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Abstract

Ever since the introduction of current conveyorsbasic building block in analog
signal processing, many other active building béobkve been introduced so far. This
has become possible because of the developmetite Bemiconductor manufacturing
technologies (both bipolar as well as CMOS). Durthg last two decades various
modifications have been done in the architectur¢hef current conveyor and many
derivatives of this block have appeared in thadiigre. Voltage differencing current
conveyor (VDCC) combines the features of a curmmtveyor and an operational
transconductance amplifier. Voltage differencingrent conveyor can be used to
perform the entire regular signal processing appbas (summation, differencing,
scalar multiplication, amplifiers and filters etcThe present work deals with the signal
processing applications of the voltage differenatogrent conveyor in amplifiers and
filters. A novel multifunction filter with tunabily properties similar to the Tow-
Thomas biquad filter has also been proposed. Adl thircuits presented in the

dissertation have been simulated in PSPICE.
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Chapter 1

Introduction

1.1 Introduction:

The present work deals with voltage differencingent conveyor (VDCC) and its applications
in implementation of amplifiers and filters in aoglsignal processing. There have been various
major developments in the area of analog circuits signal processing which have taken place
during the past four decades. There is a bulk dén@ available about the various active blocks
developed before current conveyors. In this diasiert we present voltage differencing current

conveyor (VDCC) and its applications as amplifiensl filters in analog signal processing.

Introduction of current conveyor was imperative daese of limitations posed by the traditional
operational amplifier (op-amp) which is a highlysatile element. With op-amps, many circuits,
both non-linear and linear, have been realizedBjensive research has been carried out from
mid-sixties to mid-eighties on the design of vasmon-linear and linear analog circuits using
operational amplifiers. Since op-amp based circensploy RC elements, their monolithic
integrated circuit (IC) implementation was difficldecause precise tuning of the time constant
RC was difficult to implement. Moreover their lired performance due to less BW, slew rate
(SR) etc. necessitated the lookout for other adtleeks [2]. Switched capacitor circuit was the
one solution where the resistor was replaced bgreogically switched capacitor but it posed

problems like clock feed through and aliasing BE.

In eighties, operational transconductance ampl{{&FA) was introduced. The OTA-C circuits
employ only capacitors and transconductors to bséderal functional circuits and thus, don’t
require any resistors; moreover, their internalctire is also without resistor. In OTA circuits,
the transconductance can be controlled electrdpitiafough an external DC bias voltage or

current making its gain variable.

The developments in digital circuit design partzly, CMOS digital circuits, have led to
concurrent developments in analog circuits. Sewveeaklopments in the field of IC technology
pose various challenges to the analog system Wéln fast growing digital counterparts. This

has resulted in continued research on efficientognaircuit designs especially voltage-mode



(VM) and current-mode (CM) techniques and circdds evolution of elegant and efficient

solutions to many contemporary problems in mixedtenoircuit design problems.

1.2 Analog and digital signal processing:

The signal processing operations involved in mapglieations like communication systems,
instrumentation, biomedical signal processing aotrol systems etc. can be implemented in
two different ways

(1) Digital or discrete time method and

(2) Analog or continuous time method

The analog approach to signal processing was donfioa several years and it uses passive
elements such as capacitors, resistors and adéweests of various kinds viz BJTs, MOSFETs
and different types of controlled sources realia@th them. With the advent of digital computer
and later microprocessor, the digital signal preicgs has become dominant these days. In
analog signal processing, the solutions are oldainereal time. In contrast digital signal
processing relies on numerical calculations. Théhogemay or may not give results in real time.

The digital approach has two main advantages avabg approach

(1) Repeatability: The same signal processing operatan be repeated again and again
giving same results, while in analog systems theay be parameter variation due to
change in temperature or supply voltage.

(2) Flexibility: Same hardware can be used to do sékand of signal processing operation,
while in the core of analog signal processing oag tio design a system for each kind of

operation.

Digital signal processing has several other adgmsdike,better noise immunity than analog
signals. They are much cheaper and compact tharmatiedog counterparbDigital signals can be
encrypted so that only the intended receiver caodizit. It enables transmission of signals over

a long distance and multi-directional transmissonultaneously [4].

Taking these advantages into account, we are foi@ddok for digital solutions rather than
analog in VLSI systems. Not with standing theseaatlvyges, analog circuits are essential in
many of today’s complex, high performance systehmss is because the signals are analog in

nature. Practically all signals in the physical Moare continuous in both time and amplitude

2



and hence always analog techniques will be reqdicedonditioning of such signals before they
can be processed by digital signal processing itér¢sampling and quantization etc.). Therefore

analog circuits act as a bridge between the redbvemd digital systems.

1.3 Voltage mode and current mode signal processing

Over the past couple of decades the area of asaogl processing has been viewed in terms of
the dominant variables of a circuit viz voltage angrent. Any electrical circuit is always
characterized by both ‘current’ and ‘voltages’. Téiecuit in which the input as well as the
output variables are voltages, has been referreg twltage mode circuit. Similarly, the circuit
in which the input as well as the output are curiemenerally called current mode circuit. The
important features of these are given below [5].

Voltage mode circuits -

0] The active elements used are of VCVS types.

(i) The transistors being used in these devices géynearal operated at higher values of
biasing voltages.

(i)  There is a vast amount of literature available @mious design techniques for
amplifiers, filters and oscillators which were irapiented using vaccum tubes.

(iv)  The dynamic range of these circuits is limited hg biasing voltage and the forward
drop of the conducting active devices.

(v) Limited high frequency operating range because avhgitics of the active devices
being used.

(vi)  Slew rate limitations because of the input difféi@ramplifier in most of the voltage

mode active devices.
Current mode circuits —

0] The active elements used are VCCS/CCCS types.

(i) Lower supply voltage operation is possible (x1.5Vaicommon supply voltage for
CMOS devices).

(i)  Simple architecture of the overall circuit becansesmaller number of components

(current can be added without any external actexgogs).



(iv)  Circuits have higher dynamic ranges (because theermu and voltages are
exponentially related in a BJT, thus the curremis change over 5-6 decades while
the voltage change needed to achieve this is veayls

(v) Because of small voltage swings (of the order of feindred millivolts) at different
nodes of the circuit, the parasitic capacitorshasé nodes become ineffective and
thus high speed operation is possible.

1.4 Outline of the work presented in the dissertain:

In this dissertation, the first chapter covers basic concepts of analog and digital signal
processing. The voltage mode (VM) and current m@d) processing has also been discussed.
The second chapter covers the basic descriptiorD&C and its applications in analog signal
processing in implementation of amplifiers. In thed chapter, grounded inductors and floating
inductors have been discussed and verified byr fidlesign applications using PSPICE
simulation. In the fourth chapter, single VDCC lhbequad filters (LP, HP and BP) have been
designed and simulated using PSPICE which verifiesvorkability of VDCC in analog signal
processing. In the fifth chapter, we have propdsedmultifunction biquad filters that are based
on the use of two integrators connected in cascade overall feedback loop (KHN filter and

Tow-Thomas filter) and simulated using PSPICE.

1.5 References:

1. Smith, K.C. and Sedra, A. S., “The current convegonew circuit building block. IEEE
Proc. CAS, 1968, vol. 56, no. 3, p. 1368-1369.

2. Dalibor Biolek, Raj Senani, Viera Biolkova, Zdenkklka,“Active elements for analog
signal processing : Classification, Review and NRraposals” Radioengineering, Vol. 17,
No. 4, December 2008.

3. Schaumann, R. and Valkenberg, M. E. “Design of AgaFilters”, Oxford University
Press, 2004.

4. lgor M., “New Circuit Principles for Integrated Cuits”, Part 2: Special Function Blocks
for Analog Current Signal Processing, PhD ThesimoBUniversity of Technology,
2010.

5. Analog IC Design: The Current-Mode Approach.



Chapter 2

Voltage differencing current conveyor and its geneal
applications

2.1 Introduction:

In this present chapter we discuss in detail at@utactive building block namely voltage
differencing current conveyor (VDCC) and its apation in signal processing as amplifiers and
impedance converters. This active device was fireposed by Biolek, Senani, Biolkova and
Kolka [1].

A CMOS implementation of VDCC has been proposedhgar, Yesil, Minaei and Kuntman
[2]. It transfers both voltage and current to gtevant terminals. It is suitable for the design of

several active filters, biquads, grounded and ithgginductor simulators etc.

This chapter deals with the CMOS implementationV@CC given in [2]. The complete
characterization of VDCC using TSMC CMOS Quir8 process technology has been presented

here. The following applications have also beesgmeed-

(i) Voltage amplifier

(i) Current Amplifier

(i Transresistance amplifier
(iv) Transconductance amplifier

(v) Negative impedance converter (NIC)
PSPICE simulations have been carried out to véngyworkability of all these circuits.

2.2 Voltage differencing current conveyor (VDCC):
2.2.1 Block diagram representation of VDCC:

The circuit symbol of the active element VDCC iswh in figure 2.1, where N and P are input
terminals and Z, X, Wand W are output terminals of VDCC. All these terminaidibit high

impedance, except the X terminal [2].
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Figure 2.1 Block diagram of VDCC [2]

The port relations of an ideal VDCC shown in fig@.1 can be characterized by

. 0 0 0 O
b 00 0 0 |[ v |
I - gn -8n 0 O Vy
ve | 0 0 1 O v,
hwe 00 0 1 || k|
hw 0 0 0 -1

(2.1)
Above matrix equation shows that the first stagerdalized by a balanced operational
transconductance amplifier (OTA) to convert theuingoltages differences g/ Vy) into the
output current @) with transconductance gain of, gnd the second stage is realized by a current
conveyor (CC) to transfer the X-terminal current¥g and W: terminals. For a balanced CMOS

transconductance amplifier (OTA) the parametgcagn be given as

Im = \/IBlnunCox(¥)1 2.2)

where (x is the gate-oxide capacitance per unit augés the mobility of the carrier for NMOS
transistors, L is the effective channel length, $\Mhe effective channel width, angh s bias

current [2].



VDCC is an active block which is the combination@FA and MOCCII as shown in figure 2.2.

I
I
MoO-CcCll |
I

Figure 2.2 Internal structure of VDCC [1]

2.2.2 CMOS implementation of the VDCC:
CMOS realization of voltage differencing currentngeyor (VDCC) is shown in figure 2.3

which has been simulated using model parametersrshmappendix.

VDD

| J [ | Mi Mis M1s
b dod ok TR S,
. ( N LML’_’,
Nt M M [P T v, Mo p\_.*x »v& _,V_V"
Z
Iz Iss
M7j ] ﬁ Ms ﬂLﬁMm t MzijPﬁ My,
M19. Mo :

Vss

Figure 2.3 COMS implementation of the VDCC [2]



2.2.3 Simulation results:

The CMOS schematic diagram is shown in figure B8ich was simulated in PSPICE using
TMSC CMOS 0.18 um process model parameters. Thecasgtios of the MOS transistors are
given in table 2.1. The supply voltages are ch@e¥op = -Vss= 0.9 V, k; =50 pA andd; =

100 pA. The following analysis has been carried out

(i) DC sweep (to obtain the linearity for varioust@nt and voltage transfers) (fig.2.4 to fig.2.6)
(i) AC sweep (to obtain the bandwidth of the deyifigure 2.7 to figure 2.9)

(i) Transient analysis (figure 2.10)

The terminating impedances used in characterizatidghe VDCC were R= 12KQ, Ry = 5KQ,
Rwp = 5 KQ, Rwyn = 5KQ. The input signal was taken as 50mV applied a¢rihinal and N

terminal was grounded.

Table 2.1 Aspect ratios for the VDCC of figure 2B

Transistors W/L (um)
M1 — M,y 3.6/1.8
Ms — Mg 7.2/1.8
M7 — Mg 2.4/1.8
Mg — Myg 3.06/0.72
Mi11— Mg 9/0.72
M1z — My7 14.4/0.72
Mig— Mgz 0.72/0.72

Different parameters are obtained by PSPICE sinamatf VDCC are listed as

Transconductance,g= 273.13 pA/V

Power consumption = 0.846 mW

10
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Figure 2.4 DC characteristic of current at Z terahiof VDCC
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Figure 2.10 Transient analysis of all terminal&/8fCC

2.3 Application of VDCC as an amplifier:

An amplifier gives the output that is scaled vemsif an input signal. Broadly, it can be
classified on the basis of their circuit configimatand methods of operation. In real world,
sensors like thermocouple, piezo-electric etc. hawall output signal. So by using amplifier
their outputs can be amplified to drive the furtbecuitry such as lamp etc.

Gain is basically the ratio of the output dividegthe input. An amplifier can be classified on
the basis of polarity of input and output. In nowerting amplifier, output signal has same sign
to the input signal. Similarly, inverting amplifigives polarity of the output signal opposite to
the input signal.

2.3.1 Current amplifier and transresistance amplifer:

VDCC based current amplifier is shown in figure12.Ih this circuitry, if W is used as a output
terminal then it is called as non-inverting currantplifier. In contrast, if W is used as a output
terminal then its characteristic likes an invertougrent amplifier. By using single VDCC, it can
be designed for the both inverting and non-invegrtamplifier but this case is not found in the
Op-amp. In the case of operational amplifiers, sspacircuit is designed for both types of
amplifier. So, the main advantage of VDCC basedeturamplifier is that only choosing the
output terminal gives the opposite polarities nen-inverting and inverting characteristics.

VDCC based amplifier has also some other advantayes operational amplifier based
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amplifier circuits such as less power consumptioigh slew rate, large bandwidth and less
power supply requirement etc. [2].

A simplified current amplifier circuit of figure 21 is shown in figure 2.12. In this, OTA is used
as a resistor which gives the less use of pass#veents and also provides electronic tunability.

Current gain is the ratio of output current to itmgut current. The current gain for the figure 2.11
is described as follows-

For non-inverting amplifier —

Iwp _ gmRiR;

T R @3)
For inverting amplifier —
wn _  _ gmRiR; (2.4)
I; R ’
The current gain for the figure 2.12 is definedalows -
For non-inverting amplifier -
Iyp 1
=— 2.5
I; 9mR ( )
For inverting amplifier —
WN 2.6
I; 9mR ( )

——————» IWP

f N Wy lwn
— Z X
| |
sz RSj

Figure 2.11 VDCC based current amplifier
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- N Wy lwn

:

Figure 2.12 Simplified current amplifier using VDCC

Transresistance gain is the ratio of output volteéhe input current. If output is taken at X
terminal in terms of voltage then it is called emsresistance amplifier. The transresistance gain
for figure 2.11 is given by

1%
1_)-( = gmR1R; (2.7)

4

From figure 2.11, it is clear that we can get tyoets of amplifiers from single circuit i.e. current
amplifier and transresistance amplifier. This is timique advantage of VDCC.

2.3.1.1 Simulation results:

The amplifier shown in figure 2.11 and 2.12 wemawdated in PSPICE. The bias currents are
taken asd; = 5QUA (gm = 273.13A/V) and k2 = 10QLA. The value of resistors are taken as=R
11KQ, R, = 8KQ, Rz = 8KQ in figure 2.11 which indicate current gain equads3 and
transresistance gain is equals to 24K he time and frequency responses of the figuté as
current amplifier are shown in figure 2.13 and fe®.14 respectively. Similarly, frequency
response of the figure 2.11 as transresistanceifengg shown in figure 2.15.

10
2 al T T T

T T T T T

15

1

Current (A)
o °
w o w

'
-

-
(4

Time (Second) %107

Figure 2.13 Time response of current amplifierwirshown in figure 2.11
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Figure 2.14 Frequency response of the current &isypdhown in figure 2.11
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Figure 2.15 Frequency response of the transresestamplifier shown in figure 2.11

The value of resistor was taken as R = 192K figure 2.12 which indicate current gain equals
to 3. The time and frequency responses of the digut2 are shown in figure 2.16 and figure
2.17 respectively.

x10

Current (A)

Time (Second) %107

Figure 2.16 Time response of current amplifierwirshown in figure 2.12
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Figure 2.17 Frequency response of current amplifreuit shown in figure 2.12

2.3.2 Transconductance amplifier and voltage ampiiér:

VDCC based transconductance amplifier is shownguaré 2.18. The transconductance gain is

the ratio of output current to the input voltagbeTransconductance gain is described as follows
For non-inverting amplifier —

v, R (2.8)
For inverting amplifier -
Vi R, '

P W94> lwp
Vi
N WN4> |WN
Z X
R, j R, j

Figure 2.18 VDCC based transconductance amplifier
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Voltage gain is the ratio of output voltage to theut voltage. If output is taken at X terminal in

terms of voltage then it is called as voltage afigpliThe voltage gain for figure 2.18 is given by

\%
V—’: = g Ry (2.10)

From figure 2.18, it is clear that we can get twpes of amplifiers from single circuit i.e.
voltage amplifier and transconductance amplifidrisTs also the unique advantage of VDCC.
2.3.2.1 Simulation results:

The amplifier shown in figure 2.18 was simulatedPBPICE. The bias currents are takengas |
= 5QuUA (gm = 273.13A/V) and Ig; = 10QuA. The value of resistors are taken asRL1KQ, R,

= 11KQ in figure 2.18 which indicate voltage gain equils3 and transconductance gain is
equals to 273.130/V. The time and frequency responses of the figufie8 as voltage amplifier
are shown in figure 2.19 and figure 2.20 respebtiv@imilarly, time and frequency response of
the figure 2.18 as transconductance amplifier swshin figure 2.21 and figure 2.22.

02 T T T T T T T Vp
045 L444!1

0.1+ -

=
s
&~ 0.05- — e J
7]
& ,
g 7
o
> 0.05 — — .
01 4
0.15 1 1 1 1 | 1 1 1 ol
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (second) %107

Figure 2.19 Time response of voltage amplifierwirshown in figure 2.18

3.5 T T T T T T T T

3 —_— i

Voltage Gain
- N
- o N o
T T T T
1 1 1 1

e
2
1

1

0 PR " 1
10° 10"

P n 1
102

P n 1 1
10°

10 10°
Frequency (Hz)

1

P L 1
10°

P L L
107

10% 10°

Figure 2.20 Frequency response of the voltage &emsihown in figure 2.18
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Figure 2.22 Frequency response of the transconacest@mplifier circuit
2.4 Applications of VDCC as negative impedance coaxter (NIC):

A negative impedance converter (NIC) is a suitablélding block in synthesis of several
biguads, including notch filter [3]. The implemetida of NIC using VDCC is shown in figure
2.23.

From figure 2.23, it is clear that the impedaneasfer is
ZL

Lin = — 2.11
in= = (211)

If we take Z; = gi then the impedance transfer is
Zin=—Z, (2.12)
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By chang

ing the input and output, we find that N8Ceciprocal

VDCC
Wy

Z1=1/gm Z

L

Figure 2.23 Negative impedance converter using VDCC

2.4.1 Simulation results:

The NIC shown in figure 2.23 was simulated in PSRIChe bias currents are taken gs4
50uA (gm = 273.13A/V) and g2 = 10QuA. The value of impedances are taken as=2/gy, =
3.66KQ, Z, = 3KQ which indicate #= -Z = -3KQ. By PSPICE simulation we get the slope of
V-l curve equals to 2.91K which is nearly equal to theoretical value. Fig@r24 shows the

voltage current curve for NIC. Figure 2.25 showes vlariations of current through input voltage
due to bias currengi.

Current (A)
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Figure 2.24 V-I curve for NIC
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—1B1=10pA
—1B1= 30pA

IB1 = 50pA
—o—B1= T0pA

E-N o "

N

Current (A)
(=4

.
N

0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
Input Voltage (V)

Figure 2.25 Variations of current through inputtagke due to bias curreng |

2.5 Conclusion:
A novel active building block namely VDCC has belscussed in detail in this chapter. Its DC

and AC characteristics of input-output have beenfigd using PSPICE simulation. The basic
signal processing applications such as amplifierd aegative impedance converter were
designed using VDCC and simulated in PSPICE.
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Chapter 3

Grounded and floating inductor realization using VDCC and its
application as higher order Butterworth filter

3.1 Introduction:

This chapter deals with electronically-controllad@ssless grounded inductance (Gl) and
floating inductance (FI) simulators employing omlge voltage differencing current conveyor

(VDCC), one grounded capacitor and one groundestoes

For signal processing at low to medium frequencpessive inductors are not preferred for
integrated circuit realization. Besides being bultheir quality factor is also very poor. Thus

inductors are simulated rather than integratecheri@.

Many simulated grounded inductors (Gl) and floatinductor (FI) simulator circuits using
different active elements such as op-amps, CCs, IBCCFOAs, FTFNs, OMAs, DVCCs,
DDCCs, CDBAs, CFTAs, CDTAs, OTA, combination of @8d OTA and DXCCII have been
proposed, but they suffer from following drawba{Xs

l. requirement for passive component matching conustio
Il. realizing only lossy or negative inductance simiat
M. use of excessive number of active components and

V. use of at least three passive elements.

Recently, several active devices have been intedlue [1], where VDCC is one of them.
VDCC provides electronically tunable transconducgagain. It also transfers both voltage and
current to its relevant terminals. It is very shigfor the design of several inductor simulators,

amplifiers and active filters.

With the help of grounded inductor simulator, & drder butterworth HPF circuit has been
realized and using floating inductor simulator,"aotder butterworth LPF circuit and“order
BPF circuit have been realized. The validity ofsiecircuits has been verified using PSPICE
simulations with TSMC CMOS 0.18n process parameters [2].

20



3.2 VDCC based grounded inductor:

Grounded inductance realization circuits using VD&E€ shown in figure 3.1. All these circuits
are designed with single VDCC, one grounded capachd one grounded resistor. Using
routine circuit analysis of all these circuits, #guivalent inductance, equivalent resistance and
input impedance can be found which is given indgébll, where negative simulated inductor is

used for many applications like active filters, Edance matching in microwave circuits,

designing of oscillators and analog phase shitr|[2].

Table 3.1 Grounded inductance realizable forms [2]

Circuit Zeq (input impedance)  dq (equivalent | Req(equivalent Type
inductance) resistance)
Fig. 3.1(a) SER1/gm CiR1/gm - Pure +L
Fig. 3.1(b) -S(R1/gm -C1R1/gm - Pure —L
Fig. 3.1(c) SGR/gn+ Ry CiR1/gm R: +L series with +R
Fig. 3.1(d) SGR1/gm - Ry CiR1/gm -R; +L series with -R
Fig. 3.1(e) -SERY/gm + Ry -C1R1/gm R1 -L series with +R
Fig. 3.1(f) -SGRy/gn- Ry -C1R1/Onm -R; -L series with -R
lin_ W J li J
Vi n P Vl.r; n W,
vDCC vDCC
r p W, __|_ P, W, __|_

R1

I—w—— x

(@)

Rq

I—w— =

(d)
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Vin

Wp

VvDCC

R4

I—wmw— x

(b)

Vin

W,

vDCC

VvDCC

(e)

VDCC

W,

i

R;

]

A
|
I—w— x

() (f)

Figure 3.1 Grounded inductance realized using siNfICC [2]

3.2.1 Simulation results for lossless grounded indtor:

The circuit shown in figure 3.1 (a) and (b) wermgiated with the following passive elements
value: R - 1KQ and G = 80pF, takingd:=50uA and k,=10QuA which results in g=273.13.S
and Leq= £0.29mH. The simulation results are shown inffgy8.2 and figure 3.3 respectively. It
can be seen that simulated value of inductanceristant with frequency and is approximately

equal to theoretical value of inductance.

Figure 3.4 exhibits the tuning property of the VDB&sed grounded inductance circuit given in
figure 3.1(a). Variation of the inductance value dhanging g; as 1QA (L=0.75mH), 3QA
(L=0.37mH) and 60QA (L=0.26mH) is shown in figure 3.4. Hence, it isared that the tuning of

the inductance value can be performed easily \@atmtrol currentgh.
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3.3 4" order high pass Butterworth ladder filter:

Passive prototype of thé"order high pass butterworth filter is shown inufig 3.5(a). In this
circuit, grounded inductors are used which candmaced by the simulated inductance. The
VDCC based simulated grounded inductance is shovitlgure 3.1(a) which is used to design a
4™ order HPF as shown in figure 3.5(b).

The transfer function for'order high pass butterworth filter is given by

Vout
Vin
S4
= R Rs Rs 1 1 1 1 1 R 1 R 1
4 25 3(2S 228, - 4= 2(_ = 4 _ - 4 - S 1 S
s (1 + RL) ts (L1 TLTRGT RLC1) ts (L1C1 LG tLG T RchLl) ts (L1C2RLC1 + LZCZLl) T GGLL,
(3.1)
RyC R,C
Wherel, = — and L, = =22
dm1 9gm2

Om1 and gy, are transconductances of two VDCC blocks respelgtiv

Rg C C,

e Vour

Vin € ng ng = Ry
(a)
RS C] C2
i [ - Vou
\ﬁn”b LI N WPJ LI N WPJ RL
vDCC VDCC
p " wNl P WN:l

TIilTT
171

(b)
Figure 3.5 & order HP butterworth ladder filter (a) Passivetpiype

(b) VDCC based GI simulator based realization ¢ircu
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3.3.1 Simulation results:

To design the circuit for a pole frequency of 1MMath butterworth characteristics, the
normalized design {&= 1Hz) was obtained with the following componevdtues -

R.=Rs=1Q, C; =0.2768F, €= 0.0780F, L=L, =0.1217H

The passive elements are selected as Rs = 2KQ and G = 0.1384nF, €= 0.03nF and L=

L, = 0.2434mH (by applying magnitude scaling and dewy scaling in normalized design)
which results in pole frequency of 1MHz. The induate of figure 3.1(a) was used to design a
4™ order high-pass butterworth filter. The perfornamd simulated grounded inductance has
been verified by taking R= 1KQ, C; = 69.65pF andg= 283.8A/V (Ig1 = 651A, lg2 = 10QuA)

in figure 3.1(a), which results in;l= L, = 0.243mH. The simulated inductor result is shomwn
figure 3.6.

The frequency response df drder high pass butterworth filter is shown irufig 3.7 which has
pole frequency of 995 KHz which is close to 1MHheTtransient analysis is shown in figure
3.8. For the testing of the input dynamic rangeheaf A" order HPF, sinusoidal signal of £
1MHz with different amplitudes are applied to tmgut. The total harmonic distortion of the
output signal versus amplitude of the input sigaahown in figure 3.9. The result shows that
for input signal with amplitude lower than 300mVageo-peak, the THD remains below 3%.
By PSPICE simulation, the power dissipation of fifter was calculated as 1.85mW which is
acceptable to design an IC implementation.
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Figure 3.6 Inductor simulation result fof érder HPF
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3.4 VDCC based floating inductor:

The floating inductor (FI) circuit is shown in fige13.10. The circuit employs one VDCC, one
grounded resistor and one grounded capacitor, dgif@inded inductor circuits, to realize

electronically controllable lossless FI circuit.[Boutine circuit analysis yields

= (8m/sCR)

L SR

(B.2
The above matrix shows that circuit simulates aléss floating inductance with the inductance

value given by

RC
Log = — 3.3
eq ~ g (3.3)
l4 I

(e, P W, o]
+ +

VvDCC
V1 v2

n W,

Figure 3.10 Floating inductor circuit [3]

3.4.1 Simulation results:

The circuit shown in figure 3.10 was simulated whle following passive elements value: R =
10KQ and C = 10pF, takings4=50uA and k>=10QuA which results in g=273.13S and leq=
0.366mH. The simulation result is shown in figur&13 It can be seen that simulated value of
inductance is constant with frequency upto 10MHd & approximately equal to theoretical

value of inductance.
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Figure 3.11 Inductor simulation result of figurd@.

3.5 Second order band pass filter:

The workability of floating inductor (FI) circuitsidemonstrated by realizing band pass filter,
where floating inductor is used which can be regdialby the simulated floating inductance. The
VDCC based simulated floating inductance is shawfigure 3.10 which is used to design™d 2
order BPF as shown in figure 3.12.
The transfer function for"® order band pass filter is given by

sE22)

Vout __ R1Cq

- R
Vi 2 28m gm
in S +S(—R1C1) R1C1C;

(3.4)

where pole frequencyw(), quality factor (Q) are given by

_ gm
Wy = /—Rlclcz (3.5)

Q=— |22 (3.6)
Rz 4/ 8mC2 '
C
|2 Vo
Cvin p W, |
vDCC
Rz
n Wn
z X
c, =/ R4

Figure 3.12 % order band pass filter realization with VDCC bagédimulator [3].
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3.5.1 Simulation results:

To design the circuit for a pole frequency of 1M&lmd Q=0.707, the filter was simulated with
PSPICE program. The passive elements are selestRd=a70KQ, R, = 22.6KQ and G = G, =
10pF. The bias currents are selectedgas=I5QUA (gm = 273.13A/V) and lg; = 10QuA. The
frequency response is shown in figure 3.13. Thaikited pole frequency of BPF was measured
as 1.09MHz. By PSPICE simulation, the total powissigation for this filter was calculated as
0.845 mW which is acceptable to design an IC impletation.

06 | ““‘c “\\“ |

Gain

04 \ L

02f \A
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10° 10! 10% 10° 10* 10° 10° 107
Frequency (Hz)

Figure 3.13 Frequency response Sf@der BPF

3.6 4" order low pass Butterworth ladder filter:

Passive prototype of the fourth order low passédowidrth ladder filter is shown in figure

3.14(a). In this circuit, floating inductor is usedhich can be replaced by the simulated
inductance. The VDCC based simulated floating itgluce is shown in figure 3.10 which is
used to design d"order LPF as shown in figure 3.14(b).

The transfer function for"4order low pass butterworth filter is given by

Vout
Vin
I
_ L1L2C1C2
Rs . 1 1 1 1 R 1 R 1 R
4 3(2S 4~ 2 S 1 S S
st (L1 + RLC4) +s (L1C3 toetne RLC4L1) +s (L1C3RLC4 tLCL TLGR.G, T L2C3L1)
1 Rs
TOGLL, T LGR.GL,
(3.5)
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WhereL, = 2% and L, =

Imi Im2

Om1 and g,z are transconductances of two VDCC blocks respelgtiv

R2C;

Ly L,
Vin R M m ,VO
E— — G} § R
(@)
Vin R
. Y P Wp P WP =VO
W W
N N | N N l

Tz X -G Tz X o TR

C,— R, 1 G, o R, | 1
(b)

Figure 3.14 R order LP butterworth filter (a) Passive prototype
(b) VDCC based FI simulator based realization ¢ircu
3.6.1 Simulation results:
To design the circuit for a pole frequency of 1MMath Butterworth characteristics, the
normalized design {&= 1Hz) was obtained with the following componevatues -
RL = Rs=1Q, C3 = 0.2942F, = 0.12185F, |.= 0.12185H and 4= 0.2942H

The passive elements are selected as Rs = 1KQ, C; = 0.2942nF, ¢= 0.12185nF, L =
0.12185mH and 4 = 0.2942mH (by applying magnitude scaling and dewy scaling in
normalized design) which results in a pole freqyeoic 1MHz. The inductance of figure 3.10
was used to design & #rder low-pass butterworth filter. The performanésimulated floating
inductance has been verified by taking-R3.32KQ, C; = 0.01nF, R = 8KQ, C, = 0.01nF and
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Om1 = Gne = 273.13A/V (Ig; = 5QUA, Igz = 10QWA) which results in L = 0.123mH and L=
0.288mH. The simulated inductor results are showfigure 3.15.

The frequency response df drder low pass butterworth filter is shown in figi8.16 which has

pole frequency of 1.03MHz which is close to 1IMH#heTtransient analysis is shown in figure

3.17. For the testing of the input dynamic rangeheflih order LPF, a sinusoidal signal of#

1MHz with different amplitudes are applied to tmput. The total harmonic distortion of the

output signal versus amplitude of the input sigeahown in figure 3.18. The result shows that

for input signal with amplitude lower than 250mVageto-peak, the total harmonic distortion

remains below 2%. By PSPICE simulation, the powssigation of the filter was calculated as

1.70mW which is acceptable to design an IC implesatem.
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3.7 Conclusion:

This chapter covers the realization of grounded Hoating inductors using single voltage

differencing current conveyor and only two pas@&iaments, and its application in realization of

higher order butterworth filter. These circuits @esimulated which verified the usability of

VDCC in the analog signal processing among the Inagtve building blocks. The grounded

and floating inductance simulators yield the follogradvantages [2]:

(i)

(i)
(iii)

They use minimum number of active and passive alsn@ single active element,

one grounded capacitor and one grounded resistor),

They have electronically tunability by means of bh&sing currentgh and

They don’t require passive component matching.

This chapter introduces VDCC based Gl and FI sitouda The workability of these circuits has
been confirmed by higher order filter design amilans using PSPICE. Table 3.2 shows the

comparison between theoretical values and simulaikes.

Table 3.2 Comparison between theoretical valuessandlated values

i

Sr. No. Filter Theoretically design | Practical value o
value of pole frequency pole frequency
1. 4" order high pass butterworth filter 1MHz 995KHz
2. 2% order band pass filter 1MHz 1.09MHz
3. 4" order low pass butterworth filter 1MHz 1.03MHz
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Chapter 4

Single VDCC based second order filter realization

4.1 Introduction:

Filter is an electronic circuit that performs aguency selection function: passing signals whose
frequency spectrum lies within a specified ranged atopping signals whose frequency

spectrum falls outside this range.

In the present chapter we have dealt with the zatdin of single VDCC based biquad. Biquad
filters are an important class of active filtersigthcan be used for realization of higher order

filters.

Biquad filters can be classified in the followingtegories namely (i) fixed structure type (ii)
variable structure type. Another classification niiyin terms of number of inputs and outputs

viz single / multiple input single / multiple outipu

In the following we present a general structureaddingle input single output biquad filter in

which by appropriately choosing different admittesicdifferent 2 order filters can be realized.

4.2 General structure of single VDCC biquad:

Let us consider the single VDCC biquad, which isvah in figure 4.1, where the VDCC is
connected to five passive elements. By analysigafe 4.1, we obtain the following transfer

function (assuming an ideal VDCC) —

gmY1Y3
Vout _ Ys

Vin Y1Y3+Y1Y4+Y2Y3+Y2Y4—%

(4.1)

It can be seen that equation (4.1), expressednmstef admittances, is able to perform several

2" order voltage filtering operation, including lowass, high pass and band pass functions.
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Y,

]
}—‘ZE

D hd Vout
Y;

Ys Ya

{1

Figure 4.1 Circuit for the synthesis of single VDGiQuads

4.2.1 Low pass filter:
If the value of admittances shown in figure 4.1aisen as follows —

Y1=1/R, Y2 =5G, Y3=1/R, Y4 =5G, Y5 = 1/R; (as shown in figure 4.2), then the transfer
function becomes

v gdmR3
out __ R1R7C1Cy
Vi - Sz+S( 1 1 ng3), 1 (42)
m R1C1 RzC2 R2C1/ R1R2C1C3
which is the transfer function of LPF.
R1
Vin e l P Wp >
G
I I "1
— = Z X
\ o Vout
R, L

) ICZ

Figure 4.2 Circuit for LPF
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The pole frequencyup), quality factor (Q) and DC gain (K) of the cirtare given as

1
a)=/—
0 R1R;C1C;
C1C2
R1R3

Q _'C1+£g_9mR3C2

Rz Rp R2

K= ng3

4.2.2 High pass filter:

(4.3)

(4.4)

(4.5)

If the value of admittances shown in figure 4.1aisen as follows —
Y1=5G, Y2=1/R, Y3=58G, Ys = 1/R, Y5 = 1/R; (as shown in figure 4.3), then the transfer

function becomes

(4.6)

VOUt

Vout __ ng352
Vi 2 1 1 gdmR3) 1
S +S(R161'R2C2 chl)'Rleclcz
which is the transfer function of HPF.
C
Vin O—H P Wp >
Ry
Nk i
VQ;{
Rs G

Figure 4.3 Circuit for HPF

Rz

The pole frequencyup), quality factor (Q) and high frequency gain (K)tbe circuit are given

as
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1
R1R;C1C;
C1C2
R1R>

Q= €1, C2_gmRsCz (4.8)
Rz Rq Ry

K = gmR; (49)

4.2.3 Band pass filter:
If the value of admittances shown in figure 4.1aisen as follows —
Y1=5G, Y2=Ry, Y3=1/R, Y4 =G, Ys = 1/R; (as shown in figure 4.4), then the transfer

function becomes

v gmR3s
out __ RyCo
m R1C1 RC2 RzC1/ R1RC1C3
which is the transfer function of BPF.
G
Vin D—H P Wp >
Ry
" "1

‘M&T. Vout
R C,

2

F“ l

Figure 4.4 First circuit for BPF

Similarly, if we take the value of admittances shawfigure 4.1 is taken as follows —
Y1=1/R, Y, =5G, Y3=58G, Ys=1/R, Ys = 1/R; (as shown in figure 4.5), then the transfer

function becomes
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gmR3s

Vout _ R1Cq
7T N 1.2y v (4.11)
n R1C1 R2Cz R2C1/ R1R2C1Cy
which is also the transfer function of BPF.
R:
Vin e L P Wp »
G
I I "1
o
C
R3 ? RZ

Figure 4.5 Second circuit for BPF

The pole frequencya(), quality factor (Q) and center frequency gain@Kof the circuit are

given as follows
1
wy = |——— (4.12)
R1R,C4C;
C1C2
R1Ry

Q = C1,C2 gmR3Co (413)
oA e

gmR3Cq

Center frequency gain (-KQW (4.14)
Rz R1 Ry

4.3 Simulation results:

To prove the theoretical validity of single VDCQjbad filter of figure 4.2, 4.3 and 4.4 for pole
frequency () = 5MHz and Q=0.707, the filters were simulatedhwPSPICE program. The
passive elements are selected asR.25KQ, R, = 4.5KQ, R; = 3.67KQ and G = G, = 10pF.
The bias currents are selected@s=I15QA (gm = 273.13A/V) and lg; = 10QuA. The LPF, HPF
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and BPF frequency responses and time responseshamen in figure 4.6 to figure 4.11
respectively. The simulated pole frequency of LPIPF and BPF were measured as 5MHz,

4.56MHz and 4.79MHz respectively. The sensitiatyo, is given as follows

w 1
Set Rk = 5 (4.15)

For the testing of input dynamic range of tHe @der filters, a sinusoidal signal qf # 5MHz

with different amplitudes are applied to the inplihe total harmonic distortion of the output
signal versus amplitude of the input signal is stow figure 4.12. The result shows that for
input signal with amplitude lower than 300mV peakseak, the total harmonic distortion
remains below 2%. By PSPICE simulation, the totaver dissipation of the single VDCC
biguad was calculated as 0.845 mW which is accéptabdesign an IC implementation. Table

4.1 shows the comparison between theoretical vaodsimulated values.

Table 4.1 Comparison between theoretical valuessandlated values

Sr. No. Filter Theoretically design valu¢ Practical value of pole
of pole frequency frequency
1. Low pass filter 5MHz 5MHz
2. High pass filter SMHz 4.56MHz
3. Band pass filter 5MHz 4.79MHz
12
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Figure 4.6 Frequency response of low pass filtemshin figure 4.2
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4.4 Conclusion:

This chapter covers the realization of single VDk&3ed second order filters such as low pass
filter, high pass filter and band pass filter. T8iegle VDCC based voltage mode second order
filters have been proposed and simulated whichfigdrithe usability of VDCC in the analog

signal processing among the novel active builditaghs. The time responses and frequency

responses for these filters have been shown whashsimulated using PSPICE.
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Chapter 5
Tow-Thomas and KHN biquad filters using VDCC

5.1 Introduction:

In the previous chapters, applications (amplifiansl filters) of VDCC in voltage mode signal
processing have been discussed. The VDCC is atieraetive building block similar to other
derivatives of current conveyors. A VDCC combindse tfeatures of an operational
transconductance amplifier and a current convelyothis chapter, we discuss in detail about
novel application of VDCC in the realization of tae mode and current mode multifunction
filters with the following features.

0] tunability of bandwidth and

(i) tunability of central frequency
But before we discuss, it is necessary to haveiaweof universal / multifunction biquad filters.

Realizations of filters, particularly biquad fillehave been a very prominent application of any
active building block. Out of different filter cagbirations implemented from these active
building blocks, multifunction / universal filteealizations are preferred because they provide
more than one filter functions from the same stect Apart from their usual application as
standard second-order building blocks, multifunctexctive biquad filters find applications in
touch tone telephone systems, crossover netwosd insthree-way high fidelity loud speakers,

phase locked loop and FM stereo demodulators [1].

Multifunctional filter can be made on the basistleé number of inputs and number of outputs
present in a particular realization. In single-ihgingle-output (SISO) multifunctional filters,
there is only one input and one output responsdad@ at a time. In single-input multiple-
outputs (SIMO) type multifunctional filters, oneput is required and different output responses
are simultaneously available at different-differgoints of the circuit. In multiple-input single-
output (MISO) type filters, multiple inputs are téiggd and a single output response is available

at a time. Lastly, in multiple-inputs multiple-outp(MIMO) class, more than one input is
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applied and a particular output response can bairduat by judicious choice of inputs or
combinations thereof.

In another classification, multifunctional filtexsan be of fixed topology type in which the
number and nature of the active and passive elesmentain fixed and usually at least three out
of the five generic filtering functions namely “lgpass, high pass, band pass, notch and all pass”
are simultaneously available in voltage-mode /entrmode or both. Multifunctional filters can
also be of variable topology type in which the matand number of elements vary for different
output responses. A multifunction biquad is saithéo'universal’ if it is capable of realizing all
the five standard filter functions.

In this chapter we have proposed multifunction bdjilters based on the use of two integrators
connected in cascade in an overall feedback lood éae thus known as two integrator loop
circuits), proposed by Tow-Thomas and Kerwin-HuglesaiNewcomb. The name biquad stems
from the fact that these circuits in its most gahéorm is capable of realizing a biquadratic

transfer function, that is, one that is the rafibnm quadratic polynomials.

5.1.1 Kerwin-Huelsman-Newcomb (KHN) biquad filter 2-4]:

The KHN biquad filter is used for multifunction tering structures. This structure is based on
the use of two integrators connected in cascada ioverall feedback loop. The most important
feature of this structure is to provide second phdgh-pass (HP), band-pass (BP) and low-pass
(LP) responses simultaneously. KHN-biquad filteigemerally used because it provides some
advantages like low active and passive sensitsjilnv component spread and sufficient stable
response [2-4]. There are different active bloekich are used to design KHN biquad filter.

Some of them are operate in voltage mode and otherarrent mode. The block diagram of

KHN-biquad filter in voltage mode is shown in figus.1.
Consider a %' high-pass filter with transfer function

Ks?
@0

Q

Tp(s) = 22 = (5.1)

s2+s=2+ w2

where K is the gain at high frequency. By rearraggiquation (5.1), it becomes
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b3 220) + (30,) = K 62

O‘b—\

V, Lo - 20y, =V

p

Figure 5.1 Block diagram of KHN biquad filter usitwgo integrators in feedback loop [2-4]

The signal V, can be derived from eq. (5.2) as follows

1/(w w?
Vip = KVi = 3 (Vi) — (2 Vi) (5.3)
The output of first integrator is band pass signabse transfer function is given as follows

—K(l)os

sz+s%+wg

_ Ybp _
Tpp(s) = = (5.4)
where the center frequency gain of the band péss i equal to —KQ. Similarly, the output of

second integrator is low pass signal whose trarfigfertion is given as follows

Kw}

s2 +s%+w§

Tip(s) =32 = (5.5)

where the DC gain of low pass filter is equal to K.

The two integrator-loop biquad filter realizes #teasic second order filter functions high pass,
band pass and low pass simultaneously. This cirsurery much popular and it is commonly
known as universal active filter (KHN biquad).
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5.1.2 Tow—Thomas (TT) biquad filter [5]:

The block diagram of TT biquad filter is shown igure 5.2. In TT based filters, two outputs can
be taken simultaneously such as low-pass (LP) amdl [pass (BP) responses. Two negative
integrator loops are used in which one is ideagrdtor and other one is lossy integrator [5]. TT
biquad filter has been implemented using Op-ampRATCCII and DVCC [5]. The block

diagram of TT biquad filter in voltage mode is show figure 5.2.

Vip

r/ sr, +1 i

ST,

Figure 5.2 Block diagram representation of the Tidvemas (TT) biquad filter [5]

5.2 The proposed VDCC based voltage mode Tow-Thom@ET) biquad filter:

VDCC 1

X

We

Wy

L

R1

RZ C1
Vi

L

VDCC 2

z

Wp

Wi

1

1=
f§R3

Ry Rs

Figure 5.3 Proposed voltage mode multifunctionakdithomas biquad filter using VDCC
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The block diagram of voltage mode (VM) multifunctiadrow-Thomas (TT) biquad filter is
shown in figure 5.2. The proposed VDCC based veltagde multifunction TT biquad filter is
shown in figure 5.3. In this, the important thisgthat the passive elements are used as grounded

element (except one resistor). So it is easy todate in the form of IC.

From the circuit analysis of the circuit shown igufre 5.3, the transfer function of band pass

response is given as follows

S
_Vp _ ~ C1Ry
TBP (S) - Vl_ - SZ \ S .gm19m2R1R4 (56)
"R3C1 C1C2R2Rs

It is clear that this transfer function is resuitim inverting band pass response. Similarly, the

transfer function of low pass response is givefobsws

9Im2R4

_Vip _ C1C2R2R5
72P(S)'— v; T g24_S _9migm2RiRs (5.7)

"R3C1 C1C2RzRg

It is clear that this transfer function is resuitimn non-inverting low pass response. By
interchanging the above two VDCC blocks resultinghbn-inverting band pass response and

non-inverting low pass response.

The important parameters of this filter are polegtrency &), bandwidth (BW) and quality
factor (Q) which can be expressed as follows (bmmgaring equations (5.6) and (5.7) with
equations (5.4) and (5.5) respectively)

Imi9mz2R1R
C1C2R3R5

1
BW =
R3Cy

_ _ Im19m2R1Ra
Q = R3Ciwo = R3(4 ’—CchRZRS (5.10)

For low pass response, the DC gain (K) is given by

(5.9)

1
K = 5.11
9miR1 ( )
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For band pass response, the center frequency-¢a@) {s given by

—KQ=-= (5.12)

wheregm1 is transconductance of block VDCC 1 ang i transconductance of block VDCC 2.
The sensitivities ofvoy and Q of proposed filter are given as follows

w 1
SeoCoRaks = ~ 3 (5.13)
wo _ l
SomygmpRiks = T3 (5.14)
Sky = 0 (5.15)
Q _ 41
ngzigml:cl;Rl,R4 - + 2 (516)
Q _ 1
SRz,Rs,Cz - 3 (5.17)
s¢ = 41 (5.18)
Rz — .

It can be remarked that bandwidth (BW) can be aeégudy varying the resistorsRvithout
affecting the pole frequencw{). Pole frequency can be controlled by varying R, Rs, R5 and
transconductances. Here important feature is tbkg frequency and bandwidth can be tuned

independently.

5.2.1 Simulation results:
To prove the theoretical validity of the proposemiwIThomas (TT) biquad filter of figure 5.3 for

pole frequency () = 3MHz and Q=0.707, the filter has been simulatéth PSPICE program.
The passive elements are selectedas Ry = 3.5KQ, R, = Rs = 12.7KQ, R3 = 9.4KQ and G =

C, = 4pF. The bias current are selectedgasI5QUA (gm = 273.13A/V) and k; = 10QUA. The

low pass and band pass frequency responses anddgpenses are shown in figure 5.4 and
figure 5.5 respectively. The simulated pole frequyenf band pass response and low pass
response were measured as 3.16MHz and 3.43MHzatesgg. In the case of band-pass
response, center frequency and bandwidth (BW) eavabed independently which are shown in

figure 5.6 and figure 5.7 respectively.
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For the testing of the input dynamic range of tffea2der Tow-Thomas (TT) filter, a sinusoidal
signal of § = 3 MHz with different amplitudes are applied teetinput. The total harmonic
distortion of the output signal versus amplitudethad input signal is shown in figure 5.8. The
result shows that for input signal with amplitudsver than 400mV peak-to-peak, the THD
remains below 2%. By PSPICE simulation, the totalvgr dissipation of the filter was

calculated as 1.69 mW which is acceptable to demmglC implementation.
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Figure 5.4 Frequency Response of proposed multifumed VM TT biquad filter
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Figure 5.8 Dependence of output voltage THD on imaltage amplitude of VM TTF

5.2.2 Independent tuning of gain, bandwidth and p@ frequency:
For the independent tuning of gain, bandwidth amlé frequency, let us assume that

R2 == R4 = R, (519)
and R, =R;=R" (5.20)
Then
_  |9m19mz
Wy = /—C1C2 5.71)
BW = — (5.22)
R3C1

Q = R3Ciw¢ = R3Cy ’M .48)

For low pass response, the DC gain (K) is given by

K= —— (5.24)

ImiR"

For band pass response, the center frequency-¢d®) (s given by
—-KQ=—— (5.25)

The sensitivities ofv, and Q are given as follows

wo 1

Seo, = =5 (5.26)
S om, = +3 (5.27)
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§eo =0 (5.28)

R3'RI1RH
Q _ 1
Serrgmics = +3 (5.29)
s& = - (5.30)
Spo=+1 (5.31)
s¢ =0 (5.32)
R',R )

It is clear for low pass filter from equation (5)4%5.22) and (5.24) that the pole frequency and
DC gain (K) can be varied independently withoueefing each other.

Similarly, it is clear for band pass filter from wgion (5.21), (5.22) and (5.25) that pole
frequency and center frequency gain (-KQ) can bee#aindependently. FOR' = R, the

bandwidth can be varied without affecting pole trecy and center frequency gain (=1).

To prove the theoretical validity of these assuormifor pole frequency djf = 3MHz and
Q=0.707, the filter has been simulated with PSPp@&igram. The passive elements are selected
as R=259KQ, R"=R, = R;=3.66 KQ, R” = R, = Re= 3.66KQ and G = G, = 14.5pF. The
bias current are selected as ¥ 5QUA (gm = 273.13A/V) and 2 = 10QuA. The low pass and
band pass frequency responses and time resporsesha@wn in figure 5.9 and figure 5.10
respectively. The simulated pole frequency of bpads response and low pass response were
measured as 3.02MHz and 3.3MHz respectively. Figuté to figure 5.14 shows the variation

in one parameter without affecting the other patanse

1
T T —— T T P
‘\‘ BP

0.8 - \ -

06 “‘ il

Gain

0.4 \ i

02} .

0 4 . | e I |
10° 10? 104 10° 10 10" 10"
Frequency (Hz)

Figure 5.9 Frequency Response of proposed VM Tuidudilter
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Figure 5.12 Variation in DC gain while other paraens are constant

54



1 T T T T
- ——C2=14pF
C2=17pF
C2=20pF
08 C2=14pF
C2=17pF
06 C2=20pF
£ | |
[0}
o
04} _
02} _
0 | T T _ I
10° 10 104 10 10" 10"

Frequency (Hz)

Figure 5.13 Variation in pole frequency while otparameters are constant

1.2 T T T T
—— R2=R3=Rd=1.6KQ
——R2=R3=R4=2.1KQ
1+ —— R2=R3=R4=2.6KQ
08+ J
£
@ 0.6 - i
0
04F 4
02F 4
0 ¥ . |
10° 102 10 108 108 10" 10"

Frequency (Hz)
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5.3The proposed VDCC based current mode Tow-Thomas bid filter:

The proposed VDCC based current mode (CM) multtioncTow-Thomas biquad filter is
shown in figure 5.15. In this, the important thirggthat the passive elements are used as
grounded element. So it is easy to fabricate inféhe of IC. From the analysis of the circuit

shown in figure 5.15, the transfer function of baads response is given as follows

gmiR3
s( “CiRy )
gmiR3 : gm18m2R4R3
R1Cq C1C2R2R1

_Igp _
TBP(S) T In o s24s

(5.33)
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Figure 5.15 Proposed current mode multifunctior@kdThomas biquad filter using VDCC

It is clear that this transfer function is resuitim non-inverting band pass response. Similarly,

the transfer function of low pass response is ga®iollows

. gmi18m2R3R4
_ LP _ C1C2R1R2
Tp(s) = N s2+s8miR3 8m18m2R4R3 (5.34)

R1Cq1 B C1C2R2R1
It is clear that this transfer function is resultimmn non-inverting low pass response. The
important parameters of this filter are pole frague (o), bandwidth (BW) and quality factor

(Q) which can be expressed as follows

R5;R
Wy = gmi18m2h3hg (5.35)
C1C2R4R;

ngm1R3 (5.36)
R1Cy

8m2R1R4Cy
= ’— 5.37
Q gm1R2R3C2 ( )
wheregm1 is transconductance of block VDCC 1 ang  transconductance of block VDCC 2.

For low pass response, the DC gain is unity andlasityy for band pass response, the center

frequency gain is also unity. It can be remarked ffole frequency can be controlled by varying

56



R2, Ry, G and g, without affecting bandwidth. The sensitivitiesaf and Q of proposed filter

are given as follows

1
SeeaRary = ~3 (5.38)
w _ 1
Sgmgmy Raks = T3 (5.39)
1
ngz-c1-R1-R4 = +E (540)
S, = -2 (5.41)
9mq,C2,R2,R3 2 .

5.3.1 Simulation results:
To prove the theoretical validity of the proposadrent mode Tow Thomas biquad filter of

figure 5.15 for pole frequencygff= 5SMHz and Q=0.707, the filter was simulated WiASPICE
program. The passive elements are selected asFR = 9752, R, = 6KQ, R; = 3KQ and G =

C, = 2pF. The bias current are selectedsasI5QUA (gm = 273.13A/V) and k, = 10QUA. The

low pass and band pass frequency responses anddspenses are shown in figure 5.16 and
figure 5.17 respectively.

The simulated pole frequency of band pass respanddow pass response were measured as
5.5MHz and 5.54MHz respectively. In the case ofdpass response, pole frequency can be
varied independently (without affecting bandwidif)ich are shown in figure 5.18. By PSPICE
simulation, the total power dissipation of the diiltwas calculated as 1.68 mW which is

acceptable to design an IC implementation.
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Figure 5.16 Frequency Response of proposed muttiumal CM TT biquad filter
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Figure 5.18 Frequency response of TT filter whele frequency is varied and BW is constant

5.4 The proposed VDCC based voltage mode KHN biquddter:

The block diagram of voltage mode multifunction KHduad filter is shown in figure 5.1. The
proposed VDCC based voltage mode (VM) multifunctikdiN biquad filter is shown in figure
5.19. In this, the important thing is that the passlements are used as grounded element
(except one resistor). So it is easy to fabricatiéaé form of IC.

From the analysis of the circuit shown in figur&%.the transfer function of band pass response
is given as follows
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Figure 5.19 Proposed voltage mode multifunctiondNKbiquad filter using VDCC

_ S
CiR2
52+sgm1R1 : Imi19m2R1R3
R2Cy C1C2R2R4

Tgp(s) = 222 = (5.42)

i

It is clear that this transfer function is resuitim inverting band pass response. Similarly, the

transfer function of low pass response is givefobsws

9m2R3
C1C2R2R4
IdmiR1 }gmlgmleRB
RpCq C1C2R2R4

|4
TLP(S) - ‘flp - 5245

(5.43)

It is clear that this transfer function is resuitim non-inverting low pass response. Similarlg th

transfer function of high pass response is giveiok®ys

s2

IdmiR1 =gm1gm2R1R3
R2C1 C1C2R2R4

74
Typ(s) = "/’i” = (5.44)

5245

The important parameters of this filter are polegtrency d¢o), bandwidth (BW) and quality

factor (Q) which can be expressed as follows
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WO = Im19m2R1R3
g = [FREmEis
C1C2R2R,

_ 9miRy
RyCy

Q= Im2R2R3Cq
Im1R1R4C;

For low pass response, the DC gain (K) is given by

BW

1
ImiRk1

For band pass response, the center frequency-¢a@) {s given by

1
ImiR1

—KQ = —

For high pass response, the high frequency gain iK)equal to unity.
transconductance of block VDCC 1 and,gs transconductance of block

sensitivities ok, and Q of proposed filter are given as follows

[OF) — l
SC1,C2,R2,R4, - 2
Wy _ l
gmlrgm21R11R3 - + 2

Q - 41

ngZ'Cl'RZ'R3 - + 2
s¢ = -1
9m1,C2,R1,Re 2

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

Heregm: is
VDCC 2. The

(5.50)
(5.51)
(5.52)
(5.53)

It can be remarked that pole frequency can be clbedr by varying B, Ry, C; and g, without

affecting bandwidth.

5.4.1 Simulation results:

To prove the theoretical validity of the propose#iX biquad filter of figure 5.19 for pole
frequency (§) = 3MHz and Q=0.707, the filter was simulated WRBPICE program. The passive
elements are selected agsRR; = 3.5KQ, R, = 9KQ, Ry = 18KQ and G = G, = 4pF. The bias
current are selected ag E 5QA (gn = 273.13A/V) and Iz, = 10QuA. The low pass, high pass
and band pass frequency responses and time respamsshown in figure 5.20 and figure 5.21

respectively.
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The simulated pole frequency of band pass respdmsepass response and high pass response
were measured as 3.31MHz, 3.45MHz and 3.13MHz otisedy. In the case of band-pass
response, center frequency can be varied indeptndernthout affecting bandwidth) which is
shown in figure 5.22. For the testing of the indyhamic range of the"2order KHN filter, a
sinusoidal signal ofof= 3 MHz with different amplitudes are applied teetinput. The total
harmonic distortion of the output signal versus htenge of the input signal is shown in figure
5.23. The result shows that for input signal withpéitude lower than 200mV peak-to-peak, the
THD remains below 2%. By PSPICE simulation, thaltgower dissipation of the filter was

calculated as 1.69 mW which is acceptable to demglC implementation.
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Figure 5.20 Frequency Response of proposed muttifumal VM KHN biquad filter
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5.5 Conclusion:

This chapter covers the basic theory of biquaerfltand its types such as Tow-Thomas and

KHN-biguad. The VDCC based multifunction voltage deoand current mode biquad filters

have been proposed and simulated which verifiedutability of VDCC in the analog signal

processing among the novel active building bloddsing PSPICE simulation, the results of

tunability of central frequency, bandwidth and gaiare noticed that they are independent to

each other in case of voltage mode Tow-Thomas Hdidjitar. Table 5.1 shows the comparison

between theoretical values and simulated valuddeTa2 shows the comparison of the different

voltage mode Tow-Thomas circuits using differentivec building blocks which confirm the

practical utility of the proposed circuit.

Table 5.1 Comparison between theoretical valuessandlated values

Sr. No. Filter Theoretical | Practical value of pole frequency for
design value off Low pass  High pass Band pass
pole frequency| response response response

1. Voltage mode Tow-Thomas 3MHz 3.43MHz 3.16MHz
biquad filter
2. Current mode Tow-Thomas SMHz 5.54MHz 5.5MHlz
biquad filter
3. Voltage mode KHN biquad 3MHz 3.45MHz 3.13MHz  3.31MHgz
filter
Table 5.2 Comparison of the different voltage mdde/-Thomas circuits
using different active building block [5]
Active Block Resistor Capacitor Independent
element (G=Grounded (G=Grounded gain control
F=Floating) | F=Floating)
Op-Amp 3 6F 2F Yes
OTRA 2 4F 2F Yes
CCll 3(+) 4F 2F Yes
CCll 3(+) 1G + 3F 1G + 1F Yes
CCll 3(+) 2G + 2F 1G + 1F Yes
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CCllI 3(+) 2G + 2F 2G Yes
CCll 3(+) 3G + 1F 2G Yes
CCll 3(+) 4G 2G Yes
CCll 1(+) + 1(-) 2G + 1F 2G No
DVCC 2(+) 3G 2G No
DVCC 1(+) + 1(-) 3G 2G No
VDCC 2 4G + 1F 2G Yes
(Proposed)
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Chapter 6

Conclusion and future scope

6.1 Conclusion:

In chapter 2, a novel active building block nam&CC has been discussed in detail. Its DC
and AC characteristics of input-output have beenifigd using PSPICE simulation. The basic
signal processing applications such as amplifies @egative impedance converter have been

designed using VDCC and simulated using PSPICE.

In chapter 3, grounded and floating inductancese Hasen described which uses only single
VDCC and two passive elements and has been apgliettsign a higher order butterworth

filters which were simulated using PSPICE.

In chapter 4, realization of single VDCC based sdcorder filters such as low pass filter, high
pass filter and band pass filter have been disdussd simulated which verified the usability of

VDCC in the analog signal processing among the Inmstéve building blocks.

In chapter 5, a brief introduction of multifunctidmquad filters design using the two-integrator
in a loop methodology have been discussed. Finsihgle input multiple output type voltage
mode and current mode multifunction biquad filtesing voltage differencing current conveyor
have been discussed. The Tow Thomas biquad fiierltw pass and band pass outputs. The
KHN biquad filter has low pass, high pass and haas$ outputs. The pole frequency, bandwidth
and gain are independently tunable in case of geltaode Tow Thomas biquad filter. These
filters have been simulated in PSPICE using 0.18MOS technology.

6.2 Scope for future work:

In the present work the application of VDCC as rashuctor simulator and biquad filter has been
discussed. VDCC is a very versatile block as it lomms the features of both operational
transconductance amplifier (OTA) as well as curreahveyor (CCIl). It can be used for
realization of oscillators with different propedieFilter circuits with tuning properties in both
current mode and voltage mode can also be reaitédvDCC. Thus there is enough scope for

extension of the work presented in this dissentatio
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Appendix

PSPICE model file used for simulation is TSMC CMOSO0.18 pm process which has

following model parameters -

.MODEL nmos_transistoNMOS (LEVEL=7 VERSION=3.1 TNOM=27 TOX=4.1E-9 XJ=1E-
7 +NCH=2.3549E17 VTH0=0.354505 K1=0.5733393 K2=3172E-3 K3=27.3563303
+K3B=-10 WO0=2.341477E-5 NLX=1.906617E-7 DVTOW=0 DWW=0 DVT2W=0
+DVT0=1.6751718 DVT1=0.4282625 DVT2=0.036004 UO0=37B6992 UA=-4.52726E-11
+UB=4.46532E-19 UC=-4.74051E-11 VSAT=8.785346E4 A®897405 AGS=0.2908676
+B0=-8.224961E-9 B1=-1E-7 KETA=0.021238 A1=8.00349B2=1 RDSW=105 PRWG=0.5
+PRWB=-0.2 WR=1 WINT=0 LINT=1.351737E-8 XL=-2E-8 XWLE-8 DWG=1.610448B-
+DWB=-5.108595E-9 VOFF=-0.0652968 NFACTOR=2.4901845IT=0 CDSC=2.4E-4
+CDSCD=0 CDSCB=0 ETA0=0.0231564 ETAB=-0.058499 DSUB®467118
+PCLM=0.8512348 PDIBLC1=0.0929526 PDIBLC2=0.01 PDIB=-0.1 DROUT=0.5224026
+PSCBE1=7.979323E10 PSCBE2=1.522921E-9 PVAG=0.01 LTAE0.01 RSH=6.8
+MOBMOD=1 PRT=0 UTE=-1.5 KT1=-0.11 KT1L=0 KT2=0.022A1=4.31E-9 UB1=-7.61E-
+18 UC1=-5.6E-11 AT=3.3E4 WL=0 WLN=1 WW=0 WWN=1 WW0 LL=0 LLN=1 LW=0
+LWN=1 LWL=0 CAPMOD=2 XPART=0.5 CGDO=7.7E-10 CGSQZE-10 CGBO=1E-12
+CJ=1.010083E-3 PB=0.7344298 MJ=0.3565066 CJSW%ZQ#E-10 PBSW=0.8005503
+MJISW=0.1327842 CJISWG=3.3E-10 PBSWG=0.8005503 MJSW327842 CF=0
+PVTHO0=1.307195E-3 PRDSW=-5 PK2=-1.022757E-3 WKETA466285E-4
+LKETA=9.715157E-3 PU0=12.2704847 PUA=4.421816ERWUB=0 PVSAT=1.707461E3
+PETAO=1E-4 PKETA=2.348777E-3)

.MODEL pmos_transistdPMOS (LEVEL=7 VERSION=3.1 TNOM=27 TOX=4.1E-9 XJ=1E-7
+NCH=4.1589E17 VTHO0=-0.4120614 K1=0.5590154 K2=63806 K3=0 K3B=7.3774572
+WO0=1E-6 NLX=1.103367E-7 DVTOW=0 DVT1W=0 DVT2W=0 DOWV=0.4301522
+DVT1=0.2156888 DVT2=0.1 U0=128.7704538 UA=1.9086% UB=1.686179E-21
+UC=-9.31329E-11 VSAT=1.658944E5 A0=1.6076505 AGS3%00519 BO0=1.711294E-6
+B1=4.946873E-6 KETA=0.0210951 A1=0.0244939 A2=13MD=-127.0442882 PRWG=0.5
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+PRWB=-0.5 WR=1 WINT=5.428484E-10 LINT=2.468805E-&L=-2E-8 XW=-1E-8
+DWG=-2.453074E-8 DWB=6.408778E-9 VOFF=-0.097417BARTOR=1.9740447 CIT=0
+CDSC=2.4E-4 CDSCD=0 CDSCB=0 ETA0=0.1847491 ETAB2531172 DSUB=1.5
+PCLM=4.8842961 PDIBLC1=0.0156227 PDIBLC2=0.1 PDEB=-1E-3 DROUT=0
+PSCBE1=1.733878E9 PSCBE2=5.002842E-10 PVAG=15 =001 RSH=7.7
+MOBMOD=1 PRT=0 UTE=-1.5 KT1=-0.11 KT1L=0 KT2=0.022UA1=4.31E9
+UB1=-7.61E-18 UC1=-5.6E-11 AT=3.3E4 WL=0 WLN=1 WW3VWN=1 WWL=0 LL=0
+LLN=1 LW=0 LWN=1 LWL=0 CAPMOD=2 XPART=0.5 CGDO=71E-10 CGSO=7.11E-10
+CGBO=1E-12 CJ=1.179334E-3 PB=0.8545261 MJ=0.41377&8JSW=2.215877E-10
+PBSW=0.6162997 MJISW=0.2678074 CISWG=4.22E-10 PB3W8162997
+MISWG=0.2678074 CF=0 PVTH0=2.283319E-3 PRDSW=3692 PK2=2.813503E-3
+WKETA=2.438158E-3 LKETA=-0.0116078 PU0=-2.2514581 PUA=-7.62392E-11
+PUB=4.502298E-24 PVSAT=-50 +PETAO=1E-4 PKETAS847892E-4)
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