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Abstract

Realization of Current Mode Filters Using the Concepts of
Transposed Networks and Nullors

Nong Tian

Current-mode circuits have become very important in the design of high-speed
analog integrated circuits that are highly linear and possess a wide dynamic-range.
Efficient design of current-mode (CM) filters is still a major challenge to the designer.
Considerable researcher efforts have been made for the realization of current-mode filters
from the existing voltage-mode (VM) filters. In 1971, Bhattacharyya and Swamy
introduced the principle of network transposition, which has led to a very efficient way to
convert a voltage-mode circuit to a current-mode circuit with the same transfer function,
and with a one-to-one correspondence between the elements of the two circuits.

In this thesis, using the concepts of the transposed networks, and the nullator-
norator representation for active devices, it is shown that a voltage-mode filter
implemented using an operational amplifier (OA) can be very easily converted to a
current-mode filter using the same OA, when the OA is configured as a three-terminal
element. The effects of the finite gain bandwidth of the OA on the CM and VM filters are
studied. If the OA is configured as a four-terminal device in a voltage-mode filter, it is
shown that the corresponding current-mode filter can be implemented using an
operational floating amplifier (OFA), which is a practical realization of a four-terminal

nullor. The theoretical analysis about the proposed method is verified by using simulation

il



results as well as by practical experiment using discrete components, such as resistors,
capacitors and LM741 (OA) devices. Finally, an OFA is designed and laid out using 0.18
um CMOS technology to validate the design of a current-mode filter using the OFA as
the four-terminal nullor. Simulations as well as the experimental results show very good

agreement with the theoretical analysis.
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Chapter 1

Introduction and Motivation

1.1 Introduction

Analog filters are widely used in signal processing systems, such as
telecommunication, consumer electronic devices, and industrial control systems.
Traditionally, the transfer function of a filter has been considered as a ratio of two voltage
signals. With the advent of integrated circuit (IC) technology and the requirément of low
power and portability, electronic filters are now vastly implemented as a sub system in a
typical very large scale integrated (VLSI) system using, for example, complementary
metal oxide semiconductor (CMOS) IC technology.

With the shrinkage of feature dimensions in a modern CMOS technological
process, operation under low DC power supply is becoming imminent now-a-days. With
very low values for the overall voltage supply, the processing of voltage signals is
becoming more and more difficult. Since early 90s, current-mode filters based on the
current signals have been receiving a lot of attention [1-9]. Since a current flowing
through a circuit component necessarily causes a voltage drop, we can choose proper
impedance levels, achieving sufficiently small voltages compatible with reduced DC
supply voltages in a modern VLSI electronic system. Since substantial current can flow
only through a very low resistance, current-mode operation naturally leads to higher

frequency of operaion (low resistance = low value of time constant, leading to high



value of associated pole frequency), than a similar voltage-mode signal processing
system.

Voltage-mode filters based on operational amplifiers and operational
transconductance amplifiers have been well developed and widely used. Implementing a
current-mode filter efficiently is still an important challenge to a designer. Two main
techniques have been followed to realize a desired current-mode filter function; (i) direct
realization in the current domain, (ii) derivation from existing voltage-mode filters. These

are discussed below.

1.2  History of Synthesizing Current-Mode Filters

1.2.1 Direct Generation of Current-Mode Filters

Methods that directly generate current-mode filters are almost the same as those
directly synthesize the voltage-mode filters [1][2]. The main difference is that the signals
at the building block level are treated as electrical currents for the current-mode filters.
We need to have current summing and differencing operation, current feedback, current
integrators/differentiators, and current amplifiers. Many researchers have taken this route

[6-9]. Substantial efforts are needed for this method of implementation.

1.2.2 Derivation from Voltage-Mode Filters

Network Transposition
As early as 70’s, Bhattacharyya and Swamy proposed the concept of “network

transposition” [10], and showed how to convert a voltage-mode (VM) network to a

2



current-mode (CM) network. The principle is: given a linear time-invariant two-port
network N, another network Nr, called the transpose of network N, can be formed such

that

where [Y]n and [Y]n: correspond to the admittance matrices of the network N and Nr,

respectively. Such a two-port network is shown in Figure 1-1.

1
T two-port _—i-ﬁ_%-
V1 network A
- N I
1 2!

Figure 1-1 Two-port network model

These two networks have the following properties [1],[10], and [13]

e The voltage transfer function in the forward direction for network N is the
same as the current transfer function in the reverse direction of Nt, and
vice-versa.

o The transfer function corresponding to the voltage-input current-output in
the forward direction for network N is the same as that of the current-input
voltage-output in the reverse direction of Nr, and vice-versa.

e The driving point functions of N and Nt remain unchanged.

It is obvious that the transpose of a reciprocal network is itself. The transposes of
the basic four controlled sources are listed in Table 1.1. The sensitivity of the voltage-

mode transfer function of network N with respecting to a particular parameter is same as



that of the corresponding current-mode transfer function of Ny [10]. They have further

extended the transposition concept to networks with n-input and m-output nodes.

Table 1.1 Active devices and their corresponding transposes.
Active devices Corresponding transpose
1 2 1 2
v Pav g v
I yees 2 r yocs 2
1 _ ¢ 1 1 2

¥

M
;]

' covs 2 T covs 2
’1 2 L 1.2
v (i%.&v A <P
T yevs 2 r cces 2
1 ¢ 2 1 2 .
<>"u'd AVE ]]: :l v
' coes 2 I vovs 2

Recently, the application of transposed network in converting VM filters using
operational transconductance amplifiers (OTAs) to OTA-based CM filters, as well as in

obtaining new OTA-based CM oscillator circuits has been considered [14][15].

Dual Network Transformation [11]

Swamy, Bhattacharyya and Bhusan also introduced the concepts of duals and dual
transposition of existing VM networks [11][12]. They defined the generalized dual of a

network N consisting of one-port elements and controlled sources to be a network N* for



which the topology is dual of that of N and each element is the generalized inverse of the
corresponding element of N. To obtain the dual network N*, first generate the graph G of
N. Then, we obtain the dual graph G* of the graph G in the conventional way. Last,
replace the internal one-ports and two-ports by their generalized inverses to obtain the
dual network N*[11]. The generalized inverses of the different active as well as
distributed elements are listed below:

Controlled Sources: CCCS «» VCVS, CCVS « VCCS

Negative Impedance Converter: VNIC < CNIC

Generalized Impedance Converter: VGIC < CGIC

The [z] of N is related to the [y] of N*: [y]= ——1-[z] .
f(s)

Finally, the voltage transfer function of N becomes the current transfer function of N*
and vice-versa. The sensitivities of these two functions are the same with respect to the
corresponding parameters. Theses results have been further extended to the dual
transposed networks [12].

Recently, Wang Guo-hua, Kenzo Watanabe, and Yutaka Fukui described a
method using the concept of dual networks [11] and nullors to convert a VM network to a
CM network [20][21]. The dual network generation

[V1=1[Z]{1] (1.1)
where [VL,[Z] and [I] are the voltages of independent or dependent sources, impedances,
and currents in the loops respectively. Introducing a scaling factor a (#0), where the

dimension and the value of a are chosen depending on the application, we can rewrite

(1.1) as [V/ o] =[Z/ oa*][1 a] (1.2)



If a =1 ohm, then (1.2) represents a conventional dual transformation of (1.1),

and [V/ al, [a 1], and [Z/ o®] in (1.2) represent the currents, voltages, and admittances

[Yo] in the transformed network N, Fora = JR/SC , the proposed transformation
includes RC-CR transformation. The nullator and norator are dual themselves and
invariant to the transformation. Therefore, if active elements, such as transistors and OA,
are modeled in-terms of the nullator and norator, an active RC voltage-mode circuit can
be transformed by (1.2) to its dual current-mode circuit.

In the late 80’s and early 90’s, Sedra and Roberts used the concept of adjoint [16]
and interreciprocal networks to derive CM filters from VM filters using VCVS [17-19].
This operation is the same as the network transposition defined early by Bhattacharyya

and Swamy [10] and discussed in the earlier part of this section.

Nullor Networks

In 1993, A. Carlosena and G. S. Moschytz pointed out some known properties of
RC-nullor networks and shown how current-mode circuits could be easily derived from
voltage-based circuits by simply interchanging nullators and norators [22][23]. They
considered a network N formed by a passive reciprocal network and pairs of nullators and
norators connected to its nodes as shown in Figure 1-2(a). Consider another network N’,
shown in Figure 1-2(b), resulting from interchanging of all nullators and norators in
network N by describing the reciprocal network by its definite admittance matrix and
applying the well-known reduction rules [24], it can be shown that the admittance
matrices Y and Y' corresponding to networks N and N' respectively are related by

[Y]1=[YT



The implementation procedure is described as follows: The first step is to
represent a voltage-mode network in terms of nullator and norator model of the active
devices and a passive (i.e. reciprocal) network as in Figure 1-2 (a). The second step is to
ihterchange the nullators and norators shown in Figure 1-2(b). The third step is to reverse
input port and output port. The resulting system now appears as shown in Figure 1-2 (c).
Finally, we synthesize a practical circuit from the resulting nullator and norator network

in Figure 1-2(c). The current transfer function is same as the original voltage transfer

function, o = Yo .
i Vi

Vi

-
Ji:
g.
“z
Q: g
E‘
—
b ————————
<
o
<
o
||—]
g 7
%
e
g
%
||—|
= ————

Io J_LCOJ ______ [Coj—lo I

Figure 1-2 Nullator and norator network transform. (a) Nullator and norator
network. (b) Exchange of all nullators and norators in (a). (¢) CM nullator and
norator network transformed from (a).

1.3 Motivation

All the methods of converting a voltage-mode transfer function to a current-mode
transfer function described above are based on the works of Swamy et al. It should be
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noted that these method are such that if a voltage-mode filter uses OA as active devices,
the corresponding current-mode filter uses current conveyors or current operational
amplifiers as active devices. These devices can be modeled as CCCS and hence comply
easily with the VM to CM conversion. In the method introduced by A. Carlosena and G.
S. Moschytz, a circuit containing controlled sources can be modeled uniquely in terms of
nullor-norator circuits, whereas the opposite statement is not always true. The synthesis
of an active device from a pair of nullator and norator is not easy. Such procedures
require considerable practice and experience and do not lead in all cases to satisfactory
solutions [22].

In this thesis, we intend to apply the properties of the nullator and norator and the
principle of transposed networks to convert a VM system to a CM system. An extension
of the nullor concept presented in [24] to ideal active devices produces a very interesting
conclusion. It can be established that a current-mode filter can be obtained from a given
voltage-mode filter implemented using an ideal OA considered as a three-terminal
VCVS, with any of the four ideal three-terminal controlled sources, i.e., ideal VCVS,
CCCS, VCCS, and CCVS. The concept follows from the principle that any ideal
controlled source is exactly equivalent to a nullor (nullator-norator pair) [24]. Thus, an
ideal three-terminal VCVS based VM filter can be converted to a CM filter using the
same ideal VCVS device. Hence, the old active device, OA, can be reused. The modified
network will consist of re-using the existing ideal VCVS but with a reversal of the input
and output ports. This new method to be introduced in Chapter 2 is also suitable for the
four-terminal VCVS configurations. But in the CM network we need an operational

floating amplifier (OFA) to replace the VCVS in the VM filter.



To establish the above concept, both single-OA as well as multi-OA filters are
considered. The frequency response, effect of non-ideal OA on the pole-frequency and
pole-Q characteristics of the CM filter and the associated VM filter, are analyzed and
discussed. This is followed by several simulations and lab-bench experimental results.
Implementation of the OFA wusing a modern 0.18um CMOS technology and its

application are also provided.

1.4 Thesis Organization

In this chapter, we have addressed some historical background regarding the
realization of current-mode filters. In Chapter 2, the concept of the nullor and the
corresponding network analysis is introduced. Employing these principles, it is proved
that a voltage-mode network implemented using a nullor with three-terminal
configuration can be converted to a current-mode network using the same nullor with
three-terminal configuration. When the nullor is configured as a four-terminal device, the
corresponding current-mode network can be implemented using a nullor with four-
terminal configuration.

In Chapter 3, we employ the new method introduced in Chapter 2 to convert VM
filters to CM filters using single amplifier as well as multiple amplifiers. Theoretical as
well as simulation studies are conducted to derive the effect of the finite bandwidth of the
OA on the pole-frequency and pole-Q related to the VM and CM filters.

In Chapter 4, we consider the verification of our theoretical work discussed in

Chapter 3. We compare the filter responses of the VM and the corresponding CM filters



through simulations as well as laboratory experiments to study the effects of practical
components.

In Chapter 5, we consider the realization of CM filters from VM filters that use
four-terminal OAs. We show that in order to realize these CM filters, we need the
element, operational floating amplifier (OFA), a four-terminal network. Comparison of
the filter responses of the VM and the corresponding CM filters is conducted through
simulation studies.

Chapter 6 gives details of the implementation of the operational floating amplifier
(OFA) using TSMC 0.18 um CMOS technology. Based on a comparison of different
OFA structures, an optimum OFA structure is selected. Then, we discuss each basic
building block of the OFA and the corresponding layout considerations. The post-layout
simulation for an OFA is presented. We verify the performance of the OFA by converting
the Deliyannis-Friend VM filter to the corresponding CM filter using an OFA.

Finally, some conclusions and suggestion for future work are included in Chapter
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Chapter 2

The Nullor Principle and Network Analysis

The concept of the nullor is introduced in this chapter. The nullor network as a
fundamental sub-network in the classification of RLC-active networks is important to
simplify or synthesize RLC-active networks. It is shown that the four basic controlled
sources can be realized by means of R-nullor networks. The nodal and loop analysis
techniques can be applied to RLC-nullor networks for the analysis of active networks.
After the fundamental theory about the RLC-nullor network is established, we explore the
realization of the current-mode network from the corresponding voltage-mode network
using the principles of transposed networks and nullors. Finally, two important practical
realization of the nullor, Operational Amplifier and Operational Floating Amplifier, are

introduced.

2.1 Review the Concept of Nullors

2.1.1 Definition of Nullors [24]

A nullor is a two-port network that has the null transmission matrix, that is, it is

characterized by the terminal equations:
n®]_[o o]r) o
Ii(s)] O O] —1I,(s)
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The symbol for the nullor is shown in Figure 2-1(a). From the above definition,
the first row can be written as, Vi = 0¥V, + 0*(-1). In physical terms, this implies that the
input voltage V| is zero, regardless of the output variables V», I,. The second row can be
expressed as, I} = 0*V, + 0*(-I). This equation implies that the input current is zero,
regardless of the output variables. Therefore, (2.1) simply constrains Vi(s) and I;(s) to be
zero and does not in any way constrain V,(s) and I»(s), and insofar as the definition is
concerned, V(s) and Ix(s) are both arbitrary. This definition also implies that port 1 and
port 2 are isolated.

Let us consider the behavior of the nullor at port 1. Port 1 with the property that it
maintains zero voltage and zero current flow between its two terminals is called a
nullator. A nullator is a one-port network defined by the constraints:

Vi(s)=1i(s)=0 (2.2)
The symbol of a nullator is shown in Figure 2-1(b).

Port 2 with the property that both the voltage and current between its two
terminals are arbitrary is called a norator. A norator is a one-port network for which the
voltage V(s) and the I,(s) are unconstrained, that is:

V(s) = arbitrary, Ix(s) = arbitrary (2.3)
The symbol of a norator is shown in Figure 2-1(c).

Fi L 4 L2
D———— O

0O 0

o o

(@ ® ()

&
A

Figure 2-1 (a) Symbol of a nullor (b) Symbol of a nullator. (¢) Symbol of a norator
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2.1.2 Simplification of Nullor Networks

The V-I constraints of the nullator and norator were addressed in the previous
section. The V-I constrains of short-circuit and open-circuit are described as follows:

Short-circuit V(s)=0 I(s) = arbitrary

Open-circuit V(s) = arbitrary I(s)=0
~ These constraints are used to prove the following equivalences for nullor network [24]:
Equivalence 1: A series connection of +R, +L, +C elements and at least one nullator is

equivalent to a nullator, shown in Figure 2-2.

2

1 2 1
—O0—z, Hz F--z. = Lo

Figure 2-2 Series connection with a nullator

Equivalence 2: A series connection of £R, +L, #C elements and at least one norator is

equivalent to a norator, shown in Figure 2-3.

1 2 1 2
—-00—{z, Hz |{z. 2 = 00

Figure 2-3 Series connection with a norator
Equivalence 3: A parallel connection of +R, +1, +C elements and at least one nullator is
equivalent to a nullator, shown in Figure 2-4.

1 1

z, | |2 F---12a =

Figure 2-4 Parallel connection with a nullator
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Equivalence 4: A parallel connection of R, =L, +C elements and at least one norator is

equivalent to a norator, shown in Figure 2-5.

1 1

z, | |2, |----q 2a =

Figure 2-5 Parallel connection with a norator

Equivalence 5: A series connection of +R, +L, +C elements and at least one nullator and

at least one norator is equivalent to an open-circuit, shown in Figure 2-6.

o000z |z -2 2 = 2

Figure 2-6 Series connection with a nullator and a norator
Equivalence 6: A parallel connection of £R, =L, +C elements and at least one nullator
and at least one norator is equivalent to a short-circuit, shown in Figure 2-7.

1 1

z, | |2z |----- . | >

Figure 2-7 Parallel connection with a nullator and a norator
Equivalence 7: The star connection of two three-terminal nullors is equivalent to one
four-terminal nullor, shown in Figure 2-8.
The above equivalences are used to simplify active networks and to demonstrate

the equivalences between different RC-active circuit configurations.
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1 1’
2 2"
Figure 2-8 Star connection of two three-terminal nullors

2.1.3 The Nullor Models of the Four Controlled Sources

Controlled sources are widely used in the analysis and synthesis of RC-active
network. They are voltage control voltage source (VCVS), voltage control current source
(VCCS), current control voltage source (CCVS), and current control current source
(CCCS). All four controlled sources can be realized using resistor-nullor (R-nullor)
networks. The advantages gained from replacing controlled sources by their
corresponding R-nullor realizations are (i) ease of circuit analysis, and (ii) possibility of
explaining the relationships between apparently unrelated RC-active networks simply
replacing the controlled sources by their nullor equivalents.

The nullor-resistor equivalent networks for the four controlled sources are listed
in Table 2-1 [24]. The validity of these nullor networks can be checked by applying
Kirchoff’s voltage law (KVL) and Kirchoff’s current law (KCL) in conjunction with the
properties of the nullator and the norator which addressed in Section 2.1.2.

A particularly useful result can be resulted from Table 2-1 by applying the
principle of the nullor network simplification [24].

An infinite-gain controlled source of any of the four types is exactly equivalent to

a nullor.
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Table 2-1 Controlled sources and corresponding nullor models [24]
Name Definition Symbol Constraint Nullor Model
II Iz — rl Il 12
——— —a— | Vy=-—V, —-—O (:)(:} : O—————-——
V2:11V] r2
- .
VCVS I,=0 v, (__) wl | 1i=0 v, H r' H T2 8 ¥
Iy=arbitrary I,=arbitrary
— — —Oo——Cco——C
II 12 2 D : : 12
L=gV, L=gV,
VCCS I= W <> v 1,=0 v, H g "
V,=arbitrary V,=arbitrary
— — O OO
L I, I I,
- - CO—T—O—T—
V2:I' I] V2=T I]
cevs | V=0 v C wl | v ¢ [] ' 8 .
L=arbitrary L=arbitrary
XD O
Il 12 _ I’] Iv 12
—— | b= —r——m——O——m—i—
IzZBI] Y. p)
cces | V=0 v <> w| | Vim0 v O H " H n
V,=arbitrary Vo =arbitrary
OO——O——CO-
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2.2 Network Analysis Methods

2.2.1 Review of the Nodal Analysis of a Passive RL.C Network

The nodal analysis of an arbitrarily interconnected network of RLC passive
elements and independent current sources are well known. The analysis steps are
Step 1: A datum reference node is selected and labeled node 0. Then, the procedure is to
solve the remaining node voltages with respect to the datum reference node.
Step 2: All the other nodes are labeled from 1 to N. Then, the problem is to solve for the
corresponding node voltages Vi, Vo, ..., VN, where these voltages are with respect to
node 0.
Step 3: The nodal equation, [I] = [Yn][ V], contain the current column vector [I] = {I;, I,
...,li ..., In}’, where the ith component [; is defined as the sum of the currents flowing
into the ith node from the independent current sources. Therefore, each of the I; term is
usually written by inspection and the current vector [I] is thereby obtained.
Step 4: The nodal admittance matrix [Yn] = {y;}has dimensions (NxN) and may usually
be written by inspection, using

y;; = sum of transform admittances connected to node i.

-yii = sum of transform admittances connected to nodes i and j.

It follows that Ynxn is a symmetric matrix: yj = yji.

Step 5:The N nodal equations of the network are then written in the matrix form.

1’1 y‘“ Vi ylj yl.N V.]
1.1. _ S A B Vj
_IN_ Y Ym Y yNN__VN_



2.2.2 The Nodal Analysis of a RLC-Nullor Network

A.C. Davis proposed a nodal method for the RLC-nullor networks. This method is
quite similar to the nodal analysis method of the passive RLC networks. The details of
the proof can be found in [24].

The nodal analysis method for the RLC-nullor networks provides a systematic
method to solve the N independent nodal voltages of an (N+1)-node network, where the
network contains an arbitrary interconnection of RLC elements, independent current
sources and nullors. It is simply an extension of the passive nodal analysis method. Let us
consider the case that is involved in obtaining the nodal equations when there are K
nullors connected arbitrarily between the nodes of the passive network. The procedure for
analyzing RLC-nullor networks is as follows:

Step 1:Remove all the K nullors from the network, leaving a passive (N+1) node
network, one node of which is the datum reference node.

Step 2: Write the (N x N) nodal admittance matrix equations for the remaining (N+1)
node passive network. Ynxn is the passive nodal admittance matrix.

Step 3:For a nullator that was connected between the nodes p and q, for example, add the
elements of column q to the elements of column p. Then delete column q. The number of
columns of the Y matrix is thereby reduced to (N-1). Repeat this process for every
nullator not connected to the datum reference node.

Step 4:For a norator that was connected between the nodes 1 and m, for example, add the

elements of row 1 to the elements of row m. Then delete row 1. The number of rows of the
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Y matrix is thereby reduced to (N-1). Repeat this process for every norator not connected
to the datum reference node.

Step 5:For a nullator that is connected between node k and the datum reference node,
delete the kth column of the admittance matrix. Repeat this process for every nullator
connected to the datum reference node.

Step 6:For a norator that is connected between node i and the datum reference node,
delete the ith row. Repeat this process for every norator.

Step 7: The preceding six steps result in the reduction of the (N x N) nodal admittance
matrix of the passive network to the (N-K) x (N-K) nodal admittance matrix of the K-
nullor (N+1) node RLC-nullor network. The corresponding (N-K) equations may be

solved for the (N-K) independent node voltages.

2.3 RLC-Nullor Network Transformation

If we consider the R-nullor equivalent networks for the four basic controlled
sources in Table 2-1, we see that in the procedure mentioned in [22] for converting a VM
circuit to a CM circuit, the nullor equivalent of a VCVS naturally gets transformed to the
nullor equivalent of a CCCS when we adopt the procedure as mentioned in [22], namely,
interchanging the nullator and norator in the R-nullor equivalent circuit of each of the
VCVSs in the VM circuit. Thus, interchanging the input and output ports and replacing
each VCVS by a CCCS (with input-output ports switched around) appears as a natural
and convenient technique for deriving a current-mode system from an associated voltage-

mode system, and is consistent with what was proposed in [10]. However, if we consider
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ideal controlled source elements (i.e., with infinite gain), the knowledge that any of the

four types is exactly equivalent to a nullor [24], leads to the following result.

2.3.1 Three-Terminal Nullor — Three-Terminal OA

Consider a VM circuit Ny implemented using ideal three-terminal VCVS (i.e.,

with infinite gain). Then, the corresponding CM circuit N¢ can be obtained by replacing
each ideal VCVS by any of the four possible controlled sources, namely VCVS, CCCS,
VCCS or CCVS, with the input and output ports of the latter switched around relative to
that of the VCVS in the given VM network Ny. Then the reverse short circuit CTF of the
.resulting network Nc is identical to the forward open circuit VTF of the original VM
circuit Ny. As a consequence, it is clear that theoretically the various sensitivities with
respect to the corresponding parameters in the two circuits will be identical. It may be
mentioned that when N¢ uses CCCS to replace the VCVS in Ny, then N¢ is nothing but
the transpose of Ny as defined in [10].

We thus conclude that as long as the ideal OA is used as a three-terminal device,
the same OA can be used to produce identical voltage and current transfer functions, by
simply adopting the conversion principles suggested above. We now illustrate the
conversion principle by considering the following example.

A voltage-mode circuit implemented using an ideal three-terminal OA (i.e., with

infinite gain) is shown in Figure 2-9(a). The voltage gain is —%. We now replace the

ideal VCVS by its nullor equivalent in Figure 2-9(b), and use the fact that the nullor
equivalents of all the four ideal sources are the same. We can replace the ideal VCVS in

Figure 2-9(b) by an ideal CCCS to obtain the VM circuit using a CCCS, as shown in
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Figure 2-9(c) (where K tends to infinity), whose VTF should be the same as that of the
circuit of Figure 2-9(a). If we now take the transpose of the circuit of Figure 2-9(c), we
get the circuit shown in Figure 2-9(d), whose reverse CTF according to [10] should be the

same as the VTF of that of Figure 2-9(c), which is the same as that of Figure 2-9(a). We

get the current gain functioni-v:-% . We now replace the nullor version of the VCVS in

Figure 2-9(d). by an OA to obtain Figure 2-10, whose CTF is the same as the VTF of the
circuit of Figure 2-9(a). It is observed that the CM circuit of Figure 2-10 could have been
obtained directly from the VM circuit of Figure 2-9(a) by following the conversion
procedure given in the earlier part of this section, by simply turning around the input and

output ports of the VCVS in Figure 2-9(a).

, R 2 R2 3
AN . A AN
, R, R2 Vi Vo
Vi 3] (_)
Vo Y
4
1 4
(a) (b)
R1 2 R2 5 R1 RZ
" T —anpy Wy - L M —2 A
I
b Loy Ky v@ (fp Ti
4| Koo K>t 4
(c) (d)

Figure 2-9 (a) VM network. (b) VM network using nullor.(c) VM network using CCCS-
nuller. (d) CM network using VCVS-nullor
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Figure 2-10 The corresponding CM network of Figure 2-9(a)

The above result can be confirmed by a direct analysis of the networks of Figure

2-9(a) and Figure 2-10. Applying KCL, we can get
V
lo _Zo __2 2.4
a (2.4)

Obviously, the CTF of the CM network obtained by using the proposed method is
identical to the VTF of the original VM network.

Thus, if we are given a VM network with RC elements and OAs modeled as
three-terminal devices, then we can get the corresponding CM network by retaining the
RC elements in place and interchanging the input and output terminals of each of the OAs
in the VM network. Further, the reverse CTF of the CM network is identical to that of the

forward VTF of the original VM network.

2.3.2 Four-Terminal Nullor — Operational Floating Amplifier

Consider a RC-OA network where the OA is modeled as a four-terminal device.
Since the four-terminal device can be modeled as a four-terminal nullor, and any of the
Sfour infinite-gain controlled sources is exactly equivalent to a nullor, we can replace this

nullor by a four-terminal CCCS. We now take the transpose of this resulting network
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which replaces each four-terminal CCCS by a four-terminal VCVS with its ports reversed
(see Chapter 1). Each of these four-terminal VCVS can now be replaced by an OFA.
Thus, if we are given a VM network with RC elements and OAs modeled as four-
terminal devices, then we can get the corresponding CM network by retaining the RC
elements in place and replacing each of the OAs in the VM network by OFAs with their
input and output ports reversed. Further, the reverse CTF of the CM network is identical

to the forward VTF of the original VM network. This is illustrated by the following

example.
A— LTS
R1 Vi Vo
4 2 -
l » ; R4
= 1 Vo
—t J
Vi 4
(a) (b)
1 @ 2 ,Sﬁ% 3 1 2 % 3
Vi — Vo Ky
I Ko
R1 TKI Is R4 Vv Ii
[ 9=1 1 -
(c) (D)

Figure 2-11 (a) VM network. (b) VM network using nullor.(c) VM network using CCCS-
nullor. (d) CM network using VCVS-nullor
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Figure 2-12 The corresponding CM network of Figure 2-11(a)

A voltage-mode circuit implemented using an ideal OA of infinite gain is shown
in Figure 2-11(a). We now replace the ideal VCVS by its nullor equivalents shown in
Figure 2-11(b). Using the fact that the nullor equivalents of all the four ideal sources are
the same, we can replace the ideal VCVS in Figure 2-11(b) by an ideal CCCS to obtain
the VM circuit using a CCCS, as shown in Figure 2-11(c) (where K tends to infinity),
whose VTF should be the same as that of the circuit of Figure 2-11(a). If we now take the
transpose of the circuit of Figure 2-11(c), we get the circuit shown in Figure 2-11(d),
whose reverse CTF according to [10] should be the same as the VTF of that of Figure 2-
11(c), which is the same as that of Figure 2-11(a). We now replace the nullor version of
the VCVS in Figure 2-11(d) by an OFA to obtain Figure 2-12, whose CFT is the same as
the VTF of the circuit of Figure 2-11(a). It is seen that the CM circuit of Figure 2-12 could
have been obtained directly from the VM circuit of Figure 2-11(a) by following the
conversion procedure given in the earlier part of this section, by simply turning around
the input and output ports of the VCVS in Figure 2-11(a).

For Figure 2-11(a), applying KCL, it is easy to get

£=1+— 2.5)

For Figure 2-12, KCL at node 2 gives,
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11+12+1+=0 (26)

where Vo =-I)R; =-LRy, I; =L, and I'" = -1, substituting for /; and I, into (2.6), we get
1
L 1+ —= 2.7
7 (2.7)

Again, the CTF of the CM network obtained by using the proposed method is
identical to the VTF of the original VM network when the OA is configured as a four-

terminal device.

2.4 Summary

In this chapter, the concept of nullors has been reviewed. The knowledge that any
of the infinite-gain controlled sources is equivalent to a nullor, along with the concept of
transposed networks [10], has made it possible to derive current-mode networks from
voltage-mode networks. It has been shown that if the ideal OA is configured as a three-
terminal device, the same OA can be used to produce the CM network from the VM
network having the same transfer function as the latter. Further, if the ideal OA is
configured as a four-terminal device, a new device, namely, the OFA described in
Chapter 5, needs to be used to produce the CM transfer function which is identical to the

VM transfer function.
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Chapter 3
Three-Terminal OA-Based VM and CM Filters

The OA acts is a very important active device in the realization of voltage-mode
filters. In Chapter 2, we introduced a new method to realize a CM network from a VM
network with the same OA being used in both the networks, using the principles of
transposed networks and nullors. In this chapter, we consider the conversion of single-
amplifier as well as multi-amplifier biquadratic VM filters to CM filters using the same
OA, when the OA is configured as a three-terminal network. Since the OA is a finite gain
and finite bandwidth device, it may affect the practical performance of the filters. Thus, it
is important to study the effect of the OA gain bandwidth on the CM and VM filters. We
choose the Akerberg-Mossberg (A & M) biquadratic filter with multi-OA to compare the
performance of the CM filter with that of the corresponding VM filter. Both the
theoretical and the analog wave bench (AWB) simulation studies are conducted to make a
comparison of tﬁe pole-Q and pole frequency for the CM and VM filters. Furthermore,
the effects of the input impedance and load impedance are also considered in the AWB

simulations.
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3.1 Fundamentals of Active VM Filters

3.1.1 Operational Amplifiers

Figure 3-1 shows the circuit symbol and the small signal equivalent circuit for an
OA with the input terminals numbered 1 and 2 and the output terminal numbered 3. The
differential gain is denoted by A, where Vo = A(V'- V). Ideally, the gain, the common-
mode rejection ratio, and the input impedances (both differential and common mode) are
infinite. The output impedance is zero. In practice, the performance of the filter depends

on the nature of the gain A, which produces remarkable effects on the response of the

filter built with an OA.
V- 1 v 1 3 Vout
5 A(VEY)
\Amm— T
(b)

Figure 3-1 (a) Circuit symbol and (b) small signal equivalent circuit of an OA

Apart from the small signal ac characteristics, an OA has several deviations
related to the ideal DC operation. Since the IC OA are DC coupled, there are associated
DC problems, such as the input offset voltage, the input bias current and the input offset
current. The offset will cause the amplifier to operate in a region where the gain might
not be at its maximum. Because of DC offset, the dynamic range will likely be impaired.
Special attention should be paid to DC problems, especially in the design of active low-

pass filters.
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Regarding the finite frequency-dependent gain A, Figure 3-2 shows a typical one-
pole model frequency response of an OA. Note that gain A has a uniform 6dB/octave
roll-off with 3-dB frequency f, and a unity-gain bandwidth f.. Such a uniform 6-
dB/octave roll-off is required to ensure stable operation of the OA and is achieved by
including frequency compensating networks either internally or externally.

The gain A of an OA which has a frequency response as shown in Figure 3-2 is

given by
A
A=—->2 (3.1
s
I+—
Wy
where 4, is the DC gain and w;, =2zf;.
|Al, dB
A
|40]
-6 dBfoctave

f f !
frequency t (og)

Figure 3-2 One-pole model frequency response of an OA

3.1.2 Mathematical Model of General Filters

Figure 3-3 illustrates a general linear filter, characterized in the time domain by its
impulse response h(t), which is the output signal y(t) produced as the response to an unit
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impulse 3(t), applied at the input. For an arbitrary input signal x(t), the output signal y(t)

is given by the convolution integral

y@) = [ht-)x(x)dz (3.2)
t t
oi(-)— Filter h(H _j—)-—o
X() His) ¥(s)

Figure 3-3 A filter on the system level

Under Laplace transformation, (3.2) can be written as

Y(s) = H(s) X(s) 3.3)
In general, H(s) is written as
_Y©)
%o
(3.4)

_a,s"” +a, s" 4+ +a, _ N(s)

b +b, " 4+ 4b,  D(s)

where m < n for any realizable physical network, the denominator polynomial D(s) is
known as the characteristic polynomial, and the degree of D(s), that is n, is the order of
the filter.

According to the categories of the transfer functions of the filters, the four most
common types of filters are classified as low-pass (LP), high-pass (HP), band-pass (BP),
band-stop (BS) filters. In some applications, a filter exhibits phase delay and constant
magnitude without any attenuation over whole frequency band. Such a filter is called an

all-pass (AP) filter.
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3.1.3 Mathematical Model of Second-Order (Biquadratic) Filters

The transfer function, (3.4), can be factored into products of biquadratic and
possibly one bilinear transfer functions [25]. Hence, the biquadratic filters play an
important role in the design of higher order filters. A practical second-order transfer

function is written as

H(s)=222 TP Po gg; (3.5)

P+ —25+w’

]

The denominator polynomial is expressed in terms of ®, and Q,, referred to as the
pole-® and pole-Q. The numerator coefficients determine the gain and the type of the

filter. Table 3-1 lists some special cases of interest.

Table 3-1 Some Special Cases of Second-order Transfer Functions
Types of filter N(s)
Low-Pass (LP) Hyo,”
High-Pass (HP) H,s”
Band-Pass (BP) Hy(0,/Q,)s
Band-Stop (BS) Ho(s* + )
Low-Pass Notch (LPN) H(s> + 0,%) when o, >,
High-Pass Notch (HPN) Hy(s* + o) when ®, <o,
All-Pass (AP) Ho(s” - (0/Qo)s + 0,")

3.1.4 Realization of the Second-Order Filters

A second-order filter is also named as a biquadratic filter since the transfer
function is a ratio of second-order polynomials. A frequency selective transfer function is

achieved only when the poles of the transfer function are complex and lie in the left-hand
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side of the complex s-plane. A passive network containing only positive resistances and
capacitances cannot produce complex poles or zeros. Introducing active devices, such as
voltage amplifiers, makes it possible to realize a transfer function with complex poles and
ZEeros.

In general, the realization of a biquadratic filter consists of one or more voltage
amplifiers. Minimizing the number of amplifiers has the advantage of lower cost and
power dissipation. Single-amplifier filters can achieve a wide useful operating frequency
range. Multiple-amplifier filters lend to additional desirable features, such as achieving
high Q-factor, enabling easy tuning, and reducing sensitivity to components. In the
following sections, we will discuss the single-amplifier filter as well as multi-amplifier

filters to realize CM filters from the corresponding VM filters.

3.2 Realizing CM Filter with Three-Terminal Operational Amplifier

In this section, we apply the principle introduced in Chapter 2 to obtain CM filters

from VM filters.

3.2.1 Single Amplifier Biquadratic Filter Using Ideal VCVS

Consider the VM single amplifier biquadratic (SAB) filter using an ideal OA (an
ideal VCVS), as shown in Figure 3-4. The voltage transfer function of this network is
given by

- 1Y, (3.6)
YY, +Y,Y, +YY, + 1Y,

v
4
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¥i

Figure 3-4 Voltage-mode SAB filter

If we now replace the ideal VCVS by its nullor equivalent, and use the fact that
the nullor equivalents of all the four ideal sources are the same, we can replace the ideal
VCVS in Figure 3-4 by an ideal CCCS to obtain the VM circuit using a CCCS, as shown
in Figure 3-5 (where k tends to infinity), whose VTF should be the same as that of the

circuit in Figure 3-4. In fact, it can easily be verified that this is true.

Vo

T

K—» 00

Figure 3-5 Voltage-mode SAB filter using a CCCS

If we now take the transpose of the circuit of Figure 3-5, we get the circuit shown
in Figure 3-6, whose reverse CTF according to [10] should be the same as the VTF of
that of Figure 3-5, that is, the same as that of Figure 3-4. It can indeed be verified that the

reverse CTF I,/ I; of the CM filter of Figure 3-6 is given by
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I, 187

I, YL, +LY+XY LY,

1

(3.7)

¥i Y3 *

Io ™ - I

Figure 3-6 Current-mode SAB filter
It is observed that the CM circuit of Figure 3-6 could have been obtained directly from
the VM circuit of Figure 3-4 by following the conversion procedure given in the earlier
part of this section, by simply turning around the input and output ports of the VCVS in

Figure 3-4.

3.2.2 Multiple Amplifier Biquadratic Filter Using Ideal VCVS

Tow-Thomas biquadratic filter

The Tow-Thomas VM filter Ny employing three OAs is shown in Figure 3-7. Its

voltage transfer function is given by

¢ , 1 R r 1
— ST ()8t —;
Vo C RC'R, R,” C’RR, 3.9)
Vi 2 1 1
S”+ s+
CR, C*’R?

The corresponding CM network N¢ can be obtained directly by reversing the
input/out ports of each of the VCVS elements in Figure 3-7, and is shown in Figure 3-8.

It can be verified that the reverse CTF of this circuit is given
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G

s (}“F) RRZ]
Zo=_ - 1 (3.9)
1; SH—s+——

CR,” C°R

which is the same as the VTF of the VM filter of Figure 3-7.

F lo

Figure 3-8 Current-mode Tow-Thomas biquadratic filter

Akerberg and Mossberg (A & M) biquadratic filters

The A & M filter which can produce both low-pass and band-pass filter responses
depending upon the choice of the output signal node is shown in Figure 3-9. The two
voltage transfer functions of the A & M filter are
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v, s/ RC,

oL = (3.10)
P S
RC, CCRy,
and
h
Ver _ GG R, (3.11)
v b5

s
RC, CGRy,
Figure 3-10 shows the corresponding CM network N¢ obtained directly from the
VM filter by reversing the input/out ports of each of the VCVS elements in Figure 3-9. It

can easily be shown that the two current transfer functions are given by

_h
L - _ C1C2Rrr2 with IiI =0 (312)
2 1 h
i2 s° 4+ S+
RC, C,CrR,
and
1
7 RC. *
Lo __ 1 with 1,,=0 (3.13)
2, 1 4
il ST+

which are, respectively, the same as the VTFs (V,,/V;) and (V,2/V;) of the VM filter of
Figure 3-9.

Thus, we can obtain a CM filter from a VM filter that employs three-terminal
ideal VCVSs by simply reversing the input/output terminals of each of the VCVSs in the
latter. Similarly, we can conclude that if the VM filter consists of only three-terminal
CCCS elements, then we can obtain the corresponding CM filter by simply reversing the

input/output terminals of the CCCSs in the former.
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Vo2

Figure 3-9 Voltage-mode A & M biquadratic filter

7]
M

Figure 3-10 Current-mode A & M biquadratic filter

3.3 Effect of Gain Bandwidth of OA on the Pole Frequency and Pole Q

The above analysis has been made under the assumption of ideal passive
components and ideal active devices (i.e., ideal OAs). However, it is important to study
the effect of the non-ideal characteristics of the active device. Since the active device

used is the OA, one important deviation from its ideal characteristic arises due to the
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limited amplifier bandwidth. We now analyze the effect of finite gain bandwidth on the
pole-frequency and pole-Q factor of the CM filter and compare them with those of the
corresponding VM filter.

The analytical procedure is demonstrated for a multi-OA filter, namely, the

Akerberg-Mossberg (A & M) three-OA biquad.

3.3.1 The Voltage-Mode A & M Filter
For the VM A & M filter shown in Figure 3-9, let us assume that each OA has a

gain A. Then, the LP and BP voltage transfer functions are given by:

=— 3.14
Z 11 I SC, 19
1 | R R, 1Y 1 S T8G "
+ +{ 1+ — || —+SC, +
R,r A AN R, A l_ILI/r2+1/r1
r, A
1 SC,
1 ;+SC2 "1
R A l_l_l/r2+1/rl
Va n 4 (3.15)
v, 1,1 L, g SC, '
>t —+
R 2
LN S +(1+l) —l—+SCI r + i
R,r A R, A _1_+1/r2+1/r1
v, A

To evaluate the performance of the VM filters, we use the one-pole model of the OA,

A

A= A(s)=—=
1+
@,
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where w, is the pole frequency. For frequencies @ >> w; we may assume

A
A:A(S)zo—a)bz&
A\ s

where @, = 4, @, is the unity gain bandwidth of the OA. We further assume that
R=Ry=r=r;=r;, C;=C=C, R;=0.R

and Wo << @y,

where w, and Q, are the pole frequency and pole-Q of the filter. With the above

assumptions, we get the overall denominator DV(s) to be

5 3 3
D, (s)= 4S—3+li 4o, + 8o, -f--—g—]s4 +{ 30, —a)—‘;:ls3
1)

3 3 2 2
ot wt wt [ a)t a

t

200 o' 3o )
+[l+ b e i B e LK
a)t Qowt a)t oa)t

t

(3.16)

Assuming that the actual operating frequency remains close to the pole frequency
,, we find the solution following the principle of dominant root search [42]. For this
purpose, we use the approximations s° = -w,’s, s* = 0.%, s° = w,’s and simplify Dy(s).

This leads to

4ot
D,(s)~s Do +{

3
a)l

202 @} 3w o> o
+s2[l+ 2 b4 | — 2 |+ @]
wt Qoa)t a)t owt Qo

200 ®° 3o o o 40 0’ 30? »?
~s2[1+ L 52 1+ 2+ Q"3"— 2 4 o0
a)t Qoa)t a)t Qo a)l a)t a)t a)t
) 4o} 8w 3o}
+w) |1+ Tt—+—;
Oa)t a)t a)f

2
NA S2+Sa)o(1+}/v)+a)o(1+§v)
v O A A

o v v

2 Y 2
=A(s"+s—=*+w,)

oa
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where A =1+—%+—2_+

5 — 0 0 (4
"o e o
: (()0 2 600 3 : 1
The terms like (—%)°,(—%)"--- can be ignored, and ~1—nx for first-order
o, o, 1+x)"

accuracy, x<<l, where x = —*, we get the following expressions for the deviations in the
a)l

pole-frequency and pole-Q of the VM filter of Figure 3-9.

1
o,-o, [1+J, )2 3o,
o = @ - A _1z_2a)
! (3.17)

o v

and

_Qu-0 _[AU+8)] | @,
0, +7,) 20, (3.18)

.

where ®,, and Q,, are the realized values.

3.3.2 The Current-Mode A & M Filter
Figure 3-10 shows the CM A & M filter. The LP and BP current transfer

functions (CTF) are obtained as
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(3.19)

1, 1/rR
1, 1.1 SC,
ELEN (1+l) —1—+SC1 R, n + d!
R,r \ Ar R, A i+ 1/r, +SC,
r
and
1 1 SC,
_+.._
1R, 7 n
R4 1 _1n+sC,
I, r, A
I, 11 SC,
—+__.
LI L+(1+i] i+SC1 R, n + h
Ryr | Ar A\R, 4 1 1/n+5C,
4

(3.20)

With the same assumptions as the VM filter in Section 3.3.1, we get denominator Dy(s) to

be
5 4 4 3 3 2
K 20 4w 2 20 20 20 4w w
DI(S)=2_-§—+[ 03 30 +""2'}S4 +[: 03 + ; 02 + 20 +—o S3
wt Qo a)t a)t a)t o a)l a)t 4 wt a)t (ot
2 2 2 2
w 2w 4w 4w o o 20
+[l+ e e R e e el CE 7%
Qo a)t wt oa)t wt Qo a)t Qoa)t

-wozs, st= w04, $ = wo4s and simplify Dy(s). This leads to

We approximate s°

40 40 8w 3 30° @1
D, (s)~s—F+ St —t— ! —s -
a)f Qoa)t wi a)t Qowt a)l

2

}mo

2 2
, +3a)o:|+S|: @, +a)o
g,

2
+s{1+ 2y
a)t Qoa)t a)f Oa)l
20 w? 3w @ o 40 0’ 30 »*
~s2[1+ b 2 s [+ — Q"3"— ;+Q"2"
a)t Oa)t a)t QO a)l a’f a)l a)’

w) N 8w’ +3wf}

2 o
+(¢)O[I+Qa)3 PR
t t t
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M{Sz +Sw,,(1+y,)+w3<l+6,>}

Q AI A1

o

7))
=A,(s2 +5— +a)fa)

oa

2 2
17 20 ¥} 4@
where Ay =1+—"—+—+—5+—2
Qow! a)t oa)t a)t

. . . . 60
Again, Using the assumption that terms like (—=
@

)2,(&)3 .-~ can be ignored, and that
o

t t

! ~1—-nx,x <<1, where x= —al"—, we get the following expressions for the
@ +x)" o,

deviations in the pole-frequency and pole-Q of the CM filter of Figure 3-10.

1
O_]:cooa—a)oz 1+6, 2_1z_(2a)0+ o, )
@ AI 2Qowt

/] t

(3.22)

and

Q=0 A6 | o,
L Gy o (3.23)

where ®,, and Q,, are the realized values.

3.3.3 Simulation Results for Pole-® and Pole-Q
Tables 3-2 to 3-7 give the simulation and calculation results for the deviations of

the pole-frequency and the pole-Q. The CAD tool used is the Analog Workbench (AWB)
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with hSpice simulator. In all the cases, the OA gain-bandwidth is 1 MHz.

Band-pass A & M Filter with Ideal Source and Load

Tables 3-2 and 3-3 give the variation of the pole-w and pole-Q for the second-

order VM and CM band-pass A &M filters with different w, and Q, values.

Table 3-2 Voltage-mode band-pass A & M filters
w, (rad/s) 0, % error in @, % errorin Q, W/, /0,0,
(desired) | (desired) | simulation | oy simulation | 7y
1.0 0.0 0.00 1.59x10°
10 5.0 0.00 0.00 |00 0.00 |1.59x10° |3.18x10°
10.0 0.0 0.00 1.59x10°
20.0 0.0 0.00 7.95x107
1.0 0.0 0.01 1.59x10™
10° 5.0 0.00 0.02 |00 001 |1.59x10* |[3.18x107
10.0 0.0 0.01 1.59x107
20.0 0.0 0.01 7.95x10°°
1.0 0.3 0.08 1.59x10”
10* 50 -0.30 024 |04 0.08 | 1.59x10° [3.18x10
10.0 0.5 0.08 1.59x10"
20.0 0.7 0.08 7.95x10”
1.0 1.0 0.80 1.59x10™
10° 5.0 -2.49 239 |22 0.80 | 1.59x10% |[3.18x107
10.0 3.4 0.80 1.59x10°
20.0 5.8 0.80 7.95x10™*
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Table 3-3 Current-mode band-pass A & M filters
w, (rad/s) O, % error in @, % error in Q, W/, 0,/Q,0,
(desired) | (desired) | simulation o; simulation | #;
1.0 0.00 |0.0 0.00 1.59x107
10° 5.0 0.00 0.00 |00 0.00 |1.59x10° |3.18x10°
10.0 0.00 |00 0.00 1.59x10°
20.0 000 |00 0.00 7.95x107
1.0 0.04 |00 0.01 1.59x107
10° 5.0 0.00 -0.03 |00 0.00 | 1.59x10* [3.18x10°
10.0 -0.03 | 0.0 0.00 1.59x107
20.0 -0.03 | 0.0 0.00 7.95x10°
1.0 040 |04 0.08 1.59x107
10* 5.0 -0.38 034 |04 002 |1.59x10° |[3.18x10®
10.0 033 |04 0.01 1.59x107*
20.0 032 |04 0.00 7.95x10”
1.0 398 |08 0.80 1.59x107
10° 5.0 -3.22 334 |16 016 | 1-59x10° [3718x107
10.0 326 |29 0.08 1.59x107
20.0 322 |56 0.04 7.95x10™

From Tables 3-2 and 3-3, we see that when @, =107 rad/s, all the errors are zero.
As the frequency increases, the errors increase. When o, =10° rad/s, the simulation errors
for w, for the VM and CM filters are respectively -2.49% and -3.22%, which are close to
the calculated values. The simulation errors for Q, are around 1.0~5.8% for the VM filter
and 0.8~5.6% for the CM filter, which means that the CM filter has an error value less
than that of the VM filter. The Q,, of the VM filter is enhanced more than that of the CM
filter if O, is high. Hence, the simulation results and calculations show that the
performances of the CM and VM filters match very well, especially when the pole

frequency of the filter is far smaller than that of the OA unity gain bandwidth.
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Low-pass A & M Filter with Ideal Source and Load

Tables 3-4 and 3-5 show the variation of the pole-® and pole-Q of the second-

order VM and CM low-pass A & M filters with different w, and Q, values.

Table 3-4 Voltage-mode low-pass A & M filters

w, (rad/s) 0, % error in w, % errorin Q, /0, 0/Q,0,
(desired) | (desired) | simulation | oy simulation iy

1.0 0.0 0.00 1.59x10”

10 5.0 0.00 0.00 |[0.0 0.00 | 1.59x10° |3.18x10°

10.0 0.0 0.00 1.59x10°

20.0 0.0 0.00 7.95x107

1.0 0.0 0.01 1.59x10™

10° 5.0 0.00 0.02 |00 001 |1.59x10* |3.18x10°

10.0 0.0 0.01 1.59x10°

20.0 0.0 0.01 7.95x10°

1.0 0.0 0.08 1.59x10”

10* 5.0 -0.30 024 |04 0.08 |1.59x10° [3.18x10

10.0 0.6 0.08 1.59x10"

20.0 0.9 0.08 7.95x10”

1.0 1.0 0.80 1.59x10”

10° 5.0 -2.49 239 [1.0 0.80 | 1.59x10% |3.18x10°

10.0 3.9 0.80 1.59x107

20.0 _ 5.8 0.80 7.95x10*

From Tables 3-4 and 3-5, we see that when @, =10 rad/s, all the errors are zero.
As the frequency increases, the errors increase. When w, =10’ rad/s, the simulation errors
for w, for the VM and CM filters are respectively -2.49% and -3.22%, which are close to
the calculated values. The simulation errors for Q, are around 1.0~5.8% for the VM filter

and -1.0~4.0% for the CM filter, which means that the CM filter has an error value less
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than that of the VM filter. The Q,, of the VM filter is enhanced more than that of the CM
filter if O, is high. Hence, the simulation results and calculations show that the
performances of the CM and VM filters match very well, especially when the pole

frequency of the filter is far smaller than that of the OA unity gain bandwidth.

Table 3-5 Current-mode low-pass A & M filters

w, (rad/s) Q, % errorin o, % errorin Q, W,/ W, /O,
(desired) | (desired) | simulation c; simulation | #;
1.0 0.0 0.00 1.59x107
10° 5.0 0.00 0.00 |0.0 000 |1.59x10° |[3.18x10°
10.0 0.0 0.00 1.59x10°
20.0 0.0 0.00 7.95x107
1.0 0.0 0.01 1.59x10™
10° 5.0 0.00 -0.03 [0.0 0.00 | 1.59x10* [3.18x10°
10.0 0.0 0.00 1.59x107
20.0 0.0 0.00 7.95x10°°
1.0 0.0 0.08 1.59x10”
10* 5.0 -0.38 032 |02 002 |1.59x10? [3.18x107
10.0 0.2 0.01 1.59x10™
20.0 0.4 0.00 7.95x10°
1.0 -1.0 0.80 1.59x107
10° 5.0 322 319 100 0.16 | 1.59x107 |3.18x10°
10.0 1.3 0.08 1.59x10”
20.0 4.0 0.04 7.95x10™

Non-ideal Input Source and Output Load

Tables 3-6 and 3-7 show the effect of the input impedance and the load

impedance on the pole-w and pole-Q of the band-pass and the low-pass CM filters. Rg is
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the input impedance. Ry is the load impedance. We choose the values of the R, are

100kQ2 and 1MQ and that of the Ry are 10, 100, and 1000€2.

Table 3-6 Current-mode band-pass filters with non-ideal input and output

0,=10

@, Rg=100k Rs=1M

(desired) RL(Q) | % error| % error | % error' % error | w/w, w/Q,0,

inw, in Q, in w, in g,

10 0.0 0.0

10° 100 -0.06 0.0 -0.06 0.0 1.59x10* | 1.59x10°
1000 0.0 0.0
10 0.4 0.4

10* 100 -0.38 0.4 -0.38 0.4 1.59x10% | 1.59x10™
1000 0.4 0.4
10 2.9 2.9

10° 100 -3.30 2.9 -3.22 2.9 1.59x10% | 1.59x10°
1000 2.9 2.9

0,=20

W, Rs =100k Rs=1M

(desired) | Rp(Q) | % error | % error | % error | % error | wy/, /0w,

in w, in Q, in w, inQ,

10 0.0 0.0

10° 100 -0.06 0.0 -0.06 0.0 1.59x10* | 7.95x10°°
1000 0.0 0.0
10 0.4 0.4

10* 100 -0.38 0.4 -0.38 0.4 1.59x10° | 7.95x10°
1000 0.4 0.4
10 5.6 55

10° 100 -3.30 5.6 -3.22 55 1.59x10% | 7.95x10™
1000 5.6 55
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Table 3-7 Current-mode low-pass filters with non-ideal input and output

0,=10

@, Rs=100k Rg=1M

(desired) |RL(Q) | % error| % error | % error | % error | w/o; 0/ Qo

in w, in Q, in w, inQ,

10 0.0 0.0

10° 100 -0.06 0.0 -0.06 0.0 1.59x10* | 1.59x10°
1000 0.0 0.0
10 0.2 0.2

10* 100 -0.38 0.2 -0.38 0.2 1.59x10% | 1.59x10"
1000 0.2 0.2
10 1.3 1.3

10° 100 -3.30 1.3 -3.22 1.3 1.59x107 | 1.59x107
1000 1.3 1.3

0, =20

w, Rs=100k Rg=1M

(desired) | Rp(€2) | % error | % error | % error | % error | @,/ 0/Qo;

in w, inQ, in w, m @,

10 0.0 0.0

10° 100 -0.06 0.0 -0.06 0.0 1.59x10* | 7.95x10°
1000 0.0 0.0
10 0.4 0.4

10 100 -0.38 0.4 -0.38 0.4 1.59x10® | 7.95x10”
1000 0.4 0.4
10 4.0 4.0

10° 100 -3.30 4.0 -3.22 4.0 1.59x10% | 7.95x10™
1000 3.9 4.0
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From Tables 3-6 and 3-7, we see that there is negligible difference in the
performances of the filters between the ideal and non-ideal input and output conditions.
In other words, there is little effect of the non-ideal input and output conditions on the
performance of the CM filters.

In this section, we compared the deviations of the w, and Q, between the VM and
CM filters. We also examined the effects of non-ideal input source and output load. All
the simulation and calculation results about the pole-frequency and Q-factor show the
CM and VM filters match very well, especially when the pole frequency of the filter is far

smaller than the OA gain bandwidth.

3.4 Summary

The principles of transposed networks and nullors have been used in this chapter
to realize CM filters from the corresponding VM filters using the same operational
amplifier, when the operational amplifier is configured as a three-terminal device. Single-
amplifier as well as multi-amplifier biquadratic VM filters have been considered for
transforming them to the corresponding CM filters. Simulation and theoretical analysis
have been conducted to study the effects of the gain bandwidth of the OA on the pole-
frequency and the pole-Q of the VM and CM filters. These studies show that the
performances of the CM filters match closely with that of the corresponding VM filters.
Finally, the simulation results of the non-ideal input impedance and non-ideal load
impedance have shown that there is negligible effect on the performance of the VM and
CM filters. Thus, the new method introduced in Chapter 2 is really an easy way to realize

CM filters from VM filters using the operational amplifier as the active device.
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Chapter 4

Experiment and Simulation Results

In Chapter 3, the principles of transposed networks and nullors have been applied
to convert CM filters from the corresponding VM filters when the OA is configured as a
three-terminal device. We have shown through theoretical analysis that the transfer
function of the CM filter agrees with that of the associated VM filter. To validate the
theoretical analysis, suitable simulations and experimental work are necessary. In this
chapter, we use the Analog Wave Bench (AWB) and the pSpice simulations to make a
comparison of the frequency responses of the CM and the corresponding VM filters using
the ideal version of the VCVS as well as the commercial version of the OA, which is
available in the AWB linear device library.

To confirm the theoretical work, we use available commercial discrete

components to validate our results experimentally.

4.1 Simulation of the Current-Mode and the Voltage-Mode Filters
4.1.1 Single-OA Biquadratic Filter

In Figure 4-1 shows a voltage-mode low-pass biquadratic filter using an infinite-
gain VCVS. The filter specifications are: f, =100 Hz, Q,=0.707 and |H,|=1. The
component values are (as in [36]): R/=R,=199.7 kQ, R;=12.68kQ, C;=0.1uF, and

C,=0.01pF. In Figure 4-2, we show the corresponding current-mode version of the same
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filter using the infinite-gain VCVS, as per the method described earlier. In the pSpice
simulations, a value of 10 is used for the gain of the VCVS. Figure 4-3 shows that the
response of the CM filter is the same as that of the VM filter.

In order to study the performance of the two circuits using a non-ideal OA, we use
the practical OA device, pA741. Figure 4-4 shows the low-pass filter of Figure 4-1 using
this device, available in the pSpice linear device library. Figure 4-5 shows the current-
mode version of the same filter using the same OA. The simulated voltage and current
responses are shown in Figure 4-6. As can be seen, the two responses are

indistinguishable.

199.7K T0.01u

R2 c2 L
R1 R3 T J%L?
AN AVATAY
Vi
@ 199-7“1 12.68k

‘ C1 —l- 0.1u

Yo

Figure 4-1 Voltage-mode low-pass SAB filter using an ideal VCVS

m ]

—it
4o

199.7% Iomu
ca O
@
199 7k | 1ok = @
C3 T 0.1u 11

Figure 4-2 Current-mode low-pass filter SAB using an ideal VCVS
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Figure 4-3 Frequency responses of the VM and the CM low-pass SAB filters using

an ideal VCVS
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Figure 4-4 Voltage-mode low-pass SAB filter using a non-ideal OA

51



v, A)

199?k 1268k 2
c3

01u

1607k ' 001”
3
P 5@5‘5/1 |
I
1

uA741 N

V5

Figure 4-5 Voltage-mode low-pass SAB filter using a non-ideal OA
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Figure 4-6 Frequency responses of the VM and the CM low-pass SAB filters using

a non-ideal OA
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4.1.2 Multi-OA Biquadratic Filter

1K 10K
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+ 13}
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- - 4
10K - P
YAYAYA
Figure 4-7 Voltage-mode A & M filter using non-ideal OAs
18K
— AN
18K

Ii2

Figure 4-8 Current-mode A & M filter using non-ideal OAs

We also verified the results using non-ideal model active devices for the multi-
OA biquadratic filter. Figure 4-7 shows the Akerberg-Mossberg VM structure realizing

both the low-pass V,i/Vi, and the band-pass filters V/Vy, using practical OA devices,
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i.e., LM 741. The filter specifications are: f, =1.59 kHz, Q,=1 and |H,|=1. The component
values are shown in the figure. Figure 4-8 shows the current-mode version of the same
filter using the same OAs. The simulated voltage and current responses of band pass filter
are shown in Figure 4-9. The simulated voltage and current responses of low pass filter
are shown in Figure 4-10. These responses are obtained by using the AWB hSpice

simulator and are indistinguishable too.
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Figure 4-9 Frequency responses of the VM and the CM band-pass A & M filters

using non-ideal OAs
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Figure 4-10 Frequency responses of the VM and the CM low-pass A & M filters

using non-ideal OAs
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4.2 Lab-Bench Experiment

The simulation results presented above provide a validation of the theoretical
analysis discussed in Chapter 3. However, a more convincing proof lies in actually
building circuits with available discrete components and devices and testing the same.
We choose the A & M filter to demonstrate the experimental verification of the concepts
presented earlier in this thesis. We use existing commercial device, such as LM741,
discrete resistors and capacitors, and set up the CM filter and the corresponding VM filter
circuits and compare their performances. In what follows, the characteristics of some
commercially available components and the lab-bench test set up are presented. Finally,

the test data are used to generate the CM and VM frequency responses.

4.2.1 Characteristics of the Discrete Components
The OA (LM741)
LM741 is one of the mature products of National Semiconductors and is used as

an active device (OA) in the lab experiment. The main characteristics of this device are as

follows:

Supply Voltage: -18/+18 V
Input Voltage range: -18 —+18V
Input Offset Voltage: 1 mV

Slew Rate: 0.5 V/us
Gain Bandwidth product: 1 MHz
Large Signal Voltage Gain: 15 V/imV
Phase Margin: 60 degrees
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The LM741 package order diagram is shown in Figure 4-11.

OFFSET NuUlL—§1

INVERTING INPUT

NON=INVERTING

NPUT
v- N

N/

e QUTPUT

§ - OFFSET NULL

Voltage to Current Converter

Figure 4-11 1.M741 package order diagram.

LM13700 is selected as a voltage-current converter device. LM 13700 is again one

of the mature products of National Semiconductors. The main characteristics of this

device are as follows:
Supply Voltage:
Input Voltage:

Input Offset Voltage:

Transconductance (gy,):

Slew Rate:

Open Loop Bandwidth:

-18/+18V
-18—+18V
0.4 mV
9600 pA/vV
50 V/us

2 MHz

The LM13700 package order diagram is shown in Figure 4-12.

Resistors and Capacitors

The resistors and capacitors are used as the passive devices. The tolerance of

resistors and capacitors used is 10 %.
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Figure 4-12 LM13700 package order diagram

4.2.2 Experimental Test Set Up

Figure 4-13 shows the system level diagram of the experimental arrangement
adopted to verify the responses of the VM and CM filters.

The signal generator generates the voltage signal as an input signal. The T-
connector distributes the input signal to two branches, the VM filter and the CM filter
branches. The transconductance device LM13700 converts the voltage signal to a current
signal.

For a single pole OA model with a gain-bandwidth (GBW) @, the useful
frequency range is below w¢/30 [41]. Considering the gain-bandwidth of 1MHz, the pole-
frequency of the filter should be restricted to be less than 33 KHz. Based on the above
discrete component values, the A & M filter is designed for

Pole Frequency: 1.59 KHz. Q-Factor: 1.
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Figure 4-13 Lab-bench experiment set up

4.2.3 Experimental Results
Testing the VM filter is more direct. We connect the node Vi, to the input signal

and node V,; to the detector of the oscilloscope, see Figure 4-14.

VTF = V,1/Vin
10K
A
10K
MA,
10 nF +5
I} 10K
10K 10 nF —A\A—t
B
+135
10K +15 1
AN — i
Vin
-13

Figure 4-14 Voltage-mode A & M filter for the lab-bench experiment
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To test the CM filter, we have some restrictions. In order to keep LM13700
working in the linear range, the peak-peak value of the input signal should be lower than
500 mV (practical value is 82.4 mV). The actual transconductance g, = 10000 pmho

even though the typical g, = 9600 pmho. Now

Iinzngin

vV02=RoIo

crr=to o Yo 1 Vo
Iin RoV;'ngm 100 Vin

The above equation indicates that we can test the voltage-mode transfer function
instead of the current-mode transfer function. The test nodes are shown in Figure 4-15.
Node I, is connected with the output of the LM13700. Node V; is connected with the

detector of the oscilloscope.

) +15
IDK
10K - A'ATLY
L7741 -+H
Ro 4
Io Tin ~15
= =15 ~

Figure 4-15 Current-mode A & M filter for the lab-bench experiment

Figures 4-16, 17, and 18 show the responses at different frequencies, namely
742Hz, 1559Hz, and 3238Hz. The CH1 and CH2 in these figures indicate the peak-peak

voltages of the outputs of the VM and CM filters respectively. Comparing the waveforms
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of the VM and CM outputs in each of these figures, we observe that they match very
well. The frequency responses of the CM and VM filters from 100Hz to 20kHz obtained

using Matlab, are shown in Figure 4-19. It is seen that the responses of the VM and the

CM A & M filters are almost identical.
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Figure 4-16 The output signals of the VM and CM filters at frequency 724Hz
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Figure 4-17 The output signals of the VM and CM filters at frequency 1559Hz
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Figure 4-18 The output signals of the VM and CM filters at frequency 7238Hz
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Figure 4-19 Magnitude-frequency responses of the VM and CM band-pass A & M

filters
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43 Summary

In this chapter, we have conducted a thorough theoretical analysis on the effect of
finite gain bandwidth on the CM filters and the corresponding VM filters from which the
CM filters have been derived using the principles of network transposition and nullors.
Simulations have also been conducted on the same filters using AWB and pSpice. These
results have shown that the performance of the CM filter is identical to that of the VM
filter.

The band-pass A & M filter was implemented by using discrete components, such
as resistors, capacitors, and LM741 OAs. A comparison of the frequency responses of the
CM filter and its associated VM filter have shown that the performénce of the CM filter

matches that of the VM filter very well excepting at very high frequencies.
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Chapter 5

Four-Terminal OA-Based VM Filters and OFA-
Based CM Filters

In this chapter, we consider the realization of CM filters from VM filters that use
four-terminal OA. In Chapter 2, it has been shown that a new device, operational floating
amplifier (OFA) is needed to realize the CM networks, when an operational amplifier is
configured as a four-terminal network for the corresponding VM netwofk. We first
discuss the characteristics of the OFA and then apply the new method introduced in
Chapter 2 to convert single-amplifier as well as multi-amplifier biquadratic VM filters to
CM filters with the OFA as the active device. The theoretical analysis is then validated
with suitable simulation work. We use the analog wave bench (AWB) simulations to
compare the frequency responses of the CM filter with that of the VM filter using

commercial version of OA or OFA.

5.1 Operational Floating Amplifier (OFA)

Generally, an operational floating amplifier (OFA) is a high-gain
transconductance amplifier with two floating input and two floating output terminals, and
which can realize a four-terminal nullor. The name OFA has also been referred to as a
four-terminal floating nullor (FTFN) [27],[28],[30],[32],and [37]. An OFA consists of a

nullator (Vi =0, I; = 0) at one port and a norator at the other port with arbitrary (V and
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I,) as shown in Figure 5-1(a). The corresponding symbol is shown in Figure 5-1(b).

According to the definition of the nullor, the terminals of the OFA possess these

characteristics:
Vin' = Vi, In" =T =0, L' =1y
I, I + +
: Vip 0—=— + Vo
W 00H o |w
Vu_l O——m — -——0 Vo—
o o Lin Lo
(a) (b)

Figure 5-1 (a) Nullor model and (b) Symbol of an OFA
A simulation model of the OFA can be realized by using the non-ideal model of
active devices, LM741 and bipolar transistors (pnp 2N2905 and npn 2N2222), as shown

in Figure 5-2 [37].

2NZ2222

Figure 5-2 Implementation circuit of an OFA adapted from [37]
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The LM741 with current mirrors that replicate its power supply currents to a new
terminal, i.e., the fourth terminal, can implement an OFA. These devices are chosen from

the AWB component library.

5.2 Realizing CM Filter Using OFA

In Chapters 3 and 4, the case of the voltage amplifier with three-terminal structure
was discussed. We now discuss the case of the voltage amplifier with a four-terminal
structure and realize CM filters using OFAs from the corresponding VM filters using

four-terminal OAs by applying the principles of transposed networks and nullors.

5.2.1 Single-OA Biquadratic Filter
Figure 5-3 shows the standard configuration of a single amplifier biquadratic
(SAB) filter network using a single amplifier with finite gain K. The voltage transfer

function of the filter is given by

[+~

Vi GG+ T+ 4T+ K1, +Y) = KT (G + Y, + 1, + T+ LY,

H

Vi oo | {I>-—-— Vo
¥5 [I] Y4

Figure 5-3 VM SAB filter using a finite gain amplifier
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By choosing the admittances properly, (5.1) can realize second-order filters with

low-pass, band-pass, and high-pass characteristics. The amplifier with positive gain (i.e.,

K is positive) can be realized in Figure 5-4, which also is known as the filter with no

input terminals grounded, and K =1 + Yg/Y7.

. Y1
Vi3

]Y2

1

¥3

YS[

Y5

—

Y4[

Figure 5-4 VM SAB using an ideal OA with four-terminal configuration

Figure 5-5 shows the OA replaced by OFA and switched around as well as the

input and output nodes, relative to Figure 5-4. We now analyze this network for the

current transfer function (CTF) 1,/1;.

Y1
g

[]v2

Figure 5-5 CM SAB filter using an ideal OFA
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Let us first consider the sub-circuit consisting of the OFA, Y7, and Ys. Applying

KCL, we get
7
K="2=1+2 5.2)
I Y
KCL at the node X, gives VYs + VyYo + L—-1'=0 (5.3)
KCL at node V, gives, VY -Vi¥s—Vi¥s+ (V.- V)Y; =0 (5.4)
KCL at node Vc¢ gives, -VeY4—VeY6 + 10"+ (Vd—Ve)Y3 =0 (5.5)
Substituting for V. and 7, from (5.4), (5.5), and (5.2) into (5.3), can get:
ki, =5rh +Y5)(YY3 Y ATV vy, 4,
KY, Y3 Y, +Y,)V, ©6)
+Y, +
—)I_?,Vd— 6( 1 2 5) d_KY6)73Vd___KY2Vd
3
But V;Y;=1,. Substituting for ¥; in (5.6), we get finally
1 K
1, _ hty (5.7)

I, G+ L +Y)(+Y, +Y) + Y, (1, + Y) KT, (Y, + Y, + Y, + Y,) + 1,1}
which is the same as V,/V;in (5.1).
We have considered SAB filter above. We shall now consider a well-known filter

that employs more than one OA in the realization of the VM filter and obtain the

corresponding CM filter using OF As.

5.2.2 Multi-OA Biquadratic Filter

Figure 5-6 shows the configuration of a three-OA band pass filter proposed by
Mikhael and Bhattacharyya, the M & B filter [26]. Both input terminals of all the three
OAs are floating in this case. It is more representative of the four-terminal amplifier

filters.
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Figure 5-6 VM M & B biquadratic filter using ideal OAs with

Figure 5-7 CM M & B biquadratic filter using ideal OFAs

The voltage transfer function is given by

GGG, G,
L. GG G (5.8)
4 G5S2 + G,G,G, s+ G,G,G,
G3CI C] C2

The configuration of the associated current-mode filter is shown in Figure 5-7

after we apply the principles of transposed networks and nullors. The CTF can be derived

as follows:

At node X1, -GiVa=YVy=1; (5.9), where Y; = SC;
At node X2, -GV — G4V =0 (5.10)

At node X3, -GVy—-YoV.=0 (5.11), where Y,= SC,
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The property of the OFA gives: L' =1
Atnodeb,

YiVa+ GiVy+ GoVa+ (G +Gs)V, + (Gs +G)V + (Y2 +Gg)V, = 0
Substituting for V,, V¥ and V. in (5.12), we get

-IiG3Y2(Gi+Gs) =(Y1Y2G3Gs + Y2G1G4Gr + G1G2G3Gg )Vy

Then, V, = %Vb and V,G;=1,.

4

Substituting for V; from (5.13), we finally get

666, G,
I_o_ G,C, G,
I,‘ G5S2 + G1G4G7 s+ G]GZGG
G,C, C,C,

which is identical with the VTF in (5.8).

5.3 Simulation of the Four-Terminal OA Configuration

5.3.1 Single-OA Biquadratic Filter

(5.12)

(5.13)

(5.14)

Figure 5-8 shows the schematic of a finite gain SAB filter with a band-pass

response in the voltage-mode operation. A practical device, LM 741, realizes the OA.

The specifications for the band-pass response are: £,=159.2 Hz, Q,=1 and |H,|=2. The

passive component values are shown in the figure. Figure 5-9 shows the corresponding

current-mode filters using an OFA.

Figure 5-10 shows the responses of the voltage-mode and current-mode filters,

obtained by using the AWB hSpice simulator. The simulation results agree well with the

theoretical analysis. The two response curves are almost identical.
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Figure 5-8 VM band-pass SAB filter using a non-ideal OA
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Figure 5-9 CM band-pass SAB filter using a non-ideal OFA
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Figure 5-10 Frequency responses of the VM and CM band-pass SAB filter
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5.3.2 Multi-OA Biquadratic Filter

Figure 5-11 shows the schematic of the VM band-pass M&B biquadratic filter
proposed by Mikhael and Bhattacharyya [26]. A practical device, LM 741, realizes the
OA. The specifications for the band-pass response are: f,=159.2 Hz, Q,=2 and |H,|=2. All
the values of the components are shown in the figure. Figure 5-12 shows the

corresponding current-mode filter.

1K

—i— »

Figure 5-11 VM band-pass M & B filter using non-ideal OAs

Iie 117 118
1w 2K 1K

- I out 1 n—p— out 1n—f— out 1 n=f———
?/I
IR OFA l (¥ OFA I 4t OFA
AAA " p » i tout

tout )y, tout

Figure 5-12 CM band-pass M & B filter using non-ideal OFAs
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Figure 5-13 shows the responses of the voltage-mode and current-mode filters,
obtained by using the AWB hSpice simulator. The simulation results also agree with the

theoretical analysis. The response of the CTF is very close to that of the VTF.

v, &)

160 1K
Frequency Hz

Figure 5-13 Frequency responses of the VM and CM band-pass M & B filter
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5.4 Summary

This chapter has introduced the characteristics of a new active device, OFA. The
OFA satisfies the definition of the four-terminal nullor and has been implemented by
using OA and bipolar transistors. Then we utilized the method proposed in Chapter2,
based on transposed networks and nullors, to realize biquadratic CM filters from the
associated VM filters using single voltage amplifier as well as multiple voltage
amplifiers, when the operational amplifier is configured as a four-terminal device in the
VM filter. The voltage amplifier used in the CM filter is the operational floating
amplifier, OFA. The AWB simulation was used to validate the theoretical results. Both
the theoretical analysis and simulations have shown that the performance of the CM filter

matches with that corresponding VM filter very well.
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Chapter 6

Realizing Operational Floating Amplifier in

CMOS Technology

In the previous chapters, two types of nullor configurations are introduced, the
three-terminal nullor and the four-terminal nullor. An OA with one input connected to
ground realizes a three-terminal nullor. An operational floating amplifier (OFA) with two
floating output terminals can realize the four-terminal nullor. There is no commercial
version of the OFA now. In this chapter, the IC version of the operational floating
amplifier (OFA) is considered and an integrated version of the OFA using TSMC 0.18
um CMOS technology is developed. An OFA architecture from several proposed OFA or
FTFN architectures which are suitable for the TSMC 0.18 ym CMOS technology is
selected. Each sub-circuit of the OFA and the corresponding layout are given. Finally, the
layout at the chip level for the whole system is also considered. When the OFA is
designed using IC technology (i.e., TSMC 0.18 um CMOS), the tolerance of the IC
components may cause variations in the responses of the CM and VM filters, and the
agreement in the performance of the CM and the associated VM filters may become
worse. This is investigated by using corner analysis technique to analyze the performance
of the OFA introduced in this chapter. Furthermore, the performance of the OFA and the
new method introduced in Chapter 2 are studied by utilizing the OFA in the CM filter
derived from the VM Deliyannis-Friend band-pass filter [38] using post-layout

simulation.
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6.1 Realizations of OFAs

The practical realizations of OFAs can be categorized into three groups, the OA-
based OFA [27],[30],[31],[33], and [37], the second generation current convey or (CCII-
based) OFA [32], and some special structures introduced in [28],[29], and [31]. A brief

review of these techniques is given next.

6.1.1 OA-Based OFA

An implementation model of the OA-based OFA is shown in Figure 6-1 [27]. The

port relations of the OFA can be characterizes as

+

Vin'=Vin, L=L=0, Io'=Io.

VDD VDD
T T
Cuarrent Minor Cuarrent Mirror
Vin I, \
\ ID+ ID'
OA Vot 0 Vo-
o+
Vin I,
Cwrrent Mirror Current Mirror
1 1
VSS V55

Figure 6-1 Implementation model of an OFA
Since this realization uses a single active element (OA), it generally exhibits a better
performance in terms of noise, linearity, and tracking current error over the CClI-based
realization. It should be noted that the output impedance at the V,,” terminal is very low

while the impedance at the V" terminal is very high. This makes the OFA usable as both
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a voltage amplifier (terminal V,") and a transconductance amplifier (terminal V). Thus,
it can be utilized in both the voltage-mode and current-mode applications. Since the
current mirrors replicate the whole supply current, the error in the current between the
two output terminals may be enlarged due to the unbalance between the upper half and
the lower half circuits, device matching, and ripples in VDD and VSS etc.. To reduce this
error, a more accurate structure is introduced in Figure 6-2 [30]. This is a bipolar

implementation of an OFA.

Q13

Figure 6-2 OA-Based implementation of an OFA

The operation of Figure 6-2 can be explained as follows: This circuit basically
consists of a voltage amplifier and seven standard Wilson current mirrors. Transistors Q,
to Q4 operate as an OA with a very high input impedance and a low output impedance.
Transistors Qx5 to Qs operate as Wilson current mirrors, which provide high output
impedance and more accurate tracking of the current between the two terminals. These

current mirrors copy the current Io" to the terminal Vo™ with Io” = Io".
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6.1.2 CCII-Based OFA

The two-CClII realization is shown in Figure 6-3. This structure is a balanced structure at
both the input and the output ports [32]. At the i’nput port
V= Vi, Vy=Vy, — Vi=Vy.
L=1,=0
The currents at the output port are
Liz=-1, Ly =1, - Lw=-I,

The above equations indicate that this structure satisfies the definition of the nullor.
Actually, careful observation shows that the input port of this circuit is not completely
isolated from the output port. Due to the current conveyed through the iﬁput resistance
(Ry) at node p, there will be a voltage tracking error Vy-V, when one of the input

terminals is grounded. This will violate the definition of a nullor at the input.

Iy
vy 1% CCl
S ling
p
yIl12
- Iw
Iz 208 CCll, B—=

VY ] ﬁ_‘l’-

Figure 6-3 CCII-Based implementation of an OFA

Some other special realizations have been reported in [28],[29], and [31]. They
employ special characteristics and techniques. They are more complex and are not

discussed here.
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6.2 System Structure and Basic Building Blocks

Section 6-1 presented some techniques for the realization of an OFA. A novel
realization circuit of the OFA is introduced in this section [33]. The OFA using TSMC
0.18 pm CMOS technology is implemented. In this technology, the dc supply voltages
are restricted to 1.8 and 3.3 volts. In this design, the latter supply voltage is chosen, The
schefnatic diagram of the OFA is shown in Figure 6-4. It is an OA based structure. The
OA should be designed with a high gain as well as a high gain-bandwidth in order to
make it close to the ideal OA. The current mirrors copy the current at the terminal Vo' to

the terminal Vo'. The special features of this circuit are as follows:
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Figure 6-4 The schematic of the OFA



(a) It is simple, having one OA and four current mirrors.

(b) It has a high common mode rejection and power supply rejection.

(c) It has a high gain (over 80 dB) and a high gain bandwidth (around 100 MHz).
(d) It has a more accurate small-signal current tracking between the two output
terminals. Details are discussed in Section 6.2.4.

Each of the sub-circuits of the OFA 1is now described.

6.2.1 Bias Stage

The OA must maintain a good performance under all kind of environments. The
transconductance of the transistors is one of the most important parameters that must be
stabilized for a robust design. The bias circuit in Figure 6-4 satisfies such a requirement.
This structure is modified from the original one [35] by adding one more p-MOS
transistor stack (M3 and M;g), which constructs a cascaded current mirror with transistors
M; and M. The transistor transconductance of M;; is only determined by the geometric
ratios, and is independent of the power-supply voltages, process parameters, temperature,
or any other parameter with large variability [35]. Specifically, for the case of (W/L);3p =
A(W/L)12, the transconductance is

2[1 i, ]
(W /L)y,

Emi2 = R =1/R 6.1)

where (W/L)3y is the ratio of the width to the length of M3y and (W/L);, that of M.
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Since all the transistor currents are derived from the same biasing network and the
ratios of the currents are mainly dependent on the geometry, the transconductances of the

other transistors are also stabilized.

¢ =g x | P/Ll; 62)
oSN W L), 1, '

W/IL).I,
&mi =gm12x\/———————————” pWIL) ], (6.3)
u,WiL),1,

For all the NMOS transistors

and all PMOS transistors

6.2.2 Differential Amplifier Stage

The objective of the differential amplifier stage is to amplify only the difference
between two different potentials regardless of the common-mode value. A two-stage
CMOS differential amplifier is shown in Figure 6-4. The first gain stage is a differential-
input single-ended output stage, and consists of transistors My to My, The second gain
stage is a common-source gain stage with an active load, and consists of Ms and Mg, The

small-signal analysis of this differential amplifier gives the voltage gain as [35]

Av - gmlgm6 (6.4)
(8a2 + usa N&uss + uss)

The gain of the differential amplifier is proportional to the transconductances of the
transistors M; and Mg and the output impedances of the transistors My, My Ms and M.
The compensation of the two-stage differential amplifier consists of the capacitor

C; and the transistor Ms;. The capacitor, C,, realizes what is called the dominant-pole
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compensation. It controls the dominant first pole and thereby the frequency. Transistor
M3 has Vps equal to zero. Thus, M3, operates as a resistor with a resistance Rc in the
triode region. This transistor is included in order to realize a left-half-plane zero at
frequencies around or above the unity-gain frequency. The addition of such an extra left-
half-plane zeros called lead-compensation. Without M3, there is a right-half-plane zero,
which makes compensation as well as stability very difficult. The zero is given by the
relationship [35],

a_ = ~1
*C,(1/gns—R.)

(6.5)

If Rc equal to 1/gme, the right-half-plane zero can be eliminated. Figure 6-4 gives a
solution for the lead-compensation that is independent of the process, supply voltage, and

temperature variations. The product R.gm¢ is given by

Rag, = /L) /(W/L)n 6.6)
W /L)y YW /L)y,

6.2.3 Output Stage

The function of the output stage is to work as a current transformer. Most of the
output stages have a high current gain and a low voltage gain. The characteristics of the
output stage are: (1) to provide sufficient output power in the form of voltage and current,
(2) to avoid signal distortion, and (3) to provide isolation from the current amplifier stage.

The output stage is as shown in Figure 6-4. Transistor M5 works as a source

follower amplifier with an active load Mj4. Two current mirrors, one consisting of
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transistors M;; and M7 and the other consisting of transistors M;s and M;s, copy the

currents to the next stage.

6.2.4 Current Amplifier Stage

The function of the current amplifier stage is to replicate the current on the load to
another output terminal of the OFA. The gain of the current amplifier is unity. Figure 6-4
shows this current amplifier, which consists of four current mirrors.

In Section 6.1, it was noted that the OFA has two output terminals, one with a low
output impedance and the other with a high output impedance. The two terminals with
different impedances appearing in the same circuit require the difference between them to
be as large as possible. In order to realize the ideal condition, the impedance of one
output terminal should be 100 times smaller than the load impedance, and the impedance
of the other should be 100 times larger than the load impedance. That is, if the impedance
of one output terminal is 1kQ2, the impedance of the other output terminal should be at
least 10MQ and the impedance of the load should be around 100kS2. Under this
condition, the error of tracking the small-signal currents between the two output terminals
can be kept under 1%. It is impossible to implement this device by using a common
cascade configuration.

Negative feedback technique can be used to increase the output impedance.
Figure 6-5 shows an enhanced output-impedance current mirror consisting of Mjo, Mos,
M3s and Mye. The basic idea is to use a feedback amplifier, the transistor M3, to keep the
drain-source voltage across My as stable as possible, irrespective of the output voltage.

The addition of the amplifier increases the output impedance by a factor equal to one plus
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the loop gain that would occur for a classical cascade current mirror. The output
impedance is given by [35]
Io = (1+A)las26ma6lds2s (6.7)
where A is the gain of the amplifier.
If the values of r4, A, and gy, are properly chosen, then r, could be very large. A
similar analysis could be applied to the current mirror consisting of the NMOS

transistors, My, Mas, M7 and Myg as shown in Figure 6-4.

1£1

J?
TET

[ Ibinsl
Yo

Figure 6-5 Enhanced output-impedance current mirror

6.2.5 The Performance of the OFA

The performance of the OFA with Ipj,s = 100pA, Ry = 100K, and C = 10 pfis
summarized in Table 6-1. This design specification is based on the requirement of the

filter, where the OFA will be used as an active device.
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Table 6-1 Specification of the OFA

Parameters Value
Voltage gain 80 dB
Gain bandwidth 10 MHz
Phase margin 65 degree
Low output resistance 1 kQ
High output resistance 10 MQ
Input offset 1 mV
Max output current 100 pA

6.3 Basic Building Blocks Implemented by Layout

6.3.1 Transistor

The OFA circuit contains some critical and large-size transistors. This large
transistor can be formed by using several smaller transistors connected in parallel,
resembling a finger structure. This structure has two advantages: reducing the parasitic
junction capacitance and optimizing the resistance of the gate poly along the width of the
transistor [34]. This is important in high frequency applications. Figure 6-6(a) shows the
layout of a transistor, which is composed of four smaller transistors. The equivalent
schematic symbol is shown in Figure 6-6(b).

Precision matching between transistors is critical in the design of the differential
transistor pair as well as current mirrors of the OFA. The approach of common-centroid
layout helps to minimize the matching errors caused by the gradient effects across a

microcircuit, such as due to temperature or a change in the gate-oxide thickness across
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the microcircuit [34]. A simplified common-centroid layout of two identical matched

transistors, M1 and M2, is shown in Figure 6-7(a). The symbol is shown in Figure 6-7(b).

e ara
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(a) (b)

Figure 6-6 Fingered structure to reduce parasitic drain capacitances.

(a) Layout. (b) Equivalent symbol of (a).
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Figure 6-7 Common-centroid structure to minimize the matching errors.

(a) Layout. (b) Equivalent symbol of (a).
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6.3.2 MIM Capacitor

The capacitors are realized using MiM capacitor in the TSMC 0.18 pm CMOS
technology. MiM capacitor is formed by the CTM (capacitor top metal, also known as
metal 5 prime) as the top layer with metal-5 as the bottom layer. The capacitor is
sandwiched physically between the bottom plate metal and the next metal layer above,
with a thin dielectric between the bottom plate and the upper plate. Figure 6-8 shows the

cross-section of a MiM capacitor. Figure 6-9 shows the layout diagram. The grounded

guard ring shields the noise to get into or out of the capacitor.
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Figure 6-8 The cross-section of MiM capacitor

metal-6
viash

CTM
dielecttic

metal-5

Figure 6-9 Capacitor layout diagram
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6.3.3 Resistor

Integrated resistors can be realized using passive and active components. Based
on the material used, the passive resistors compatible with the CMOS technology can be
categorized into four groups, metal resistors, polysilicon resistors, diffusion resistors and
well resistors. Another type of resistors is the active resistor, which is implemented by a
CMOS transistor. This technique works with a much less area than that required for
passive resistors. The MOS transistor can work in both saturation and linear regions. In
our design, the transistor works in the triode region. The value of a resistor in such a
configuration is:

1

Py = (6.8)
1NV =Vy)

Figure 6-10 shows this configuration. The layout of the resistor is the same as the

transistor layout.

Poias
1

I £ S N
Vbu]]{

Figure 6-10 Transistor version of resistor

6.3.4 ESD Protection Structure

A chip has an input and output (I/O) interface to the outside world. This interface
may cause accumulation of large voltage due to the leakage current flowing into the

parasitic capacitance at the input electrode (i.e., gate) of a transistor. The large voltage
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may physically damage the transistors. The electrostatic discharge (ESD) protection
device can redirect unwanted charge away from the sensitive internal circuitry. Canadian
microelectronics corporation (CMC) provides one type of ESD protection layout for the
TSMC 0.18um technology. The ESD layout and the corresponding schematic symbol are
shown in Figure 6-11(a) and (b). The series connection of two diodes discharges the
positive or negative charge into the ground to protect the input or output terminals from
being destroyed by high voltage. The EDS protection devices are added on all the /O

pads in the OFA layout design.
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(a) Layout of the diodes (b) Symbol of (a)

Figure 6-11 ESD protection layout

6.4 System Layout

In previous sections, the layout of the various basic building blocks has been

described. The function of each block determines as to how to handle the layout issues,
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such as isolation, matching, placement, device splitting, and many other techniques.

Finally, the complete system (OFA) is obtained by interconnecting the function blocks

properly.
i imH+ bigs1 in+ inZ—
vis wibd
outt % 8 gu out2+
outd ui+
outd— S —

imd— i+ bids?2 ing+ in%—

Figure 6-12 The OFA system layout (Area: 1000 x 1000 pm?®)

After completing the layout of the OFA, the layout at the chip level is considered.
The chip level includes consideration of the core system, bonding pads, and package. The

whole die area is 1000 x 1000 pm? inclusive of the pad frame. Four OFAs are placed on
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one chip and supplied by one power supply. Because of the limitation of the die area,
only two bias pads can be placed on the chip. Each bias pad provides bias voltage for two
OFAs. The input pads are placed far from the output pads to avoid interference [34]. As a
rule of thumb, the current density is 1mA/um. The width of all the interconnection wires
is computed according to this value. To protect the damage from the ESD, the ESD
protection devices are added on all the I/O pads. The completed circuit layout is shown in

Figure 6-12.

6.5 The Performance of the OFA

Table 6-2 The specification of the OFA after layout
Parameters Values
Voltage gain 89 dB
Gain bandwidth 85 MHz
Phase margin 65 degree
CMR -1.0~+1.1V
Output Swing 0.68~+145V
Slew rate + 4.64 V/us
Slew rate - 4.82 V/us
CMRR@100KHz 96 dB
PSRR 92 dB
Noise 32 ”V/J]—{;
THD 0.68%
Low output resistance 620 Q
High output resistance >50 MQ
Input offset -18 uv
Max output current 105 pA
Power dissipation 3.6 mW
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The system layout has been described in Section 6.4. Table 6-2 shows the post-
layout simulation results of the characteristics of the OFA under the condition of

temperature of 27°C and the TSMC 0.18 pm process using Cadence Spectre simulator.

6.5.1 Corner Analysis of the OFA

The IC fabrication is a complex process of chemical reactions and physical
variations that causes the deviations of the electronic device performances. These
variations are described by using physically based process and geometry level statistical
modeling [39]. The MOSFET devices are typically based on the process and the
geometry parameters, such as gate oxide thickness (Tox), threshold voltage (Vy,), length L
and width W. Numerical analysis known as corner analysis can perform the simulation
to ensure the best and the worst cases of the circuit at the end of the manufacturing
process, so that all the sets of the parameters produce acceptable results.

Corner analysis provides a convenient way to measure a circuit performance
while simulating the circuit with the sets of the parameters that represent the most
extreme variations in the manufacturing process. These simulation results can determine
whether the circuit performance is met, even when the random process variations
combine in their most unfavorable patterns. A CMOS transistor is a temperature
dependent device. Both the carrier mobility (u) and the threshold voltage (Vi) are
inversely proportional to the temperature [35] [40]. Industrially, the range of temperature
is from -40°C to 85°C. The worst cases of the corner analysis for the OFA can be
considered as follows.

Fast NMOS, Fast PMOS at temperature of 85°C.
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Slow NMOS, Slow PMOS at temperature of -40°C.
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Figure 6-13 Corner analysis for the gain of the OFA

Figure 6-13 shows the simulation results of the open loop gain of the OFA under
the different conditions, fast-fast, slow-slow, and general models. The AC magnitude
response varies with the change in the temperature and MOSFET model parameters. The
fast-fast curve gives a DC-gain of 87dB and a gain-bandwidth of 98 MHz. The slow-slow
curve gives a DC-gain of 91.8dB and a gain-bandwidth of 68 MHz. Comparing with the
typical case at a temperature of 27°C, which gives a DC-gain of 89.6dB and a gain-
bandwidth of 78 MHz, the derivations of the DC-gain and the gain-bandwidth are around

2dB and 10MHz respectively. The fast-fast corner produces the lowest gain and the slow-
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slow corner produces the highest gain. It could be determined whether these possible

outcomes are acceptable in our applications.

6.5.2 Deliyannis-Friend Biquadratic Filter

Deliyannis-Friend biquadratic filter [38] is selected to verify the performance of
the OFA implemented using TSMC 0.18um CMOS technology by the post-layout
simulation. Figure 6-14 shows the schematic of a Deliyannis-Friend biquadratic band-
pass filter proposed by Friend [38]. The specifications of the band-pass filter are: f,=1.59
kHz, 0,=10, and | H,|=50. The values of the components are shown in the figure.
Figure 6-15 shows the corresponding current-mode filter realized by the same OFA.
Figure 6-16 shows the response of the voltage- mode and the current-mode filters using
Cadence Spectre simulator. The simulation results also agree with the theory analysis.

The response of the CTF is same as that of the VTF.
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Figure 6-14 Voltage-mode band-pass Deliyannis-Friend biquadratic filter
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Figure 6-15 Current-mode band-pass Deliyannis-Friend biquadratic filter

6.6 Summary

This chapter has reviewed the two general methods of implementing an OFA or
FTFN, one based on the OA and the other on CCI. The OA-based OFA structure [33]
has been chosen and implemented in this thesis. The basic building blocks, such as the
bias circuit, differential input stage, output stage, current amplifier, and compensation
circuit, have been discussed. These various building blocks has been assembled to realize
a high-gain OFA at the circuit level. The implementations of the transistor, resistor,
capacitor, and ESD protection at the layout level have been introduced. The layout of the
whole system using TSMC 0.18 pm CMOS technology has been done and the
performance of the OFA verified using Cadence Spectre simulation. The simulation
results have shown that the frequency response of the OFA meets the desired
specifications. Finally, comparison of the responses of the VM and the CM band-pass
Deliyannis-Friend biquadratic filter has been made, validating our theoretical work.
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Figure 6-16 Frequency responses of the VM and the CM Deliyannis-Friend biquadratic
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Chapter 7

Conclusion

This chapter summarizes the key contributions regarding the new methodology
introduced in this thesis to realize current-mode filters from operational amplifier-based
voltage-mode filters using the principles of transposed networks and nullors, and

highlights some possible future research directions.

7.1 Conclusion

This thesis has been concerned with the investigation of design tgchniques for
realizing current-mode (CM) filters using existing voltage-mode (VM) filter structures.
The existing techniques and the concept of nullors have been reviewed. It has shown that
CM networks can be realized from VM networks that use operational amplifiers (OAs)
by combining the principle of transposed networks and the concept of nullors. The
resulting CM networks either use the same OAs or operational floating amplifier (OFAs)

It has been shown that the same OA used in the VM filter can be reused in the
design of the CM filter, when the OA is configured as a three-terminal device in the VM
filter. An OFA is needed in the CM filter when the OA is used as a four-terminal device
in the VM filter. Detailed analysis has been conducted regarding the effect of the finite

gain bandwidth of the OA on the pole-frequency and pole-Q of the filters. The analysis
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has shown that the performance variations of the CM filter and its associated VM filter
are of the same order of magnitude.

Since theoretical analysis is not enough to prove the feasibility for practical
applications, some well known second-order filters with single as well as multiple OAs
have been selected for the AWB and pSpice simulations to verify the proposed technique
of converting VM filters to CM filters. Further, a VM Akerberg-Mossberg (A&M)
biquadratic filter and the corresponding CM filter have been built with discrete
components, such as resistors, capacitors, and LM741 (OA) devices. The simulation
results and the lab-bench experimental results have shown that the performance of the
CMV filter matches very well with that of the corresponding VM filters.

Due to the unavailability of commercial OFA, an IC chip version of the OFA is
selected from several existing structures and then implemented using TSMC 0.18pum
CMOS technology. The OFA has been used to build and simulate a CM as well as its
corresponding VM second-order filter. The agreements of the filter responses have been
very satisfactory.

In summary, this research is expected to bring a new methodology in the practical
realization of CM filters from their VM counterparts. The good old operational amplifier
can be reused to implement the associated CM filters as their counterparts. This method
can also be extended to four-terminal OA configurations with wide applications in the

design of CM filters.
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7.2 Future Work

It is necessary to conduct detailed theoretical analysis of the effect of finite gain
bandwidth in the case of CM filters obtained using OFAs. It is also necessary to study the
effects of non-ideal impedance situations both at the input and output. The tracking
current error between the two output terminals of the OFA may cause a difference in the
performance of thei CM and the corresponding VM filters. It is necessary to reduce the
sensitivity of the current transfer function of the CM filter to the tracking current error of
the OFA. This will help in the design of more robust OFAs to be used in the design of
CM filters from well-known VM filters that use OAs.

It has been mentioned that an infinite gain controlled source of any of the four
types is exactly equivalent to a nullor. Hence, it is worthwhile studying in detail the filters

obtained from OA-based VM filters using VCCS or CCCS.
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