The significance of this name is discussed when
graphical techniques is examined for determining the operation point.

It the b of the transistor is known, the quiescent collector current is calculated

from the relationship:

where lgq has been determined in Eq.(3.3). Using the value of Icq thus calculated in
Eq.(3.4) the quiescent is determined collector-emitter voltage from the relationship:

Veeo =Vee - TeoRe (3.6)

ic
VCC

load line

V,
Veeq Voo O

Figure 3.6. DC load line of the circuit.
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If the values of the dc supply voltage, the bias resistors, and the transistor b

are known, it can be seen that the dc operating (quiescent) point for the transistor in
Fig.3.6 may be determined in the straight forward manner just indicated.

3.1.3. Hybrid Or h Parameters
A two- port network, like one shown in Fig.3.7, may be completely

represented by a set of four parameters. The most suitable set of parameters for the
BJT isthe set of h parameters. The defining set of equations for the h parameters are

1 vy =hyiy +h,v,

i ) (3.7)
Tl = hyiy +hyv,
Tao port

i2

o

Az

o

Figure 3.7. The CE configuration as two-port network.

hyy =hi(y i =hy () hyy =he(y hy, =hy) (3.8

The second subscript -either e, b or ¢ - denotes whether the emitter, base, or
collector terminal is common to the input and the output. For example, in the CE
configuration
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h,; =h,.- input impedance (in ohms)
h, =h,, - reverse voltage ratio ( no units)
h,; =h. - forward current ratio ( no units)

h,, =h.- output admittance (in Siemens)

In similar manner, the parameters in the CB configuration are
h,, Ny, hy, and h, . Inthe CC configuration they are: h,, h., h,, and h,.

CE h-parameter model : Making the appropriate substitutions in Eq.(3.7) for the
CE configuration in Fig.3.8, It is obtained that the defining set of equations for the
CE configuration. They are

| Vie =hlp + oV,

i . (3.9
1= ey +heV,

_IC

fe
Vego =0 b

=Yoo (3.10)

e
b

Vogo =0 ce 15 =0
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oC
+
Nedy, Mo Ve
OE
(a) _
<&
oC
+
hfe'b
hoe Vce
OE
(b)
i hfeib |
Ly Ne AR

B o e \/ oC

E
()

Figure 3.8. CE small-signal transistor model: (a) complete h-parameter model, (b) hre
considered negligible, (c) both he and hee considered negligible.

CB h-parameter model : The BJT aimost always has a set of h parameters for the
CE configuration. For completeness, the CB and CC configurations are mentioned
here. The defining set of equations for the CB configuration may be seen from
Fig.3.9 they are

Vep == hiple + Ny, (3.11)
C

i
. _ .
T1c = - Nyl +hgVep
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Notice the minus signs in the equations just given. They indicate that the definition
of i, is in the opposite direction to the actual flow of emitter current in an NPN
transistor. The CB equivalent circuit is shown in Fig.3.9(b). However, in most cases,

it is more convenient to use the approximate CB transistor model, as shown in
Fig.3.9(c).

iy i

e E C le i2
o> <= EA\Ce <2
T +%4+ +

Veb Vb
V, ) } V,
o o

(@)

(©)
Figure 3.9. CB small-signal models: (a) CB configuration, (b) complete CB h-
parameter model, (c) approximate CB model using CE parameters.
CC h-parameter model : The CC configuration is illustrated in Fig.3.8 the set of
defining equations in this case are

! Ve :hiclb + hrcVec

(3.12)

P .
1° le _hfc|b+hocvec

30



3. ANALOG INTEGRATED CIRCUIT ANALYSISUSING MATLAB AhuAKCAM

The BJT model in the CC configuration is shown in Fig.3.10(b). As was the case in
the CB configuration, however, it is more convenient to use the CC approximate
model, as depicted in Fig.3.10(c).

Figure 3.10. CC small-signal models. (a) CC configuration, (b) complete CC h-
parameter model, (c) approximate CC model using CE parameters.

3.2. Field- Effect Transistor
Two types of field-effect transistor (FETS) are used in analog integrated

circuit. These are the junction field effect transistor (JFET), Fig.3.11(a), and the
metal-oxide-semiconductor field-effect transistor (MOSFET). Both devices
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approximate the behavior of voltage controlled current sources. (Kennth R.L.; Willy
M.C. S., 1994)

N-Channel
D D D
D, (e °dbe
S S S
P-Channel
D D G D
D, B e
S S S
TYPE A TYPE B TYPE C

(@) (b) (©)

Figure 3.11. Schematic symbols for FET types: (a) JFET type A depletion mode
only, (b) MOSFET type B depletion / enhancement mode, (¢) MOSFET type C
enhancement mode only. NOTE : G = gate, S= source, D=drain, B= bulk.

3.2.1. Junction Field-Effect Transistor

The structure of the two types of depletion mode (type A) JFETSs is depicted
in Fig.3.12. In Fig.3.12(a), an N-type semiconductor is formed and leads are attached
to each end. One end is called the source; the other end is called the drain. A very
narrow P-type region is diffused around the N-type semiconductor, forming an N-
channel. This region of P-type semiconductor is called the gate. The third external
connection is made to this gate region. Thus, the N-channel JFET consists of the
single PN junction that is formed by the N type channel and the P-type gate. In the
P-channel JFET pictured in Fig.3.12(b), the channel is P-type semiconductor
material and the gate is N- type.
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F-type M-type
/ 1

Saurce | N-type Drain | Source '
O—o Channel —O

! !

Gate @ Gate )

Drain

Figure 3.12. Structural representation of JFET : (a) N-channel and (b) P-channel.

3.2.1.1. Biasing The JFET

Self Bias : A JFET self bias circuit is illustrated in Fig.3.13. For this N-channel
JFET, the supply voltage V,, is positive in order to set up a positive voltage

between

Figure 3.13. N-channel JFET self-bias circuit.

drain and source. Gate bias is accomplished by the voltage drop across Rg caused by

the drain current. Equating the voltage supplied (Vpp) to the sum of the voltage
drops in the output circuit, the load line equation:
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Voo =1p (RD + RS)+VDS (3.13)

Because of the reverse bias between the P-type gate and the N-type channel,
essentially no gate current flows. Thus, in the gate circuit, there is no dc voltage drop
across R; . Adding the voltages in the gate circuit gives the us bias curve equation

for the circuit in Fig .3.13:
VGS =-] D RS (314)

Voltage Divider Bias : In the bias circuit in Fig.3.14, the voltage divider set up by

resistors R;,and R;, makes the voltage from gate to ground positive. In order to
reverse bias the gate-source junction, the voltage drop across Ry must be larger than
the open-circuit voltage (Thevenin's voltage) across R;,. The open-circuit voltage

across Ry, isdefined as V5 and is determined by Eq.3.15.

_ Rs
Ve =Vop RGTZRGZ (3.15)
+VDD
1
Roug g ll )
D4
+ S_VDS
Real GS -

Figure 3.14. Voltage-divider bias circuit for the JFET.
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To complete the Thevenization process, the equivalent resistance to left of the gate,
labeled Rg, is determined with Eq.3.16.

_ _RsiRs) 3.16
RG RGl + RGZ ( )

The resulting equivalent circuit with the voltage divider replaced by its
Thevenin equivalent is illustrated in Fig.3.14. From the output circuit, we obtain the
load line equation, Eq.(3.17)

Voo =1p (RD + R )+VDS (3.17)
3.2.2. Biasing The M osfet

The JFET bias circuit shown in Fig.3.12 may also be used for biasing a
MOSFET. As we discussed in the previous section, the enhancement mode MOSFET
must have a positive gate-source voltage. Therefore, in the bias circuit of Fig.3.12,

the voltage developed across Ry must be somewhat smaller than that developed
across R;,. An alternate bias circuit for the enhancement mode MOSFET is

indicated in Fig.3.13. This circuit has Rs omitted; therefore, the gate-source voltage
is equal to the open-circuit voltage across R, , which is always positive.

The type B depletion mode MOSFET may be operated without any gate bias
or with either a negative or positive gate bias. Both of the JFET bias circuits, Figures
3.13 and 3.14, as well as the enhancement mode MOSFET bias circuit, Fig.3.15, may
be used for biasing a depletion mode MOSFET.
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Figure 3.15. An N-channel enhancement mode MOSFET bias circuit.
3.2.3. Small- Signal FET Model

The FET (JFET and MOSFET) may be operated as an amplifier by applying
a small time-varying signal to the gate and taking the amplified signal at the drain.
The common terminal for both the input and output is the source.

Note that the basic similarity in the operation of the different FETs discussed
is indicated by the similarity in their terminal characteristics. As aresult, it would be
expected that the ac small-signal models for the different FETs would be similar. In
fact, the only difference between the ac performances of different FETs is in the
slightly different magnitudes of some the parameters.

The low-frequency small-signal model for the FET is shown in Fig.3.14 at the
drain terminal, the sum of the currentsyields

. 1
lg =OmVgs ¥~ Vs (3.18)
Fds

where the FET small-signal parameters g, and rpq are defined and evaluated from
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DI

Om = transconductance = D (3.19

GS Voso
: DV

rps = output resistance = —2= (3.20)

I Vs
It is also useful to define the amplification factor of the FET:
M=0,,/ps (3.21)

Iy
Go— — 4 <
¥ +
| OV
VQS % rgs + rds Vds
so—1 o8

Figure 3.16. FET low-frequency small signal model.

The quantity ry, is the input resistance, which is very hard to measure,

especially for a MOSFET where the value may be over 1 teraohm (>10% W) This
quantity may be replaced by an open-circuit in most applications.

3.3. The Operational Amplifier
The operational amplifier is a voltage amplifier with extremely high gain.
Fig.3.17a shows the symbol of the op amp and the power-supply connections to

make it work. The inputs, identified by the “-” and “+” symbols, are designated

inverting and noninverting. Their voltages with respect to ground are denoted v,
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and v, , and the output voltage as v, . The arrow head signifies signal flow from the

inputs and output. (Franco S., 2002)

") (@ Sm—

Vi [N

Ve
V.uo—,*/ l

¥:Q—

(a) ()

Figure 3.17. (a) Op amp symbol and power-supply connections, (b) Equivalent
circuit of a powered op amp.

The difference
Vp =Vp - Vy (3.22

is called the differential input voltage and again A is also called unloaded gain.
Because in the absence of output loading

v, = Ay, = A(vp - VN) (3.23)
3.3.1. Theldeal Op Amp

An ideal operational amplifier is differential input, single-ended output
amplifier with infinite gain, infinite input resistance and zero output resistance. A
conceptual schematic diagram is shown in Fig.3.18. Although assuming an ideal
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opamp provides only an approximate analysis, most modern amplifier have such
large gains and input impedances that the approximate analysis is a good one

An ideal op amp has following terminal conditions :
- Infinite open-loop gain, A»¥ .

- Infinite input resistance, R » ¥ .

- Zero output resistance, R, » 0.

ipand iy are the currents drawn by the noninverting and inverting inputs. The

currents into both input terminals of an ideal op amp are zero.

i =iy =0 (3.24)

The voltage across the input terminals is negligibly small;

Vp =Vp - Vy »0 or Ve =V, (3.25)
=4
io—210
vn OVD
Avn
+
VFO o)
is={

Figure 3.18. Ideal Op Amp model.
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3.3.2. Basic Op Amp Configurations
3.3.2.1. Thelnverting Amplifier

The inverting amplifier connection is shown in Fig.3.19. In this circuit, the

noninverting input is grounded, 7 is connected to the inverting through R,, and the

feedback resistor R, is connected between the inverting input and output.

1 1 - 2 2
oL
=AM —> MW
1 > °
v ¥ o——
() +
—°
1 >
bt 1 £
.|l o 1 a I 1 ;
Yo) (o]

Figure 3.19. Inverting amplifier and its equivalent circuit.

Applying KCL at node X;

) : = ° (3.26)

For an ideal op ampv,, = v, = 0, the noninverting terminal is grounded

%1 \I;_o (3.27)

or
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v = -

=2y 3.28
R (3.28)

for theratio v, /v, and rearranging ,

Vo R,

A= -
R

] (3.29)
Vi

This circuit is again an amplifier. However , the gain A is negative, indicating that
polarity of v, will be opposite to that of v, to the inverting side of the op amp.

Hence the circuit called an inverting amplifier.

3.3.2.2. The Noninverting Amplifier

The noninverting amplifier is shown in Fig.3.20. The input voltage \ is

applied directly at the noninverting input terminal and R, is connected between the
ground and the inverting terminal. Application of KCL at the inverting terminal

gives,

i =i, b O'RI’N = VNF;VO (3.30)
2
But vy =v, =V,
V. -
=YY% (3:31)
R R,

or
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R O
o= G2y 3.32
v §+Rl v (3.32)

a=Yoo 1 R (3.33)

f] A . .Hj
—> A —> __MA

oS
o+

Figure 3.20. Noninverting amplifier and its equivalent circuit.

Notice that if feedback resistor R, =0 (short circuit) or R, =¥ (open circuit) or both,
the gain becomes 1. Under these conditions (R, =0andR, =¥ ), the circuit in
Fig.3.20. becomes that shown in Fig.3.21 which is called a voltage follower (or unity

gain amplifier) because output follows input. For avoltage follower

=y (3.34)
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Figure 3.21. The voltage follower.

3.3.2.3.The Summing Amplifier

A summing amplifier is an op amp circuit that combines two or more inputs
and produces one output that is the weighted sum of the inputs. The summing

amplifier, shown Fig.3.22, is a variation of the inverting amplifier. To obtain a

relationship between output and inputs, applying KCL at node a gives

i =i, +i, +i,
But
V-V, A ER"A
|1: , |2:
R R,
i V3 - Va I_Va - Vo
37 ! -
RB Rf
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By, B "'
Yoo > —— |
a
e I3
1-"'3 o o
o —0

Figure 3.22. Summing Amplifier.

Solving for v, yields

aR R R 0
Vo= GV -V, v, T (3.37)
Ry R, R, " g

indicating that the output is weighted sum of the inputs (hence the name summing
amplifiers), with the weights being established be resistance ratios. A popular
application of summing amplifiersisaudio mixing.

If the Eq.(3.37) yields R; = R, = R, then Eq.(3.37) yields

V.=

V= E (v 4y, vy ) (338)
Ry
That is, v, is proportional to the true sum of the inputs. The proportionality

constant - R: /R, can be varied all the way down to zero by implementing R: with

avariable resistance. If all resistances are equal, the circuit yields the inverted sum of

itsinputs, v, =- (v, +V, +Vv; ).
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3.3.2.4. The Difference Amplifier

The difference amplifier is device that the difference between two inputs but

rejects any signals common to the inputs. As shown in Fig.3.23, applying KCL to

node a,

or

g& +1—v v1

Applying KCL to node b,

V-V, V-0

R, R,
or
b= R, Vv,
R3+R4
But v, =v,
0 R, R,
g Vo-—V;
R1 raRa+R R
or
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R Mvz i %vl (3.43)

"R (1+R/R)

Vo

R,
a'A'A%

Vv Rs V

|
EI %&
il

V,

Figure 3.23. Difference amplifier.

An interesting case arises when the resistance pairs in Fig.23 are in equal

ratios:
R (3.44)

"3
R, R
When this condition is met, the resistances are said to form a balanced bridge,
and Eq (3.43) smplifiesto

Vy =—2(v, - vy ) (3.45)

The output is now proportional to the true difference of the inputs hence the

name of the circuit.
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3.3.2.5. The Differentiator

To find the input-output relationship for the circuit of Fig.3.24. Imposing

Ic =ig isstarted. Using the capacitance law and Ohm'’s law, this becomes .

Cd (v, - 0)/dt =(0- v,)/R, or v, (t)=- Rcd"d'—t(t) (3.46)

Figure 3.24. The op-amp differentiator.

The circuit yields an output that is proportional to the time derivative of the
input-hence the name. The proportionality constant is set by R and C, and its units

are seconds (S).
3.3.2.6.TheIntegrator

In the case of the integrator, the resistor R is used to develop a current i,

which is the proportional input voltage. This current flows into the capacitor C,
whose voltage is proportional to the integral of the current i,with respect to the

time. Since output voltage is equal to the negative of the capacitor voltage, the output
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is proportional to the integral of the input voltage with respect to time. In terms of

equations,
A
in :El =i, (3.47)
1 t
V, == = Octt +v,(0) (3.48)
C 0
£

Figure 3.25. The op amp integrator.

Combining Eqg.3.47 and Eq.3.48 yields
1 t
v, (t)=- = Oc‘yl (t)dt +v,(0) (3.49)

wherev, (0) is the value of the output a t=0. This value depends on the charge

initially stored in the capacitor.
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3.4. The Operational Transconductance Amplifiers (OTA)

An operational transconductance amplifier (OTA) aso called
transconductance element or a transconductor, is a device that translates voltage

inputs to current outputs such that iq,r = g,vgr - The transconductance gain g,, can

usually be varied is afilter parameter, | ;.. When g, isafilter parameter, | ,,. can

be used to control or to program the characteristics of the filter. This device acts as
high-gain voltage-controlled current source (VCCS) and produces an output current
from a voltage input.(Franco S, 2002)

3.4.1. Theldeal M odel

The circuit symbol for the OTA isshown in Fig.26a. The OTA isseento bea

three input, one output device. The three inputs are voltage signals v, ,v. , and current
| ;s ("@amplifier bias current”) is a DC source used to control g, , some interesting
nonlinear functions can be realized if 1,,.is a more general signal. To simplify
notation functions can be realized if 1,,. is often dropped from the symbol. It is
emphasized that dropping | ,,. from the symbol is not to imply that | ,;. has been
eliminated or that it is unimportant. In fact, the control g, and | 5. is crucial to the

use of OTAs in precision filters. In Fig.3.26, the OTA is modeled by an ideal VCCS
characterized by the relation,

io = gV, - V) (3.50)
with infinite input impedance and infinite output impedance, i.e.,

For linear filter applications where | 5. is used to control g, it is highly
desirable that g,, dependence on | .. be linear. Hence, the g, for theideal OTA is

assumed to be
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lo
Vi " o
Vi lo OmVditr
Vaiff
V- T IABC v )
Vyiff :V+_V_
€ (b)

Figure 3.26. The differential OTA (a) symbol, (b) ideal model.
Om :gm(ls):hls (3.5))

where h is a constant determined by process parameters, temperature, and input

device geometries. The linear dependence in Eqg. (3.51) occurs when OTA (MOS or
bipolar) operates in the weak inversion or low current region.

Example: Find the transfer function of Fig.3.27.
g, 12
-

o }
\

@]

py
(o)

Figure 3.27. OTA example.
in =¥ Zo =R,
lo :gm(o' Vin):' O Vin
Vo :RLIO =- R.9,V,

<

_0 —_ R
\/in gm L

50



3. ANALOG INTEGRATED CIRCUIT ANALYSISUSING MATLAB AhuAKCAM

3.4.2. g,, - CFilters

A popular OTA applications is the realization of fully integrated continuous-
time filters, where OTAs have emerged as viable alternatives to traditional op-amps.
OTA-based filters are referred to as G, - C filters because they use OTAs and
capacitors, but no resistors and no inductors. A popular G, - Cfilter example is

shown Fig.3.28a. It is analysis proceeds as follows.

e

i f-'

= (a) )]
Figure 3.28. g,, - Cfilter and its RCL equivalent.

By Eq.350 i,= gml(vi - VBP)  1,= 0 Vep,s 137-0,3Vge- By Ohm’s law,
v, =(1/sC, )i, and v, =(1/sC, )(i, +i,). Rearranging these equations,,
VBP — Sc;zgml/gngm3

Ver _ (3.52)
VLP SZClcz/gngm3 +SC:ngl/gngm3 +1
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It is readily that this transfer function is the as that of the RLC equivalent of
Figure 3.28b, provided C=C,, R=1/g,,andL=C,/g,,0,,. Evidently, g,

smulates a resistance, whereas the combination g¢.,- 9,,- C, simulates an

inductance. Moreover, the circuit provides vy, and v,, simultaneously, a feature not

availableinits RLC counterpart.
3.5. Matlab Programming
3.5.1. Introduction

Computation software for engineering and scientific calculations. The name
MATLAB stands for MATRIX LABORATORY . symbolic circuit software package.
It was developed by John Little and Cleve Moler of MathWorks, Inc. MATLAB was
originally written to provide easy access to the matrix computation software
packages LINPACK and EISPACK. (Attia J.O., 1999)

MATLAB is a high-level language whose basic data type is a matrix that
does not require dimensioning. There is no compilation and linking as is done in
high-level languages, such as C or FORTRAN. Computer solutions in MATLAB
seem to be much quicker than those of high-level language such as C or FORTRAN.
All computations are performed in complex-valued double precision arithmetic to
guarantee high accuracy. (Attia J.O., 1999)

MATLAB has arich set of plotting capabilities. The graphics are integrated
in MATLAB. Since MATLAB is also a programming environment, a user can
extend the functional capabilities of MATLAB by writing new modules. (Attia J.O.,
1999)

MATLAB has a large collection of toolboxes in a variety of domains. Some
example of MATLAB toolboxes are control systems, signal processing, neural
network, image processing, and system identifications. The toolboxes consist of
functions that can be used to perform computations in a specific domain. At present,
there is no MATLAB toolbox for circuit analysis and communication theory. (Attia
J.O., 1999)
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3.5.2. Graphical User Interface Program

A graphical user interface (GUI) is a graphical display that contains devices,
or components, that enable a user to perform interactive tasks. To perform these
tasks, the user of the GUI does not have to create a script or type commands at the
command line. Often, the user does not have to know the details of the task at hand.
Fortunately, most computer users are already familiar with GUIs and know how to
use standard GUI components. By providing an interface between the user and the
application’s underlying code, GUIs enable the user to operate the application
without knowing the commands would be required by a command line interface. For
this reason, applications that provide GUIs are easier to learn and use than those that

are run from the command line. (www.mathworks.com)

The GUI components can be menus, toolbars, push buttons, radio buttons, list
boxes, and sliders - just to name afew. In MATLAB, a GUI can also display data in

tabular form or as plots, and can group related components. (www.mathworks.com)

<} simple_qui [_ || |

Surf |
Mes=h |
=

Cantour

Select Data

Peaks j

Figure 3.29. A smple GUI isillustrated.

www.mathworks.com
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GUIDE Tools Summary The GUIDE tools are available from the Layout Editor
shown in the Fig.3.30. The tools are called out in the figure and described briefly
below. Subsequent sections show you how to use them.

GUIDE — GUI Development Environment GUIDE, the MATLAB Graphical
User Interface development environment, provides a set of tools for creating GUISs.
These tools greatly simplify the process of laying out and programming a GUI. This
section introduces to GUIDE and the layout tools it provides. When opening a GUI
in GUIDE, it is displayed in the Layout Editor, which is the control panel for all of
the GUIDE tools. The Layout Editor enables you to lay out a GUI quickly and easily
by dragging components, such as push buttons, pop-up menus, or axes, from the
component palette into the layout area.

Align Objects Menu Editor ~ Tab Order Editor ~ M-File Editor Property Inspector ~ Ohject Browser

Run

=101 %]

File Edt Yiew Lavout Tocs g

Dﬁ"Hl;{. = o) s

{ | k Sel=ct

K] Puzh Buttan

a8 58|

® Radio Bution
[ Check Box
BT Edit Tew

il Statlc Test Layout Area
EDPap-lpheny |
(omponem< SliLishox

Palette [ Toggle Buttan

i e

L Panal

8 Button Group

X Activek Contral

—
Figure Resize Tob

Figure 3.30. The Layout Editor.
www.mathworks.com
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3.5.2.1. GUI FIG-Filesand M-Files

GUIDE stores GUIs in two files, which are generated the first time saving or
running the GUI:

FIG-file — a file with extension .fig that contains a complete description of
the GUI figure layout and the components of the GUI: push buttons, menus, axes,
and so on. When changes can be made to the GUI layout in the Layout Editor, these
changes are saved in the FIG-file.

M-file — a file with extension .m that contains the code that controls the
GUI, including the callbacks for its components. This file is referred to as the GUI
M-file. When first GUI isrun from the Layout Editor, GUIDE generates the GUI M-
file with blank stubs for each of the callbacks. (www.mathworks.com)

Modal Question Dialog : The modal question dialog template displayed in the
Layout Editor is shown in the following figure. From circuit analysis program an
example ;

answer=questdlg('O.K.?, 'Open text file',"'Y es,'No ','Y es);

if isempty(answer)|answer=="Y es agree=1; end;

Frames : Frames are boxes that enclose regions of a figure window. Frames can
make a user interface easier to understand by visually grouping related controls.
Frames have no callback routines associated with them and only uicontrols can
appear within frames (axes cannot).

List Boxes: List boxes display alist of items and enable users to select one or more
items. The String property contains the list of strings displayed in the list box.

Push Buttons : Push buttons generate an action when clicked (e.g., anh OK button
may close a dialog box and apply settings). When clicking the mouse on a push
button, it appears depressed; when the mouse is released the mouse, the button
appears raised; and its callback executes.
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Example from program;

function varargout = Close_Callback(h, eventdata, handles, varargin)
closeall
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4. CIRCUIT SIMULATION

4.1. Voltage Controlled Current Source

The voltage-dependent current source (VCCS), as shown in Fig.4.1, is

determined by the following equation which introduces one more unknown in the

admittance matrix.

ouT

j‘I-'[__J'l_,l']"
10—o0 2
+ +
Yin Gvin
40 o o3

Figure 4.1. Voltage Controlled Current Source.

1
=G.(v,-Vv,)®V,-V,- 5 lour =0 (4.1)

The new unknown variable |5, must be considered by the four remaining

simple equations.

I, =0 1= loyr I3 =-loyr 1,=0 (4.2)

And in matrix representation thisis:

@@ D D> D2 D> D> D> D

1

OU¢v, o 60
1y 8y, 080
Ue%2 g &2q
-lU.ev, 4=4,0 (4.3)
u ~ 7 ~ 7
oYe, ueu
1y €Y+ 0 €au
00 -1 " Gh 8ourt EOH
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It can be seen the last row which has been added by the V CCS represents the
Determining Eq.4.1 the additional right hand column in the matrix keeps the system
consistent.

4.2. Voltage Controlled Voltage Source
The voltage-dependent voltage source (VCVS), as shown in Fig.4.2, is

determined by the following equation which introduces one more unknown in the
admittance matrix.

j‘I-'L_J'l_,l']"
10— 2
+ +
Yin Gvin
40 o o3

Figure 4.2. Voltage Controlled Voltage Source.
V, =V, -V, V,-V;=G(V,- V,)® V,G-V,+V,-V,G=0 (4.4

The new unknown variable |oyr must be considered by the four remaining

simple equations.
I, =0 1, =-loyr l3=lour 14=0 (4.5)

And in matrix representation thisis:

0U ev, ¢

g' [j € l:l é|1l]
<. 1. € a & u
e U gVa g g2
€. -lU ey, =80 (4.6)
é Ua 3q a3y
5. 0,4 &y U g U
g 13 éVa 0 &aq
@1 00-1 " Gh GourH EOH

58



4. CIRCUIT SIMULATION Ahu AKCAM

Matlab Code;
%VCVS
for j=1:vcvs % number of voltage controlled voltage sources
if vw(j,3)
B(vv(j,3),mO+j)=+1;
C(mO+j,vv(j,3))=-1;
end
if w(j,4)
B(vv(j,4),m0+j)=-1;
C(mO+j,vv(j,4))=+1;
end
if w(j,1)
C(mO+j,vv(j, 1))=+vv(},5);
end
if w(j,2)
C(mO+j,vv(j,2))=-vv(},3);
end
end

mO=mO0+vcvs,

4.3. Current Controlled Current Source

The current-dependent current source (CCCS), as shown in Fig.4.3, is
determined by the following equation which introduces one more unknown in the
admittance matrix.

JEDL.I]'
1O— 2

Jl:l'ﬂ 4
Kﬁ'ﬂ

do ‘o)

Figure 4.3. Current Controlled Current Source.

59



4. CIRCUIT SIMULATION

Ahu AKCAM

(4.7)

The new unknown variable loyr must be considered by the four remaining

simple equations.

I—+1I [, =1 [,=-1 [
1~ EOUT 27 our '377 lout '4

L
o

And in matrix representation thisis:

€. Ougv, o élo
¢ U gV @:2q
e -1l ey, u=8l,0
é U a a3p
A, . . 0 9V u & u
g 15 &7 U €ad
@1 00-1 _Eg Borl EOH
Matlab Code:
%CCCS
for j=1:cccs
if cc(j,1)
B(cc(j,1),mO+j)=+1,
C(mO+J !CC(J ) 1)):_ 11
end
if cc(j,2)
B(cc(j,2), mo+j)=-1;
C(mO+j,cc(j,2))=+1,;
end
if cc(j,3)
B(cc(j,3),m0+j)=+cc(j,5);
end
if cc(j,4)
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B(cc(j,4),m0+j)=-cc(j,5);
end
end

mO=m0+cccs;
4.4. Current Controlled Voltage Source
The current-dependent voltage source (CCVS), as shown in Fig.4.4, is

determined by the following equations which introduce two more unknowns in the
admittance matrix.

faur

10

Jfl'n"

4o

Figure 4.4. Current Controlled Voltage Source.

V, -V, =0 (4.10)

V,-V,=RI, ®V,-V,- Rl =0 (4.12)

The new unknown variables loyr and lin must be considered by the four remaining
simple equations.

V,-V,=RI, ®V,-V,- Rl =0 (4.12)

The matrix representation needs to be augmented by two more new rows (for

the new unknown variables) and their corresponding columns.
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g. 1 08 eV, 0 élo
4 0 -1, €y, U & 0
: 0 113 ey e
= S év, u_8.u
3. . 1 ol ey, ueu (413
¢ Ueg™a é*d
® 1 -1 0 -R 0Uegl,u &uq
é U Y
gl 0O 0 -1 0 O0¢g Elord €0H

Matlab code from program for admittance matrix;
%CCVS
for j=1:ccvs
if cv(j,1)
B(cv(j,1),m0+2*j-1)=+1;
C(mO+2*j-1,cv(j,1))=+1;
end
if cv(j,2)
B(cv(j,2),m0+2*j-1)=-1;
C(m0+2*j-1,cv(j,2))=-1;
end
if cv(j,3)
B(cv(j,3),mO+2*j)=+1;
C(m0+2*j,cv(j,3))=+1;
end
if cv(j,4)
B(cv(j,4),m0+2*))=-1;
C(m0+2*j,cv(j,4))=-1;
end
end

mO=mO0+ccvs;
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4.5. Operational Amplifier

The ideal operational amplifier, as shown in Fig.4.5, is determined by the
following equation which introduces one more unknown in the Nodal Analysis

matrix.

Figure 4.5. Ideal Operational Amplifier.
V-V = (4.19)

The new unknown variable loytr must be considered by the three remaining simple

equations.
I, =0 1,=lgyr 13=0 (4.15)
And in matrix representation thisis:
¢ Ou éVy u élu
é a é,, a4 égau
& 1. 8 V2 4_82q (4.16)
& . . 00 &V 0 @l
aé ué.a
8 0 -103 doura 600

Matlab Code for op-amps to constitute admittance matrix of circuit;
%0Op-Amps
for j=1:noa

if 0a(j,3)
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B(oa(j,3),nvstj)=1;
end
if oa(j,1)
C(nvstj,0a(j,1))=+1;
end
if 0a(j,2)
C(nvstj,0a(j,2))=-1;
end
end
D=zeros(m);
nO=nvs+ncc+nvv;
for j=1:ncv
D(m0+2*j,m0+2*j-1)=-cv(j,5);

end
4.6.Simulation Examples

Example 1:
Simulation Steps :

£y

1 A
& (F = Ry §

Figure 4.6. Capacitive low-pass filter simulation.

® I

(]

Step 1: Netlist file (*.txt) is loaded.

>> fname="clp.txt'
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fname = clp.txt

>> ahu

Netlist
V110
RA12
C20
RB 20

Solved variables:
[ v 1]
[ v_2]
[1 V1]

Step 2 : Theratio of required variables iswritten to find transfer functionin s-
domain.
>> pretty(v_2/v_1)

Transfer function :

RB+sCRARB +RA

It can be written same example given a value for using circuit devices in the circuit:
Netlist

V1101

RA 12 500

C207E-6

RB 201000

>>eval(v_2/v_1)
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>> [n,d]=numden(eval(v_2/v_1))
>> mySys=tf(sym2poly(n),sym2poly(d))
Transfer function:

2.951e020

1.033e018 s + 4.427e020

Step 3 : Step response and bode diagram are plotted

>> gtep(mySys)

Step Response

Amplitude

a 0.00s 0.01 0.o1s
Time [(=ec)

Figure 4.7. Step Response of Fig.4.6.

>> bode(mySys)
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Bode Diagram

A0k -

0 b -

M agnitude [dE)

30

Phaze (deq)

Frequency [(radfzec)

Figure 4.8. Bode Diagram of Fig.4.6.

Example2:
{7
——
£
VNV
£ .
o o L
—AMN———] : |
3 0
O |+ 4

Figure 4.9. An active low pass filter circuit.
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>> fname="lpf.txt'
fname = Ipf.txt

>> ahu

Netlist of an active low passfilter given below:

V110
R112
Cl123
C234
R234
Opamp 034

Solved variables:
[ v 1]

[ v 2]

[ v_3]

[ v_4]

[1 V1]

[ 1_Opamp]

>> pretty(v_4/v_1)

Transfer Function :

(1+sC1lR1)(sC2R2+1)
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Example 3:
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Figure 4.10. Differentiator Circuit.

>> fname="diff.txt'
fname = diff.txt

>> ahu

Netlist :
V110
C21
R32
0023

Solved variables:
[ v 1]
[ v_2]
[ v_3]
[1 V1]
[ 1_C]

>> pretty(v_3/v_1)

Transfer Function : -sCR
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Example4:

W)

h ——O V¢,
+ 3

Figure 4.11. Integrator Circuit Simulation.

>> fname="int.txt'

fname = int.txt

>> ahu

Netlist :
V110
R21
C32
0023

Solved variables:
[ v 1]
[ v_2]
[ v_3]
[1 V1]
[ 1_C]

>> pretty(v_3/v_1)
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Transfer Function :

>> pretty(A)

Admittance Matrix of Integrator Circuit in Fig.4.10:

[ UR
[

[- UR
[

[0
[

[ 1

[
[0

- 1R 0

sC+1/R -sC

-sC sC
0 0
-1 0
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5. RESULTS AND CONCLUSION

The goal of thisthesis has been to develop a symbolic simulation program for
analog circuits. A software package has been written in MATLAB because of its
matrix-oriented system.

The Matlab-based program focused on the formulation and reduction of the
system of equations of analog integrated circuits, has been described. The
MATLAB/GUI models of analog circuit have been constituted. The simulator is
designed for the solution of analog circuits. This simulator computes branch voltage
and current at each node of the given circuit as symbolic function of the circuit
parameters in the frequency s domain.

A netlist description of the circuit to be simulated has been written like a
txt.file format and its symbolic transfer function, voltage gain, input impedance and
two-port parameters have been obtained using this simulation program. Analytical
formulas for transfer function of the given circuit have been derived which were
obtained by a straightforward application of symbolic techniques without any
specific knowledge of the circuit.

The main advantage of symbolic analysis and symbolic simulators is a
powerful and time-saving tool for gaining insight in analog circuit behavior. The use
of a symbolic simulations is an important complement to traditional numerical
simulation. Symbolic simulators is an important component in the process of
automating analog circuit design. Several applications depend on the use of symbolic
circuit expressions.

Computer-aided circuit analysis and systematic methods are for solving
analog circuit problems. This thesis presented the implementation of analog
behavioral models within the Matlab and showed the various modeling capabilities.
It has been shown that by using nodal analysis the procedure for writing symbolic
network functions for connected, linear network modeled with RLC elements,
VCCS, CCVS and ideal op amps has been significantly simplified. It has been
described matrix form of circuit models and illustrated their applications.
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The simulation program is presented for the symbolic analysis of analog
integrated circuits and generates symbolic expressions for the circuits in s-domain.
This yields analytic formulas for transfer functions and impedances. In addition, the
expressions can be simplified with a heuristic judgment based on the magnitude of
the elements. This yields simple and interpretable formulas, which provide analog
designers with insight into the circuit behavior.

In the future, the simulation program will be improved to further reduce the
analysis time for large circuits. It will be designed as circuit schematic simulation
program. It is possible to model as subcircuits and to assign them schematic

symbols.
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