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Abstract
Over the past couple of decades, analog signal processing (ASP) has seen a paradigm
shift from voltage mode (VM) to current mode (CM) design technique due to
inherent merits of the CM processing. Though the design techniques are
fundamentally limited by device characteristics; however, for specific applications
CM design may provide one or more of the following advantages: higher bandwidth
and slew rates, lower power consumption and better signal linearity and accuracy.
Additionally, current mode circuits may lead to significant chip area saving also
owing to their less complex designs than the voltage mode circuits.
The merits of CM design has led researchers to explore variety of CM analog
building blocks (ABBs) and existence of numerous such blocks in literature is a
testament of the same. These ABBs find applications in various analog signal
processing and generating circuits. The voltage differencing transconductance
amplifier (VDTA) is one among the other CM ABBs which is conceptually
presented by Biolek et al. in 2008. The VDTA is a voltage input current output ABB
having two transconductance gain stages which helps in realization of resistor-less
compact CMOS applications. Additionally, the transconductances of the VDTA can
be tuned through bias current which facilitates electronic tunability of the system
parameters. Thus, VDTA is a preferred choice for designing on-chip high frequency
applications. Its first CMOS realization was present by Yesil et al. in 2011.
Further, fractional order (FO) circuits and systems are gaining researcher’s increased
attention as these provide extra degree of freedom and models natural systems more
precisely as compared to their integer order counterparts. Fractional order elements
(FOEs) namely fractional capacitors and inductors (FCs and Fls) are the basic
building blocks for realizing FO circuits. Though the FCs and Fls are not
commercially available as circuit components but a variety of rational approximation
methods exists in the open literature to emulate the FCs. The Fls can be derived
through classical methods which are used in integer domain for emulating inductors
using capacitors.
Thus, combining the advantages of CM processing with fractional order designs

researchers have proposed a wide range of signal processing and generation
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application using variety of ABBs. This research trend has been explored in context
of VDTA having identified the advantages of VDTA based designs in the presented
work. Additionally, this work also presents few integer order applications of the
VDTA.

Exploring significant avenue of the active inductance emulation, VDTA based
compact, resistor-less generic inductance emulator (IE) have been proposed. This
emulator can be configured as (i) integer order positive inductance emulator (ii)
integer order negative inductance emulator (iii) fractional order positive inductance
emulator and (iv) fractional order negative inductance emulator.

Research contribution in the domain of analog filter design is presented in the form
of a classical integer order filter and two a-order voltage mode fractional order filters
(FOFs) based on VDTA. The integer order filter is a multiple input multiple output
biquad filter. Moving on to the fractional order counterparts, first FOF represents
voltage mode multiple input single output universal configuration whereas, second
FOF topology presents voltage mode single input multiple output multifunction
structure.

Further, there is considerable scope for exploring improved design of higher order
sinusoidal oscillators. In that attempt, a third order sinusoidal oscillator (TOSO) has
been proposed using a single VDTA.

In this work proposition of new CMOS structures of the VDTA are also explored and
its outcome has led to the proposition of two new transconductance boosted
architectures of the VDTA. The former structure is based on the partial positive
feedback whereas the later utilizes the concept of gate to source voltage variation for
transconductance enhancement.

The proposed designs are verified either through simulations or combination of
simulations and experimental validation. The simulations are carried out either with
Cadence tool suite or PSPICE using 180 nm CMOS technology parameters. For
experimental purpose, the VDTA is implemented using off the shelf IC LM13700
with £10V supply voltage.
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CHAPTER -1
INTRODUCTION




1.1 Introduction

Researchers are continuously striving to explore different analog building blocks
(ABBs) with attributes like higher bandwidth, higher slew rate, lower power
consumption and better linearity. This has led to paradigm shift from voltage mode
(VM) to current mode (CM) [1,2] signal processing. Numerous CM ABBs have
evolved as presented in [3] and references cited therein. The current conveyor (CC)
[4], a hybrid voltage/current circuit, is the most exhaustively explored/utilized block.
Since then, three generations of the CC; namely CCI, CCIlI [5] and CCIII [6], which
differ in terms of the terminal characteristics were introduced way back in 1968,
1970 and 1995 respectively. The current feedback operational amplifier (CFOA) [7]
has terminal characteristics that resemble those of a CCII followed by a voltage
follower. The circuit element operational transresistance amplifier (OTRA) [8]
serves/functions as a current controlled voltage source (CCVS). Recently, yet
another class of CM blocks having current differencing input stage, has also
emerged. Current Differencing Transconductance Amplifier (CDTA) [9] and current
differencing buffered amplifier (CDBA) [10] are two notable examples of this class.
The voltage differencing transconductance amplifier (VDTA) is yet another versatile
CM analog building blocks available in literature. The VDTA is a voltage input
current output ABB having two transconductance gain stages which helps in
realization of resistor-less compact CMOS applications. Additionally, the
transconductances of the VDTA can be tuned through bias current which facilitates
electronic tunability of the system parameters. Thus, VDTA is a preferred choice for
designing on-chip high frequency applications. This has led to realization of various
signal processing [11-43] and generation [44-53] applications based on VDTA. Its
CMOS implementation was first proposed by Yesil et al. [11]. Since then, various
research efforts are made to propose CMOS implementations [11,15,18,27,110-112]

of VDTA with enhanced performance.



On the other hand, fractional order (FO) signal processing which is based on the
fundamentals of fractional calculus is an emerging interdisciplinary research area.
Fractional calculus is the domain of mathematics concerned with the investigation
and application of derivatives and integrals of arbitrary (real or complex) order [54-
56]. A fractional derivative of order ‘ac’ may be represented by the Riemann—

Liouville definition

R LU S S
— _
D1 (1) = ano(t 7) (1.1)
f(t a=n
atn ()

The Grunwald-Letnikov approximation gives a more physical interpretation of a

fractional derivative

o T(i-a)

D1 (1) 2(a0)" .

——————f((n—i)At

2 Cayr(eg (74 (1.2)
where At represents the integration step. In order to describe electronic circuits in the
complex frequency s-domain, Laplace transform is widely used. Thus, assuming zero

initial conditions and applying the Laplace transform to Egn. (1.2), yields
L{,00f (t)} =s“F(s) (1.3)

where 00 (t) =of (t)/at with zero initial conditions.

Fractional order circuits and systems are gaining researchers’ increased attention as
these provide extra degree of freedom and models natural systems more precisely
[57-59] as compared to their integer order counterparts. These circuits find potential
applications pertaining to biomedical, instrumentation and control and analog signal
processing and generation. Fractional order elements (FOES) are the basic building
blocks for realizing FO circuits and may be characterized by the generalized

impedance function



Z¢ (s)=Ks* =Kao" exp(j(ar/2)) (1.4)

where ‘K’ is termed as fractance and ‘o’ represents the order of the FOE. The phase
of the FOE does not depend on the frequency and remains incessant; hence it can
also be termed as a constant phase element (CPE) and the corresponding phase can
be referred as the constant phase angle (CPA). The ‘o’ is a fractional number in the
range -n < o < n, where ‘n’ is an integer number. The generalized impedance
function of Eqgn. (1.4) represents impedance of a fractional capacitor (FC) if ‘o’
assumes a negative value and a positive ‘a’ value corresponds to impedance of

fractional inductor (FI) as depicted in Fig. 1.1.

a=1
Inductor

O<a<l
0° < CPA < 90°

l<a<2
90° < CPA < 180°

Resistor
a=0

—-1<a<0
—90° < CPA<0°

2<a<-1
—180° < CPA <-90°

Capacitor
a=-1

Fig. 1.1 Classification of Fractional Order Elements [60].

The fractional order elements (FOEs) namely FCs and Fls are not commercially
available as circuit components. However, the research efforts are being directed
towards designing physical FCs [57-59] though, still at very primitive phase. A
variety of rational approximation methods [61-69] exists in the open literature to
emulate the behaviour of FCs in the range (-1 < a < 0). The FCs so derived can be

realized using appropriately configured RC networks depicted in Fig. 1.2.
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Fig. 1.2 RC Networks for FC Emulation (a) Foster-I (b) Foster-11 (c) Cauer-I (d)

Cauer-Il.

In last few decades analog signal processing has seen a paradigm shift from voltage
mode (VM) to current mode (CM) due to inherent advantages of CM processing.
Combining the advantages of fractional order designs with CM processing,
researchers have proposed a variety of signal processing and generation applications
using variety of ABBs. In this work this research trend has been explored in context
of VDTA having identified the advantages of VDTA based designs.

1.2 Literature Review

It is observed through comprehensive literature survey that a wide range of electronic
circuits using VDTA have been proposed in the literature which broadly include
application areas such as grounded inductance simulation [12,13], filter design
[11,14-43], signal generation [44-53] and VDTA implementation [11,15,18,27,110-
112].

1.2.1 Inductance Emulation
Inductors are an integral part of the electronic circuit design; however, designing an
inductor on a chip has issue/challenge in terms of the usage of space, weight, cost

and tunability. Thus, it is desired to simulate an inductor using the active components



available thereby saving in chip area. Further, to reap the advantages of fractional
order processing; fractional order inductor (FI) realization is equally important. The
fractional inductor in the range (0 < o < 1) [70-77] can be emulated using various
active RC methods similar to their integer order counter parts. These systematic
methods include functional block diagram (FBD) approach and generalized
impedance converter (GIC) based realization. These methods use large number of
active blocks for FI realization. Alternatively, the FI can also be realized using direct
intuitive methods using different active blocks and few passive components. An
exhaustive review suggests that though VDTA based integer order grounded
inductances realizations are available [12,13] in literature but no fractional order
inductors are existing. A further exploration suggested that few realizations of FI
[69-76] using ABBs other than VDTA are available as enlisted in Table 1.1(a).
Additionally, detailed comparison of a few available conventional integer order
inductance simulators [12,13,78-86] has been presented in Table 1.1(b) for ready

reference.



Table 1.1(a) Literature Summary for Fractional Order Inductance Emulators (0 <a < 1).

Passive Elements

Emulator Type

Ref. ABE Method Used (Positive Electr'onic
No. Type C/EC R /Negative Tuning
/Both)
[70] 1 DXCCTA 1C (G) 0 Direct Method Both Yes
[71] 1CCTA 1FC (G) 1R (G) Direct Method Both Yes
[72] 2 Op-Amps 1FC (F) 4R (1G+3F) GIC Positive No
[73] 9 OTAs 2C (G) 0 FBD Positive Yes
[74] 1 CFOA 1FC (F) 2R (1G+1F) Direct Method Positive No
[75] 2 Op-Amps 1FC (F) 4R (1G+3F) GIC Positive No
[76] 1 OTA + 10 Op-Amps 3C (F) 17R (F) FBD Positive No
23 CCllIs 3C (G) 14R (G) FBD Positive No
10 CFOAs 3C (G) 17R (8G+9F) FBD Positive No
14 OTAs 3C (G) 0 FBD Positive Yes
[77] 3 CFOAs 1FC (G) 3R (2G+1F) Direct Method Positive No




Table 1.1(b) Literature Summary for Integer Order Inductance Emulators.

Passive Elements

Emulator Type

Ref. ABB (Positive Electronic
No. Type C R /Negative Tuning
/Both)
[78] 1 0TRA 1C (F) 5R (2G+3F) Negative No
[70] 1 DXCCTA 1C (G) 0 Both Yes
[71] 1CCTA 1C (G) 1R (G) Both Yes
[79] 2 CCCDBAs 1C (G) 0 Negative No
[80] 1 DXCCII 1C (F) 2R (1G+1F) Both No
[81] 1CBTA 1C (G) 1R (1G) Both No
[82] 1ZC-CCCITA 1C (G) 0 Both No
[83] 1VDCC 1C (G) 1R (1G) Both No
[84] 10TRA 1C (F) 4R (4F) Negative No
[85] 1 0TRA 1C (F) 3R (3F) Negative No
[86] 1 CDBA 1C (G) 3R (1G+2F) Negative No
[12] 1VDTA 1C (G) 0 Positive Yes
[13] 1VDTA 1C (G) 0 Positive Yes




It may be observed from Table 1.1(a) that

- only two topologies [70,71] can emulate both negative and positive fractional

order inductance. Further, the topology presented in [71] makes use of resistance
- the emulators of [72,73,75-77] use large number of ABBs

- the existing topologies use large number of resistances [71,72,74-77] and
capacitances [73,76]

- Refs. [70,71,74,77] use direct method while [72,75] and [73,76] make use of GIC
and FBD based approaches respectively

- Refs [72,74-77] use floating components

- inductance emulators [72,74-77] lack electronic tuning.

Further, inspection of Table 1.1(b) suggests that

- existing designs [71,80,81,83-86] use more number of passive components than
the proposed one

- the structure of [79] makes use of more number of ABBs

- Refs. [80,84-86] use floating passive components as against the proposed

topology which employs grounded capacitor only.

1.2.2 Analog Filter and Fractional order Filters

Filters are an important class of electronic circuits and widely used for analog signal
processing for a wide range of applications. Further, the use of fractional order
calculus in analog filter design offers the advantage of better control of the
attenuation gradient in stop band as the magnitude response of an (n+a) order filter
exhibits a stop-band attenuation of 20*(n+a) dB/decade, as against 20*n dB/decade
by integer-order filter where, n represents an integer value. In order to achieve FO
behaviour, the fractional order filters (FOFs) either make use of an emulated FOE or

deploy a suitable integer-order transfer function, to obtain a fractional order
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counterpart, which is subsequently realized using functional block diagram (FBD)

approach.

The filter structures on the basis of number of inputs processed and outputs provided
can be classified as single-input single-output (SISO), single-input multiple-output
(SIMO) and multiple-input single-output (MISO) and multiple-input multiple-output
(MIMO).

A detailed review of various VDTA based filters suggests a variety of SISO [14],
SIMO [15-30], MISO [18,24,27,31-40] and MIMO [11] integer order VDTA based
filters available literature. On the other hand, though a variety of fractional order
filters (FOFs) [41-43,87-108] implemented around other ABBs are available but only
limited VDTA based fractional order filters (FOFs) are reported [41-43]. Only two
FOFs based on VDTA have been reported so far. Both the FOFs are designed using
the FBD approach for fractional orders (a = 1.1, 1.5, 1.8). FOFs [41] are designed
around three and four VDTAs providing fractional order band pass filter (FBPF) and
fractional order band stop/reject filter (FBSF/FBRF) responses respectively.
Likewise, [42] provides fractional order low pass filter (FLPF) and fractional order
high pass filter (FHPF) responses respectively. A detailed comparison of all available
conventional biquads and fractional-order filters has been presented in Tables 1.2(a)

and 1.2(b) for ready reference.



Table 1.2(a) Literature Summary for VDTA based Integer Order Biquads.

Ref. No. of Filter Passive Elements Filter
VDTA(S) Mode Type R C Response(s)
SISO Filters:
[14] 1VDTA VM (SISO) 0 2C (1F+1G) HP
SIMO Filters:
[15] 1VDTA CM (SIMO) 0 2C (2G) LP, BP, HP
[16] 2 VDTAS CM (SIMO) 0 2C (2G) LP, BP, HP
[17] 2 VDTAS VM (SIMO) 2 MOS-R (2G) 2C (2G) LP, BP, HP, BS, AP
[18] 2 VDTAS TAM (SIMO) 0 2C (1F+1G) LP, BP, HP
[19] 1VDTA CM (SIMO) 1R (G) 2C (2G) LP, BP, HP, BS, AP
[20] 2 VDTAS TAM (SIMO) 0 2C (2G) LP, BP, HP
[21] 2 VDTAS VM (SIMO) 0 2C (2G) LP, BP
2 VDTAS CM (SIMO) 0 2C (2G) LP, BP, BR
[22] 1VDTA CM (SIMO) 0 2C (2G) LP, BP
[23] 1VDTA TAM (SIMO) 1R (F) 2C (2G) BP, HP
[24] 2 VDTAS TAM (SIMO) 0 2C (1F+1G) LP, BP, HP

11
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Table 1.2(a) (continued)

Ref. No. of Filter Passive Elements Filter
VDTA(S) Mode Type R C Response(s)
SIMO Filters (continued):
[25] 1VDTA TAM (SIMO) 1R (G) 2C (1F+1G) LP, BP, HP, BR
[26] 1VDTA VM & CM (SIMO) 1R (G) 3C (1F+2G) LP, BP, HP
[27] 2 VDTAS TAM (SIMO) 0 2C (2G) LP, BP, HP
[28] 3 VDTAs VM (SIMO) 0 2C (2G) LP, BP, HP
3 VDTAs TAM (SIMO) 0 2C (2G) LP, BP, HP, BR, AP
[29] 1VDTA TIM (SIMO) 2 MOS-R (2G) 2C (2G) LP, BP, HP, BR
[30] 2 VDTAS VM (SIMO) 1R (G) 2C (2G) LP, BP
MISO Filters:
[31] 1VDTA VM (MISO) 0 2C (2F) LP, BP, HP, BS, AP
[18] 2 VDTAS VM (MISO) 0 2C (1F+1G) LP, BP, HP, BS, AP
2 VDTAS TAM (MISO) 0 2C (1F+1G) LP, BP, HP, BS, AP
[32] 2 VDTAS CM (MISO) 0 2C (2G) LP, BP, HP, BS, AP
[33] 1VDTA VM (MISO) 1R (G) 2C (2F) LP, BP, HP, BS, AP

12
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Table 1.2(a) (continued)

Ref. No. of Filter Passive Elements Filter
VDTA(S) Mode Type R C Response(s)
MISO Filters (continued):
[34] 1VDTA VM (MISO) 1R (F) 2C (1F+1G) LP, BP, HP, BS, AP
[35] 1VDTA CM (MISO) 0 2C (2G) LP, BP, HP, BS, AP
2 VDTAs CM (MISO) 0 2C (2G) LP, BP, HP, BS, AP
[36] 2 VDTAS CM (MISO) 2R (2G) 2C (2G) LP, BP, HP, BS, AP
[37] 2 MO-VDTAs TAM (MISO) 2 MOS-R (2G) | 2C (1F+1G) LP, BP, HP, BR, AP
[38] 1 VDVTA VM (MISO) 1R (G) 2C (2F) LP, BP, HP, BR
[24] 2 VDTAS VM (MISO) 0 2C (1F+1G) LP, BP, HP, BR, AP
[39] 1VDTA CM (MISO) 1R (G) 2C (2G) LP, BP, HP, BR, AP
[27] 1VDTA VM (MISO) 1R (G) 2C (2F) LP, BP, HP, BS, AP
[40] 1VDTA CM (MISO) 1R (G) 2C (2G) LP, BP, HP, BR, AP
MIMO Filters:
[11] 1VDTA VM (MIMO) 0 2C (1F+1G) LP, BP, HP

13



Table 1.2(b) Literature Summary for Fractional Order Filters.
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ABB Passive Elements FOF FOF
Ref. Input/Output | Impedance
No. Type R C FC Type Response(s)
[87] 10p-Amp | 4R (3F+1G) - 2FC (1F+1G) | SISO Sallen-Key FLPF Voltage/Voltage Low
1O0p-Amp | 4R (2F+2G) - 2FC (2F) SISO Sallen-Key FHPF Voltage/Voltage Low
1 Op-Amp | 5R (3F+2G) - 2FC (1F+1G) | SISO Sallen-Key FBPF Voltage/Voltage Low
30p-Amps | 6R (6F) - 2FC (2F) | SIMO (FLP;CF);;';,'\'FHPF) Voltage/Voltage |  Low
[88] | 3 Op-Amps 6R (6F) 1C (1F) 1FC (1F) SIMO | FO-TT (FLPF, FBPF) | Voltage/Voltage Low
[89] 3 Op-Amps 6R (6F) - 2FC (2F) SIMO (FLPFI,:(IE-BlI?;,I\IFHPF) Voltage/Voltage Low
[90] | 2 Op-Amps | 4R (2F+2G) 2C (2F) 1FC (1F) SISO FBPF Voltage/Voltage Low
4 Op-Amps 7R (7F) 2C (2F) 1FC (1F) SISO FBPF Voltage/Voltage Low
2 Op-Amps | 4R (3F+1G) | 2C (1F+1G) 1FC (1F) SISO FBPF Voltage/Voltage Low
4 Op-Amps 6R (6F) 2C (2F) 1FC (1F) SISO FBPF Voltage/Voltage Low
2 CClls 4R (4F) 2C (2F) 1FC (1F) SISO FBPF Voltage/Voltage Low
[91] 2 Op-Amps | 3R (2F+1G) 1C (1F) 1FC (1F) SISO FLPF, FHPF, FBPF | Voltage/Voltage Low

continued on page no 15




Table 1.2(b) (continued)
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ABB Passive Elements FOF FOF
Ref. Input/Output Impedance
No. Type R C FC Type Response(s)
[92] 3 Op-Amps 6R (6F) - 2FC (2F) SIMO FO-KHN Voltage/Voltage Low
[93] 5CCll .
- FO-KHN (FLPF
(3CCII+ & 2CCl1Y) 6R (3F+3G) 2FC (2G) SIMO ( ) Voltage/Voltage High
3 CClI+ 4R (4G) - 2FC (2G) SIMO FO-TT (FLPF) Voltage/Voltage High
[94] FO-KHN
3 Op-Amps 6R (6F) 2FC (2F) SIMO (FLPF, FBPF, FHPF) Voltage/Voltage Low
1 Op-Amp 4R (3F+1G) - 2FC (1F+1G) SISO FO Sallen-Key Voltage/Voltage Low
[95] 5CCllI FO-KHN .
(3CCII+ & 2CClI-) 7R (3F+4G) 2FC (2G) SIMO (FLPF, FBPF, FHPF) Voltage/Voltage High
[96] 2 Op-Amps 4R (3F+1G) | 1C (1F) - SISO FBPF Voltage/Voltage Low
2 Op-Amps 3R (2F+1G) | 1C (1F) 1FC (1F) SISO FBPF Voltage/Voltage Low
[97] FO-KHN
3 Op-Amps 6R (6F) 2FC (2F) SIMO (FLPF, FBPF, FHPF) Voltage/Voltage Low
1 Op-Amp 4R (3F+1G) - 2FC (1F+1G) SISO FO Sallen-Key Voltage/Voltage Low
[98] 3 Op-Amps 6R (6F) 1C (1F) 1FC (1F) SISO FO-TT (FLPF) Voltage/Voltage Low

continued on page no 16




Table 1.2(b) (continued)

16

ABB Passive Elements FOF FOF

Ref. Input/Output | Impedance

No. Type R C FC Type Response(s)
[99] 5DDCC 7R (7G) 3C (3G) - SISO FLPF Voltage/Voltage High
[100] 2 Op-Amps 3R (2F+1G) | 1C (1F) 1FC (1F) SISO FBPF, FNF Voltage/Voltage Low
[101] 7 0TAs - 2C (2G) - SISO FLPF, FHPF, FAPF (o) | Voltage/Voltage High

FLPF, FHPF, FBPF,
11 OTAs - 4C (4G) - SISO Voltage/Voltage High
FBSF (0+B)

[102] | 30TAs+3 ACAs+1CF - 3C (3G) - SISO FLPF, FHPF (1+a) Current/Current High
[103] 30TAs - - 2FC (2F) SIMO FLPF, FBPF (0.5, 0.9) | Current/Current High
[104] 2 OTAs - - 1FC (1F) SISO FAPF Voltage/Voltage High
[105] 5FC

1 CDBA 5R (4F+1G) - MISO FLPF, FHPF, FBPF Voltage/Voltage Low

(4F+1G)

[106] 1 CCll+ 1R (1G) - 1FC (1G) SISO Current Integrator Current/Current High
[107] 3 0TAs - - 2FC* (2G) SIMO FLPF, FBPF, FHPF Current/Current High
[41] 3VDTAs 7R (3F+4G) | 3C (3G) - SISO FBPF (1+a) Current/Current High

4 VDTASs 11R (4F+7G) | 3C (3G) - SISO FBRF (1+a) Current/Current High

continued on page no 17




Table 1.2(b) (continued)
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ABB

Passive Elements

FOF

FOF

Ref. Input/Output | Impedance
No. Type R C FC Type Response(s)
[42] 3VDTAs 7R (3F+4G) | 3C (3G) - SISO FLPF (1+a) Current/Current High
4 VDTAs 10R (3F+7G) | 3C (3G) - SISO FHPF (1+a) Current/Current High
[108] 1 0TRA 4R (4F) - 4FC (4F) SISO FHPF (a+f+y) Voltage/Voltage |  Low




18

It may be observed from Table 1.2(a) that

limited SISO [14] and MIMO [11] type biquads are available

Ref. [15-30] exhibit SIMO behaviour and MISO type biquads are presented in
[18,24,27,31-40]

structures of [16-18,20,21,24,27,28,30,32,35-37] are designed around large

number of active blocks.

Further, inspection of Table 1.2(b) suggests that

the FOF of [99,101,102,41,42] are designed using the FBD approach while FOEs
are employed for obtaining desired functionality in [87-98,100,103-107,108]

only FCs are employed in [88,90,91,96,100] whereas both capacitors and FCs are
used in [87,94,96,97] to obtain desired FO responses

all structures use large number of ABB except for [105,106,108] and large
number of passive components except for [103,104,106,107]

Ref. [87-101,104,105,108] provide voltage output and [102,103,106,107] are

current output circuits

voltage output is available at high impedance [93,95,99,101,104] thus require a

buffer circuit for cascading.

1.2.3 Sinusoidal Oscillators

Sinusoidal oscillators (SOs) are linear electric/electronic circuits and are widely used

in various applications pertaining to telecommunications, control systems, signal

processing and measurement systems. Based on the order, VDTA based sinusoidal

oscillators may be broadly classified as second- and third- order sinusoidal oscillators
(TOSOs).

A comparative study for various voltage differencing transconductance amplifier

based oscillators [44-53] has been recorded in Table 1.3 for ready reference.



Table 1.3 Literature Summary for VDTA based Sinusoidal Oscillators.

Ref. ABB Passive Elements Output Type Order
No. Type = c
[44] 1VDTA 1(G) 2 (G) Voltage Second
[45] 2 VDTAs 0 2 (G) Current Second
[46] 1DDCC +1VDTA 1(G) 3(G) Current Third
[47] 2 VDTAS 0 2 (G) Voltage Second
2 VDTAs 0 2 (G) Current Second
[48] 2VDTAs 0 3(G) Current Third
[49] 2 VDTAs 0 3(G) Voltage Third
2 VDTAs 0 3(G) Current Third
[50] 2 VDTAs 1(G) 2 (G) Voltage Second
[51] 1VDTA 0 2 (G) Voltage Second
1VDTA 0 2 (G) Current Second
[52] 1VDTA 2 (G) 2 (G) Voltage Second
[53] 1VDTA 1(G) 2 (G) Current Second

19
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Based on the inferences made from Table 1.3, it can be drawn that:

there is lean presence of TOSOs [46,48,49]

- explored TOSOs are designed around two active blocks; either combination
of blocks [46] or both VDTAS [48,49]

- the TOSO proposition makes use of single VDTA only

- the proposed structure employs canonical number of grounded capacitors.

1.2.4 VDTA Implementations

It is well known that, transconductance amplifier (TA) with high transconductance
gain ‘gm’ IS essential for designing high performance analog circuits. Most
traditionally the gm can be enhanced by increasing the bias current of the TA stage.
However, increased bias current essentially leads to large power dissipation leading
to a trade-off between the transconductance gain and the power dissipation.
Extensive review suggests that all available CMOS based VDTA implementations
[11,15,18,27,110-112] increase the bias current for enhancing the gm of the TA
stages. Thus, it may be summarized that the available VDTA structures do not
provide characteristics like low power and high transconductance gain
simultaneously. A comparative study of various performance parameters of all
available CMOS based VDTA implementations [11,15,18,27,110-112] is given in
Table 1.4.



Table 1.4 Literature Summary for VDTA CMOS Implementations.
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Power No. of Input Voltage
Technology Transconductance BW Power
Ref. Supply Current Sources Range ]
(um) (uS) (MHz) Consumption
V) (\Value) (mV)
4
[11] 0.18 0.9 + 300 636 NA* NA
(150 pA)
2
[15] 0.35 +2 NA* 381 NA* 1 mw
(40 pA)
4
[18] 0.18 +15 NA* 150 NA* NA
(40 uA)
[110] 0.045 +1 - NA* NA* NA* 0.184 mwW
4
[27] 0.18 0.7 -80 to 80 415 225 145 pyWw
(10 pA)
NA*
[111] 0.18 +1.8 (Voltage sources NA* NA* NA NA*
for biasing)
8
[112] 0.25 +2 +125 1300 145 NA*

(70 pA)
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1.3 Research Gaps

Comprehensive literature review suggests that designing and development of FO
circuits and systems is still in nascent stage. For designing fractional order circuits
FOEs are essential elements. No significant work has been reported in fractional
order inductance emulation using VDTA though, other ABBs based designs have
been explored. Further, only two topologies are available which can emulate both
negative and positive fractional order inductance. Additionally, no structure is
existing which provides both integer and fractional order behaviour using a single

structure.

Survey on VDTA based integer order filter suggested that only a single structure
providing multimode biquad responses is existing. Further, exploring the domain of
fractional order filters, it is clearly observed that limited literature is available on
VDTA based FOFs. Only three structures are reported [41-43] which make use of
large number of active blocks and are the structures are making use of resistive

components.

Yet, another research gap that is observed is the lean presence of VDTA based third
order sinusoidal oscillators in literature. It is further explored that existing structures
are designed around two active blocks. Additionally, only single configuration is

reported which provides voltage output.

Exploring further, it is observed that several CMOS VDTA implementations are
available in literature; however, scope is always there to enhance its performance

parameters namely linearity, transconductance gain, bandwidth etc.
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1.4 Research Objectives
Based on the literature survey and research gaps following objectives were

formulated:

1) To develop VDTA based generic impedance emulation topology to provide both

positive and negative fractional and integer order behaviour.
2) To develop VDTA based integer and fractional order filter topologies.
3) To develop higher order signal generation applications.

4) To design a new VDTA structures with improved performance.

1.5 Organization of the Thesis

The primary objective of this research is on VDTA based conventional integer order
and state of the art fractional order circuits for analog signal processing (ASP) and
signal generation. The organization of the research work carried out is presented in a

chapter-wise format and is as follows:

Chapter 1

This chapter briefs about the background and motivation behind the work carried out
in the thesis. Literature review and summary of available analog circuits and/or their
fractional order counterparts is put up followed by locating the research gaps to

formulating the objectives for the work. The layout of the thesis is described shortly.

Chapter 2

This chapter presents a brief description of fractional order element implementation
using Carlson and continued fraction expansion approximations. It also includes
characterization of active block used i.e., Voltage Differencing Transconductance

Amplifier to develop different analog circuits in the thesis.
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Chapter 3

This chapter presents generic impedance emulator with lesser component count
which can be configured as (i) integer order positive inductance emulator (ii) integer
order negative inductance emulator (iii) fractional order positive inductance emulator
and (iv) fractional order negative inductance emulator. Functional validation of the
proposition is carried out through simulations as well as experimentally. Further, the
applicability of the proposed structure is justified through two application examples
namely parasitic fractional order inductance cancellation and fractional order high

pass filter.

Chapter 4

This chapter presents an classical analog filter and two a-order voltage mode
fractional order filters based on VDTA. Moving on to the fractional order
counterparts, first FOF represents voltage mode multiple input single output
universal configuration and is based on Carlson approximation. Whereas, second

FOF topology presents voltage mode single input single output structure.

Chapter 5
This chapter is devoted to signal generating circuits [i.e. sinusoidal oscillators
(particularly, third order SOs)]. A generic TOSO is proposed first followed by two

configurations extracted from it by suitably selecting the impedances connected.

Chapter 6

Two transconductance boosted VDTA structures are presented in this chapter.
General schemes of the two propositions are discussed, firstly, followed by their
CMOS implementations.
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Chapter 7
Based on the roadmap outlined above, the work is concluded in Chapter 7 with a
thought on the prospective future scope.
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2.1 Introduction

Researchers are continuously striving to explore different analog building blocks
with attributes like higher bandwidth, higher slew rate, lower power consumption
and better linearity. This has led to paradigm shift from voltage mode to current
mode signal processing. Hence, numerous current mode active blocks as given in [3]
has evolved and references cited therein. The voltage differencing transconductance
amplifier (VDTA) is one among those and its CMOS implementation was first
proposed by Yesil et al. [11]. Since then, various research efforts are made to
propose CMOS implementations [11,15,18,27,110-112] of VDTA with enhanced
performance. The VDTA is a voltage input current output ABB having two
transconductance gain stages which helps in realization of resistor-less compact
CMOS applications. Additionally, the transconductances of VDTA can be tuned
through bias current which facilitates electronic tunability of the system parameters.
It is well known that, transconductance amplifier (TA) with high transconductance
gain ‘gm’ is essential for designing high performance analog circuits. Thus, VDTA is
a preferred choice for designing on-chip high frequency applications. This has led to
realization of various signal processing [12-43] and generation [44-53] applications
using VDTA.

The FOE is a fundamental component for designing the fractional order circuits. It is
observed from literature that though the efforts are being directed towards physical
realization of FC yet these are still in very primitive stage [57-59] and the reported
off the shelf FCs are bulky and non-reconfigurable to be used in circuits. On the
other hand, various rational approximations [60-68] such as Carlson approximation
[60,62,64], Oustaloup recursive approximation [61,62,64], continued fraction
expansion (CFE) [62], Matsuda approximation [62,64], Chareff method [62],
Modified approximation [63], Halley approximation [65,67], EI-Khazali
approximation [66] and Laguerre approximation [68] are available to emulate the
behaviour of FOE.

This thesis presents realization of integer and fractional order signal processing and
generating circuits using VDTA, therefore in this Chapter preliminaries of VDTA

and fractional order elements has been presented.
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2.2 The VDTA

The VDTA can be modelled as a differential voltage driven current output ABB with
two transconductance (TC) gain stages where ‘gme’ and ‘gms’ represent the
transconductance gains of the first and second stages, respectively. The port relations
of VDTA are expressed using matrix Eqgn. (2.1); that is, two high impedance voltage
input terminals ‘p’ and ‘n’ and three high impedance current output terminals ‘z’,
‘x+’ and ‘x-’. The circuit symbol and equivalent model of the VDTA [3] are shown

in Fig. 2.1 (a) and (b) respectively.

I z Onr —Our 0 Vp
I - 0 0V
- | _ Ons Os n 2.1)
I X+ 0 0 ng 0 Vz
I 0 0 -9, OJV,_

The fully differential - flipped voltage follower (FD-FVF) based CMOS structure of
VDTA which is used in this work for verification of all propositions, is shown in Fig.
2.1(c). Two dual output OTAs (DO-OTAS) have been used to realize this structure
wherein MOSFETs Mi-Mio, M21 and M2z constitute first dual output OTA and Mus-
Mao, M23 and M24 constitute second dual output OTA.

The transconductance gain of each stage (gmr, gms) i given by

W
Ok ms = 2:uncox f IBPs

(2.2)
where pn, Cox, W and L denote the carrier mobility (effective), gate-oxide
capacitance (per unit area), effective channel width and length of MOS transistor of
differential pair respectively and Igrss represent the bias current of the respective

transconductance stages.
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2.2.1 Simulation Results
The functionality of the reproduced CMOS VDTA [27] shown in Fig. 2.1(c), which
is used in this work for all proposed realizations, is validated through simulations.
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Simulations are carried out using Virtuoso from Cadence tool suite using 180 nm

generic process design kit (gpdk) CMOS technology parameters. Device dimensions
(W/L) are taken as 7.2um/0.36um for NMOS, 14.4pum/0.36pum for PMOS transistors

and supply voltage of +0.7 V is used for simulations. The DC characteristics of the

VDTA for different values of biasing currents are depicted in Fig. 2.2. Dependence

of the transconductance on the biasing current and the supply voltage is illustrated in

Fig. 2.3 (a) and (b) respectively. The value of transconductance (gmr = gms) is found

to be 400 uA/V for the biasing current and supply voltage of 10 pA and +0.7 V.

Further, from the Fig. 2.2, the linear range is measured to be -150 mV to 150 mV.
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2.3 FC Realization
Comprehensive literature review suggests that various research efforts have been
made to perceive a fractional order capacitor. As of now, there are two design

techniques to implement:

- Fabrication (i.e. single-component realization) [57-59]

- Emulation (i.e. multi-component realization) [60-68]

The FCs are not commercially available and their physical realization is still in
primitive phase [57-59]. However, a number of rational approximations; namely,
Carlson approximation [60,62,64], Oustaloup recursive approximation [61,62,64],
continued fraction expansion (CFE) [62], Matsuda approximation [62,64], Chareff
method [62], Modified approximation [63], Halley approximation [65,67], El-
Khazali approximation [66] and Laguerre approximation [68] are available in

literature for FOE behaviour emulation.

In this work, Carlson and CFE approximations are used, therefore both these

methods have been presented in following subsections.

2.3.1 FC Realization using Carlson Method
Based on the Carlson method, rational integer order approximation function obtained

after first iteration for a = 0.5 is

» s+3

Clo1a = 3+l (2.3)

Similarly, post second iteration rational approximation obtained is

Y s* +36s° +126s° +84s+9

_ 2.4
V2200 9gt 4 84s° +1265% +365+1 o9
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Likewise, rational approximation obtained after third iteration is

s +351s" +17550s™ + 2960105 + 22200755’
+8436285s® +17383860s’ +20058300s° +13037895s°

. _ +4686825s" +888030s® +80730s” + 29255 + 27
V231 97813 4 29255 1+ 807305 + 8880305 + 4686825s°

+13037895s® + 20058300s’ +17383860s° +8436285s°
+2220075s* + 296010s° +17550s2 +351s +1

(2.5)

It may be observed from Eqn. (2.3) through Eqn. (2.5) that the Carlson based first,
second and third iterations result in first, fourth and thirteenth order rational
approximation functions respectively. These integer order approximation functions
may be used to implement the FC as the impedance of FC is expressed as Z(s) =
1/Ks" The impedance function can be implemented using RC ladder network of Fig.
2.4 thereby emulating the FC. The component values for ladder networks for three

iterations are listed in Table 2.1.

Ry R Ry R R,

i A A i A A A
Ra LA Ty Ty Ty

A e e o
Z,=1/(sC) G G G G C
' l

Fig. 2.4 Truncated n™ order RC Ladder Circuit.

Iy,
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Table 2.1 Component Values for Carlson based RC Ladder Network with Centre Frequency 1 kHz for FC = 1 n0/s®.

. Rp Rc Rq Re Rt Ry Rn Ri R; Rk R Rm Rn
" ;) kQ), | kQ), | k@), | (kQ), | *kQ), | k@), | k), | (kQ), | k@), | (k), | (kQ), | (kQ), | (kQ),
Co(nF) | Cc(nF) | Ca(nF) | Ce(nF) | Cs(nF) | Cy(nF) | Ch(nF) | Ci(nF) | Cj(nF) | Ck (NF) | Ci(nF) | Cw(nF) | Cy (nF)
First 33.64
Iteration A2l 14.19 . ) ) ) . ) . ) . ] ) )
Second 3.17 4,78 11.21 92.97
lteration | | 664 | 2346 | 4258 | 5506 | ] ) . ) . ' ) )
Third 0.95 0.99 1.06 1.17 1.34 1.59 1.98 2.62 3.74 5.96 11.36 30.99 | 276.41
Iteration 047 2.30 9.06 19.92 34.30 51.43 70.37 90.11 | 109.58 | 127.73 | 143.59 | 156.30 | 165.18 | 169.74
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2.3.1.1 Simulation Results

It may be observed from Fig. 2.5 that the simulated magnitude and phase values
match with ideal values over a larger frequency range as the order of the
approximation function is increased. Hence, it can be concluded that, larger the
number of iterations, higher is the order of the approximation function and hence

better is the performance of the FC.
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Fig. 2.5 Frequency Response for FC of 1 u0/s* (a) Magnitude (b) Phase.

2.3.2 The Continued Fraction Expansion Method

a

The Continued fraction expansion [62] of (1+x) is given by

(1+X)“zia_x(““)x(l_a)x(2+“)X(2_0‘)X 2.6)
1-1+ 2+ 3+ 2+ 5+ '
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which has infinite terms. Substituting x=s-1 and retaining only ‘n’ finite terms the

generalized rational approximation for s* can be obtained as

n n-1
as"+a, s +..+as+a,

Sa
n n-1
a,s"+as" " +..+a,,5+a,

N

2.7)

where, n is the order of the approximation.

Considering finite number of terms in Eqn. (2.7), the rational approximations of
different orders may be obtained for s* In this work, different orders for s* (a
ranging from 0.1 to 0.9 in steps of 0.1) are listed in Table 2.2. It is evident from the
Table 2.2 that the order of the approximated transfer function obtained is dependent
on the order of the approximation, that is, CFE based n'"-order approximation leads

to an n"-order transfer function.
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Table 2.2 CFE based Approximated Transfer Functions.

1st-order 2"d_order 3rd-order 4th_order
Approximation Approximation Approximation Approximation

w0l 9s+11 57s%> +266s+77 | 1653s®+17081s* +18879s+2387 | 64467s* +1174732s* + 28750025 +1387932s + 97867

) 11s+9 77s% + 2665 + 57 23875 +18879s% +17081s +1653 | 97867s* +1387932s® + 287500252 +1174732s + 64467
Y02 25+3 6s® +33s+11 21s® + 25252 + 308s + 44 57s* +1197s° +3192s® +1672s +132

) 3s+2 11s*+335+6 44s® +308s? + 2525 + 21 132s* +1672s% +3192s% +1197s + 57
w03 7s+13 119s® + 7825+ 299 | 1071s® +15147s% + 204935 +3289 | 39627s” +973692s° + 28351625 +1610092s + 141427

’ 13s+7 299s% + 7825 +119 | 3289s® +20493s? +15147s+1071 | 141427s* +1610092s° + 28351625 + 973692s + 39627
w04 35+7 2s% +16s5+7 26s° + 4425 + 6635 +119 234s* +6864s® + 21879s? +13464s +1309

) 75s+3 7s? +16s+ 2 119s® + 663s? + 4425 + 26 1309s* +13464s°® + 21879s” + 6864s + 234
w05 s+3 s> +10s+5 s®+21s* +355+7 s* +36s° +126s? +84s5+9

) 3s+1 5s2 +10s +1 7s® +35s% +21s +1 9s* +84s® +126s +365+1
0.6 s+4 7s? +91s +52 7s% +189s? +351s + 78 119s* +5474s® +21114s? +15249s +1794

' 4s+1 5252 +91s+7 78s® +351s? +189s + 7 1794s* +15249s° +21114s% +5474s +119
. 3s5+17 13s? 4+ 234s +153 299s® +11063s? +22977s+5661 | 9867s* +618332s® + 263980252 + 20659325 + 266067

) 17s+3 153s? +234s +13 5661s° + 22977s% +11063s + 299 266067s” +2065932s° + 26398025 + 6183325 + 9867
Y08 s+9 s? +28s+21 11s® + 627s° +1463s + 399 22s* +2112s® +10032s? +8512s +1197

) 9s+1 21s? +28s+1 399s® +1463s? + 627s +11 1197s* +8512s° +10032s2 + 21125 + 22
w09 s+19 11s? + 638s + 551 77s% +9009s? + 23751s + 7163 341s* + 668365° + 3554465 + 3272365 + 50141

) 19s+1 551s? +638s +11 7163s® +23751s? +9009s + 77 50141s* + 3272365 + 355446s% + 668365 + 341
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2.3.2 FC Realization using CFE Method

The CFE for s* presented in Table 2.2 can be used for emulating the FC. The
impedance of FC is expressed as Z(s) = K/s“ so by substituting s* from Eqn. (2.7) the
impedance and admittance of FC using n"-order approximated functions can be

respectively be expressed as

n n-1
Z(s)=£.a08 +as  +..+a,,S+a,

2.
C as'"+a, s +..+as5+a, (2.83)

as'+a St +..+as+a,
a,s"+a,s" " +...+a ,S+a,

Y(s)=C. (2.8b)

The impedance/admittance functions of Egn. (2.8) can be implemented using well
known Foster and Cauer realizations. Thus, the resulting networks will emulate the
behaviour of FCs of different orders. This work makes use of FC realization using
Foster form | which uses impedance function of Eqgn. (2.8a) and can be realized
through RC ladder network depicted in Fig. 2.4.

Routine network analysis of Fig. 2.4 yields the impedance function represented by
the following Eqn. (2.9)

Z@z&+i;%%€ (2.9)

The component values for the arrangement of Fig. 2.4 can be computed by
comparing the coefficients of Eqgn. (2.8a) and Eqn. (2.9). The RC component values
of Foster form I are computed using a MATLAB code for FC (order a = 0.1 to 0.9 in
steps of 0.1) for first- to fourth- order CFE approximations. It is worth noting that
these approximations have been done at center frequency of 1 rad/sec, and thus the
FC gives satisfactory performance near 1 rad/sec. Frequency scaling needs to be

done to shift the center frequency. To shift frequency from 1 rad/sec to n rad/sec, the
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s needs to be replaced by s/n on both side of the impedance function. The
component values obtained around 1 rad/sec are not practically realizable and

therefore scaling is done as per following relation:

R =RK,_ (2.10a)
e
K (2.10b)

where Kn and Kr = o* are the desired magnitude and scaling factors respectively [62]
and R and C’ are post scaled values. Post-scaling component values for RC ladder
obtained from first- to fourth- order approximation functions, for FC of value 1 pt/s*
with a centre frequency of 1 kHz for order o = 0.1 to 0.9 are summarized in Table

2.3.

Table 2.3 Component Values for CFE based RC Ladder Network with Centre
Frequency 1 kHz for FC = 1 n0O/s™.

15-Order Approximation

a=0.1 o=0.2 a=0.3 oa=0.4 a=10.5 a=10.6 o=0.7 o=0.8 a=10.9

Ra (kQ) | 341.22 115.95 39.06 12.96 4.21 1.32 0.39 0.10 0.02
Ro (kQ) | 168.50 144.94 95.65 57.62 33.64 19.73 12.05 8.13 7.23
Co (nF) 1.15 1.65 3.09 6.45 14.19 32.27 74.87 176.10 418.20

2nd-Order Approximation

a=0.1 o=0.2 0=0.3 a=04 a=10.5 a=10.6 o=0.7 a=0.8 a=0.9

Ra (kQ) | 308.72 94.87 28.87 8.64 2.52 0.71 0.19 0.04 0.01
Ro (kQ) | 105.41 74.15 38.99 18.06 7.71 3.07 1.12 0.36 0.09
Re (kQ) | 149.24 149.84 114.39 79.17 52.85 35.31 24.51 18.81 19.02
Co (nF) 0.47 0.77 1.66 4.09 10.90 31.08 96.14 337.76 | 1590.19
Cc (nF) 4.65 5.46 8.58 15.15 28.53 55.90 112.46 230.39 477.98

3r9-Order Approximation

a=0.1 a=0.2 a=0.3 a=04 a=0.5 a=0.6 a=0.7 a=0.8 a=0.9

Ra (kQ) | 288.80 83.01 23.62 6.61 1.80 0.47 0.12 0.03 0.00
Ro (kQ) | 89.51 57.54 27.53 11.55 4.44 1.58 0.51 0.15 0.03
Rc (kQ) 73.68 60.28 36.44 19.22 9.27 4.14 1.70 0.61 0.16
Rd (kQ) | 150.24 163.58 135.16 101.07 72.79 52.43 39.22 3241 35.30
Cb (nF) 0.26 0.46 1.07 2.87 8.31 25.95 88.32 343.64 | 1805.88
Cc (nF) 2.36 3.16 571 11.86 26.99 66.47 179.04 551.81 | 2293.43

Cd (nF) 9.63 10.35 14.90 24.19 41.97 75.92 141.26 267.98 515.32

4!-Order Approximation

a=0.1 a=0.2 a=0.3 a=04 a=0.5 a=0.6 a=0.7 a=0.8 a=0.9

Ra (kQ) | 274.72 75.10 20.32 541 1.40 0.35 0.08 0.02 0.00
Rb (kQ) 81.86 49.60 22.34 8.81 3.17 1.06 0.32 0.08 0.02
Rc (kQ) 56.13 41.99 23.09 11.02 4.78 1.90 0.69 0.22 0.05
Ra (kQ) 66.30 58.64 38.21 21.67 11.21 5.36 2.35 0.90 0.26
Re (kQ) | 154.10 177.44 154.90 122.32 92.97 70.65 55.73 48.57 55.79
Cob (nF) 0.17 0.31 0.77 2.16 6.64 21.99 79.51 329.30 | 1846.09
Cc (nF) 1.50 2.16 4.22 9.48 23.46 63.16 187.20 639.51 | 2972.23
Cd (nF) 5.25 6.40 10.62 20.29 42.58 97.00 242.33 694.26 | 2687.45

Ce (nF) 15.93 16.12 21.89 33.56 55.06 94.24 165.99 298.30 543.61
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2.3.2.1 Simulation Results

It is clear from preceding discussions that the truncated rational approximations just
emulate the FC functionality and cannot portray the ideal behaviour. Thus, the
accuracy of these approximated FCs is examined through Virtuoso in this subsection.
The magnitude and phase behavior of FC of value 1 u®/s* with a centre frequency of
1 kHz realized using first, second, third and fourth orders of approximations for
different values of a are shown in Table 2.4. The dotted curves represent the ideal
behaviour and solid lines represent the simulated responses. Maximum and minimum
values of the magnitude and the respective phases for the approximations thus
obtained for the orders ‘a’ 0.1 through 0.9 are tabulated as in Table 2.5 and Table 2.6
respectively with a deviation of £0.1 dB and *0.3° for magnitude and phase
responses respectively. It is worth noting that higher the order of the approximation
function better is the performance of FC over a considerable range of frequency.
However, it leads to both computation and circuit complexity.
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Table 2.4 Frequency Responses for Approximated FC (1 u0/s*) based on CFE (a)
Magnitude (b) Phase.
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Post scaling, frequency range of operation and phase readings of the emulated FC of
value 1 u0/s* based on the CFE first- to fourth- order approximation for fractional
orders 0.1 through 0.9 at the centre frequency of 1 kHz have been recorded in the
Table 2.5 and Table 2.6 with a deviation of + 0.1 dB and +0.3° for magnitude and

phase responses respectively.



Table 2.5 Post-Scaling Frequency Range of Operation of the CFE based Approximated FC.
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1st-order

Approximation

2"d_order

Approximation

3rd_order

Approximation

4%_order

Approximation

a=0.1

169.68 Hz — 5.88 kHz

52.69 Hz — 19.01 kHz

25.94 Hz — 38.58 kHz

15.44 Hz — 64.54 kHz

a=0.2

113.95 Hz — 8.80 kHz

35.49 Hz — 28.19 kHz

17.48 Hz — 57.26 kHz

10.42 Hz — 95.97 kHz

a=0.3

85.96 Hz — 11.64 kHz

26.99 Hz — 37.07 kHz

13.31 Hz — 75.17 kHz

7.94 Hz — 125.93 kHz

a=04

66.56 Hz — 15.03 kHz

21.12 Hz — 47.38 kHz

10.44 Hz — 95.86 kHz

6.23 Hz — 160.47 kHz

a=0.5

51.20 Hz — 19.54 kHz

16.43 Hz — 60.90 kHz

8.14 Hz — 122.92 kHz

4.86 Hz — 205.52 kHz

a=0.6

38.24 Hz — 26.17 kHz

12.41 Hz — 80.62 kHz

6.16 Hz — 162.31 kHz

3.69 Hz-271.16 kHz

a=0.7

26.95 Hz — 37.13 kHz

8.84 Hz — 113.21 kHz

4.40 Hz — 227.35 kHz

2.64 Hz — 379.25 kHz

a=0.8

16.96 Hz — 58.99 kHz

5.61 Hz — 177.70 kHz

2.80 Hz — 357.35 kHz

1.68 Hz — 595.93 kHz

a=0.9

8.03 Hz — 124.54 kHz

2.67 Hz —374.23 kHz

1.34 Hz — 748.94 kHz

0.80 Hz — 1250 kHz




Table 2.6 Post-Scaling Frequency Range of Operation of the CFE based Approximated FC and the Corresponding Phase.
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deal 1st-order 2"d-order 3rd-order 4%-order
Approximation Approximation Approximation Approximation
a=0.1 171° 1 kHz 317.70 Hz — 3.19 kHz 162.63 Hz — 6.18 kHz 98.63 Hz — 10.17 kHz
a=0.2 162° 1 kHz 313.55 Hz — 3.16 kHz 162.63 Hz — 6.21 kHz 97.95 Hz - 10.17 kHz
a=0.3 153° 1 kHz 313.30 Hz — 3.19 kHz 162.63 Hz — 6.27 kHz 95.49 Hz — 10.30 kHz
a=04 1440 1 kHz 309.70 Hz — 3.19 kHz 157.80 Hz — 6.42 kHz 95.72 Hz — 10.47 kHz
a=0.5 135° 1 kHz 300.79 Hz — 3.27 kHz 155.20 Hz - 6.42 kHz 95.49 Hz — 10.62 kHz
a=20.6 126° 1 kHz 300.79 Hz — 3.33 kHz 149.00 Hz — 6.58 kHz 92.74 Hz — 10.86 kHz
a=0.7 117° 1 kHz 300.00 Hz — 3.40 kHz 148.30 Hz — 6.48 kHz 89.74 Hz — 11.10 kHz
a=0.8 108° 1 kHz 286.40 Hz — 3.42 kHz 142.62 Hz — 6.95 kHz 87.10 Hz — 11.43 kHz
a=20.9 99° 1 kHz 278.00 Hz — 3.62 kHz 136.51 Hz — 7.19 kHz 82.52 Hz - 11.91 kHz
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It may be concluded from simulation results that for a given fractional order, with
increasing the order of the approximation the frequency range of operation wherein
the FC behaviour is emulated correctly gets enhanced. Moreover, by changing the
fractional-order of the FC the slope can be tuned within this specific frequency

range.

2.4 Conclusion

In this work, a systematic study of emulation of the FC based on the Carlson and the
CFE approximations is presented. The workability of the realized FC is demonstrated
through simulations using Cadence Virtuoso. With increasing the order of the
approximation, the performance of the emulated FC improves. Workability of the
propositions is verified through ADE spectre tool provided by Cadence Virtuoso

using 180 nm CMOS technology parameters.
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CHAPTER -3
GENERIC INDUCTANCE EMULATOR

The content and results of the following publication are included in this chapter:

1. Parveen Rani and Rajeshwari Pandey, “VDTA based Unified Grounded
Fractional/Integer order Negative/Positive Inductance Emulator”, Journal of

Circuits, Systems and Computers, vol. 32, no. 18, 2350303 (2023).

DOI: https://doi.org/10.1142/S0218126623503036

[SCIE, Impact Factor (1.5)]


https://doi.org/10.1142/S0218126623503036
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3.1 Introduction

Inductors are an integral part of the electronic circuit design; however, designing an
inductor on a chip has challenge in terms of the usage of space, weight, cost and
tunability. Thus, it is desired to simulate an inductor using the active components
available thereby saving in chip area. Further, to reap the advantages of fractional
order processing; fractional order inductor (FI) realization is equally important. The
fractional inductor in the range (0 < o < 1) [69-76] can be emulated using various
active RC methods similar to their integer order counter parts. These systematic
methods include functional block diagram (FBD) approach and generalized
impedance converter (GIC) based realization. Further, the FI can also be realized
using direct intuitive methods which use different active blocks and few passive
components. An exhaustive review suggests that though VDTA based integer order
grounded inductance realizations are available [12,13] in literature but no fractional
order inductors are in existence. A further exploration suggested that few realizations
of FI [69-76] using ABBs other than VDTA are available. It is also observed that
only single generic configuration is available to emulate inductance emulator. In this
Chapter a generic grounded integer and fractional order positive/negative inductance

emulator is presented.

3.2 Proposed Generic Inductance Emulator

The fractional order inductor in the range (0 < a < 1) can be emulated using various
active RC methods similar to their integer order counter parts. These systematic
methods include impedance inverting circuit technique, functional block diagram
approach and generalized impedance converter based realization. These methods use
large number of active blocks for FI realization. Alternately, the FI can also be
realized using direct intuitive methods as detailed in Chapter 1 and Chapter 2. The
proposed VDTA based generic grounded integer and fractional order
positive/negative inductance emulator is based on an intuitive approach and consists
of a single VDTA and a grounded integer/fractional order capacitor only as shown in

Fig. 3.1. The conventional integer order capacitor is represented by ‘C’ whereas ‘C*
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denotes the fractional order capacitor. Appropriate switch position selections as
specified in Table 3.1 lead to the following four configurations: (i) integer order
positive inductance emulator, (ii) integer order negative inductance emulator, (iii)
fractional order positive inductance emulator and (iv) fractional order negative
inductance emulator. The switches can be implemented using MOS transistors with

their gate voltages used for controlling the switch closure.

X+

or
1"‘-“Fin
I
Fig. 3.1 Proposed Generic Inductance Emulator.
Table 3.1 Switch Settings for Emulator Selection.
Emulator
Switch ‘S1’ Switch ‘Sz’ | Switch ‘Sz’
Type
I0-PIE 1 1 2
IO-NIE 2 2 2
FO-PIE 1 1 1
FO-NIE 2 2 1
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3.2.1 Integer order Inductance Emulator
Routine analysis of the proposition depicted in Fig. 3.1 for switch positions of row 1

and 2 of Table 3.1 yields the following classical integer order impedance functions

_Vu(s)_, sC
Z(s)= 1n(S) " One s

3.1)

where the expressions with positive and negative signs represent the impedance
function for integer order positive inductance emulator and integer order negative

inductance emulator respectively.

3.2.2 Fractional order Inductance Emulator
Further, for switch positions listed in row 3 and 4 of Table 3.1 which represents the
fractional order emulators, routine analysis of the proposed circuit yields the

following impedance functions

a a _Vi: (Sa)_ S“C“
Zin (S )_ Iiﬁ(sa) _ingng (32)

where positive and negative expressions represent the impedance function of the

fractional order positive inductance emulator and fractional order negative

inductance emulator respectively.

The magnitude and phase functions of integer order positive inductance emulator and
integer order negative inductance emulator are derived using Eqn. (3.1) whereas
those of fractional order positive inductance emulator and fractional order negative

inductance emulator are obtained from Eqn. (3.2) and are tabulated in Table 3.2.

Table 3.2 Impedance Functions of Integer and Fractional Order Positive/Negative

Inductance Emulators.

I0-PIE I0-NIE FO-PIE FO-NIE

Impedance
] Zin (S) = SC/gmFgms Zin(s) = -SC/gmrgms Z%n(s*) = s“C*/gmrQms Z°%n(s*) = -5*"C*/gmrQms
Function

Magnitude | [Zin(o) = oClgmgms | [Zin(®)] = oC/gmems | [Z%(0%)] = 0°CHamrgms | [Z%i(0%)] = 0°C*/gmrgms

Phase 2Zin(®) =7/2 2Zin(w) = -1/2 £Z%(0") = on/2 2Z%(0%) = -om/2
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It may be observed from the impedance function of a integer and fractional order
negative inductor that its magnitude increases with frequency like positive integer
and fractional order inductor whereas it provides a negative phase like a integer and
fractional order capacitor. Similarly, the magnitude of negative inductor increases
with frequency in the same manner as that of an inductor however, it provides a
phase of (-m/2) like a capacitor. Further the equivalent inductance value may be

electronically tuned through VDTA transconductances in all four cases.

3.3 Non-ldeal Analysis

The analytical expressions presented in the preceding subsection have been obtained
considering the VDTA to be ideal and therefore all the input and output terminals of
the VDTA have been considered to be having infinite impedances. This section
presents the mathematical analysis of the proposed circuit taking into account the
parasitics at the input and output terminals of the VDTA. For the sake of brevity the
non ideal analysis of the proposed FO-NIE is presented here which can be extended
to analyse the non ideal behaviour of all derived configurations. The non-ideal
behavioural model of the proposed FO-NIE is depicted in Fig. 3.2 wherein each
terminal is represented with a finite impedance Z; (i = p, n, z, X) consisting of a

capacitor C; in parallel with a resistance R;.

Ideal VDTA x+

~N

o

+

"""’
e

Fig. 3.2 Non Ideal Behavioural Model of the FO-NIE.
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Considering current flowing into the ‘p’ terminal of the ideal VDTA as null the nodal

equation at node ‘p’ can be expressed as

(YR, +5C, Wi (5%) =11 (5°) + (IR, +5C, Vin (5°) = nsV, (3.3)

The nodal equation at ‘z’ terminal can be written as

OneVin (5°) = (IR, +5C, )V, +5“C*V, (3.4)

From (3.3) and (3.4), overall input current may be obtained as

1 (57) =i (5°) (1/Rx++1/Rp)+S<CX++Cp)—(]/RZ fsgg)isc (3.5)

Thus the impedance function under non ideal conditions can be expressed as

& :Vin(s“): (YR, +5C,)+s°C”
Zin( ) Iin(s") [(1/RZ+SCZ)+saC“J[(1/RX+-|r:l7/Rp)+s(Cx+Jr(‘;pﬂ_gmpgmS (3.6)

It may be observed from Eqn. (3.6) that the values of 1/Rx and 1/R, being very small
may be ignored. Similarly C;, Cx and Cp being too small in magnitude lead to very
high impedance for low operating frequencies (s << 1/R.C; and 1/R,Cp) which may
be treated as open circuit. Thus the parasitics are rendered ineffective under these
conditions and Eqn. (3.6) tends to the ideal impedance expression as given in Table
3.2.

3.4 Functional Validation
The performance of the proposed VDTA based generic grounded integer and
fractional order positive and negative impedance emulator is validated through

simulations as well as experimental work.
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3.4.1 Simulation Results

The workability of the proposed VDTA based generic grounded integer and
fractional order positive and negative impedance emulator is validated through
simulations using Virtuoso from Cadence Spectre tool suite using 180 nm (gpdk)
technology node. Results of integer order emulator are presented first followed by
fractional order emulator. For all simulations, values of gmr and gms are considered as
400 UA/V.

3.4.1.1 The FC Implementation

In this work FCs are implemented using RC ladder network of Fig. 2.4 truncated to
12" order. The ladder networks are designed and simulated using Virtuoso for FCs
(represented as C%) of value 12.5 p03/s%3, 3.75 nty/s®® and 0.13 poy/s®’ respectively.

The corresponding component values used are as given:

(i) a=03and C*=12.5 uoy/s®®
Ra =47 kQ, Ry =20 kQ, Rc = 12 kQ, Rqg = 7.8 kQ, Re = 4.7 kQ, Rf = 2.7 kQ,
Rg=1.6 kQ, Ry =1kQ, Rj=560 Q, Rj =390 Q, Rk =220 Q, R =68 Q, Rm =
270 Q, Ca=22 uF, Co=10 uF, Cc =2.76 pF, Cq = 820 nF, Ce = 270 nF, C =
82 nF, Cy = 22 nF, Ch = 7.6 nF, Ci = 2.2 nF, C; = 680 pF, Cx = 220 pF, Ci = 470
pF;

(i) a=0.5and C*=3.75 uoy/s®®
Ra=330kQ, Rp =82 kQ, Rc =33 kQ, Rg=12 kQ, Re =4.7 kQ, Rf =2 kQ, Rq
=736 Q,Rh=270 Q,Ri =120 Q, Rj=47 Q, Rk =82 Q,R1=182 Q, Ca=4.7
uF, Cp = 3.1 puF, Cc =1 pF, Cq = 470 nF, Ce = 168 nF, Cs = 68 nF, Cq = 27 nF,
Ch=10nF, Ci=4.7nF, Cj=1nF, Ck=2.2nF;

(iii) a=0.7and C*=0.13 uvy/s®’
Ra =20 MQ, Rp =2 MQ, Rc =470 kQ, Rg = 82 kQ, Re = 20 kQ, Rf = 3.9 kQ,
Rg=820Q,Rh=150 Q,Ri=33 Q,Rj=3.3Q, Rk =4.7 Q, Ca =150 nF, Cp =
150 nF, Cc =82 nF, Cq4 =33 nF, Ce =22 nF, Cs=10nF, Cy =56 F, Ch = 2.67
nF, Ci =1.33 nF, C;=1.33 nF.
The ideal and simulated magnitude and phase responses for these FCs are
shown in Fig. 3.3 (a) and (b) respectively.
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It may be observed from Fig. 3.3(a) that the magnitude curves follow the ideal
response approximately up to 50 MHz. Further, the phase remains constant with a
maximum deviation of *4- for all FCs over a frequency range of 50 MHz
approximately. Thus, the simulation results verify the functionality of the designed
FCs.

3.4.1.2 Integer order Inductance Emulator

The proposed emulator is configured as a 1 mH positive inductor for which the
integer capacitance value is chosen as 0.16 nF. The impedance response so obtained
is depicted in Fig. 3.4. It is to be noted from Fig. 3.4(a), the magnitude of the
impedance increases with the frequency whereas the phase response of Fig. 3.4(b)
suggests that the phase is positive. It is observed that the simulated magnitude
response follows the ideal response approximately up to 50 MHz whereas the phase
curve follows the ideal value of /2 in frequency range of 50 kHz to 30 MHz thereby
verifying the positive inductance behaviour in the specified range.

3 %x10° 140
E =——Simulation Result M
e | e Theoretical Result E 120!
e ]
g 2.25 3
T £ 100
g 9
u=. 1.5 0 — Simulation Result
0 g 80 Theoretical Result|]
-g e

Q

+ 0.75
c % 60
=] £
g o

0 ‘ 40 o b

10° 102 10? 10° 108 10? 10° 10®

Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 3.4 Positive Impedance: (a) Magnitude (b) Phase Response with L = 1 mH.
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The impedance magnitude and phase responses obtained for 1 mH negative inductor
are depicted in Fig. 3.5. The magnitude of the impedance increases with the
frequency and the phase is a negative value. The magnitude response is in agreement
with the ideal curve till 50 MHz and the simulated phase response follows the ideal
phase curve in the frequency range of 20 kHz to 20 MHz.

6 x10% -40
’E" = Simulation Result M
H s Theoretical Result o

- = .60

c §
g 4,5 3
s c -80
3] 0
c 3 '; 1l T
u:l. v = Simulation Result
0 g 100 /0 e Theoretical Result|]
T e
2 [
1.5
c % -120/
§ £
=

0 B

10° 102 104 10° 108 10 10 10

Frequency (Hz) Frequency (Hz)
(@) (b)

Fig. 3.5 Negative Impedance: (a) Magnitude (b) Phase Response with L = 1 mH.

3.4.1.3 Fractional order Inductance Emulator

Three instances of fractional order positive inductance are emulated first by selecting
FCs of value C* = 12.5 pvy/s%3, 3.75 pt5/s®® and 0.13 ptd/s®’ respectively and the
corresponding values are obtained as 78.13 Q/s%% 23.44 Q/s%° and 0.78 Q/s%’
respectively. The impedance responses for the three fractional order positive
inductances are depicted in Fig. 3.6 which show that the impedance magnitudes of all
the fractional order positive inductances increase with the frequency like a fractional
order inductor (FI) whereas their phase values are positive and remain constant for a

given ‘o’.
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It may be observed from Fig. 3.6 (a) that the simulated impedance magnitude curve
for fractional order positive inductance emulator of value 78.13 Q/s%2 follows the
ideal curve up to 10 MHz whereas for fractional order positive inductance emulators
of values 23.44 Q/s°° and 0.78 Q/s%7 respectively the ideal and simulated curves are
in agreement up to 1.3 MHz. It is observed from the corresponding phase responses
that the fractional order positive inductance emulators follow ideal phase responses
with a deviation of £5° in the frequency ranges (0 Hz — 50 MHz), (10 Hz — 400 KHz)
and (500 Hz — 700 KHz) for 78.13 Q/s%3, 23.44Q/s%° and 0.78Q/s%7 respectively.
Thus, in the given frequency ranges the simulated magnitude and phase responses

accord well with the theoretical computations.

Further the impedance responses for the fractional order negative inductances
(represented as L*) of values 78.13 Q/s%3, 23.44Q/s%° and 0.78Q/s®" are plotted as
depicted in Fig. 3.7.
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The magnitude responses shown in Fig. 3.7(a),(c),(e) for fractional order negative
inductance emulator are exactly the same as those of the fractional order positive
inductance emulators however the phase represents a positive constant value for a
given ‘o’ as shown in Fig. 3.7(b),(d),(f). It may be observed from Fig. 3.7(b) that the
phase responses for fractional order negative inductance emulator of value 78.13
Q/s%3 follow the ideal curves within frequency range (0 Hz — 50 MHz) and (30 Hz —
200 KHz) for the other two fractional order negative inductance emulators i.e.
23.44€/s%® and 0.78Q/s%7 with a deviation of +5°.

Electronic tuning of the proposed fractional inductance emulator is illustrated
through variation of inductance with respect to the transconductance of the VDTA.
The transconductance of the VDTA is varied from 50 pS to 400 uS resulting in

fractional inductance variation as shown in Fig. 3.8.

400

w
[=]
o

200

100

Fractional Inductance (/s%)

1 1.5 2 25 3 35 4
Transconductance (S) «10%

(=]1=]
w

Fig. 3.8 Fractional Inductance Variation with Transconductance.



61

The proposed generic impedance emulator is also tested for transient behaviour. The
transient responses of integer order positive and negative inductance emulators (1
mH) for a 20 mV, 400 kHz sinusoidal signal and corresponding Lissajous patterns
are observed. Further, the transient response of integer order positive inductance
emulator shown in Fig. 3.9(a) and corresponding Lissajous pattern depicted in Fig.
3.9(b) confirm that the voltage is leading by n/2 thus confirming the positive inductor
behaviour. It may further be observed from transient response of integer order
negative inductance emulator and corresponding Lissajous pattern presented in Fig.

3.10(a) and Fig. 3.10(b) respectively that voltage is lagging by /2.

-64uf

~72uf

—76uf

Bs 2.5us 5.0us 7.5us

-64uf

(©

Fig. 3.9 Positive Impedance: (a),(b) Transient Response: Voltage and Current

respectively (c) Lissajous.
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Fig. 3.10 Negative Impedance: (a),(b) Transient Response: Voltage and Current

respectively (c) Lissajous.
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The transient response of fractional order positive inductance emulator (L* = 23.44
Q/s%%) for a 20 mV, 1 kHz sinusoidal signal is shown in Fig. 3.11(a). It may be
observed from the transient response that the voltage signal is leading current thus
verifying the positive inductance behavior. Further, the corresponding right inclined
elliptical Lissajous pattern as depicted in Fig. 3.11(b) verifies the phase dependence
on ‘a’. Similar results for fractional order negative inductance emulator (L* = 23.44
Q/s%%) for a 20 mV, 50 kHz sinusoidal signal are depicted in Fig. 3.12 which verify

that the voltage signal is lagging and its phase is dependent on ‘a’ value.

10uA T

s 1.8ms 2.0ns 3.08ms =21l au 21ml

(@) (b)

Fig. 3.11 Fractional Positive Impedance: (a) Transient (b) Lissajous.
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Fig. 3.12 Fractional Negative Impedance: (a) Transient (b) Lissajous.
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3.4.2 Experimental Results

The proposed VDTA based generic grounded integer/fractional positive/negative
inductance emulator is validated through experimental results also after verification
through simulations for the proof of concept. For experimental purposes, VDTA is
being implemented using off the shelf IC LM 13700 with £10V supply voltage. The
transconductance gmr and gms are set as 3.58 mA/V and the FC is realized using
truncated 12" order RC ladder circuit having component values same as taken for
simulations. The experimental setup is shown in Fig. 3.13. The inductance emulator
is verified for all four cases for following instances and the corresponding results are
depicted in Figs. 3.14 to 3.17:

Fig. 3.13 Hardware Setup.

The transient response of the circuit for integer order positive inductance emulator
for 1 mH is shown in Fig. 3.14(a) and corresponding Lissajous pattern is presented in
Fig. 3.14(b). The transient response of the circuit for integer order negative
inductance emulator is presented in Fig. 3.15(a) and its Lissajous pattern is depicted
in Fig. 3.15(b). The Lissajous patterns depicted in Figs. 3.14(b) and 3.15(b)
respectively confirm the phase shift of n/2 and hence verify the integer order

behaviour.
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Fig. 3.15 Negative Impedance: (a) Transient Response (b) Lissajous.

Further the experimental transient responses for fractional order positive inductance
emulator and fractional order negative inductance emulator of values 23.44 Q/s%° are
shown in Fig. 3.16(a) and Fig. 3.17(a) respectively. It may be observed from
experimental results that for fractional inductances the phase is dependent on ‘a’ and
phase of fractional order positive inductance emulator and fractional order negative

inductance emulator are out of phase with each other.
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The fractional order ‘e’ adds extra degree of freedom to the impedance. In order to
illustrate this fact pictorially the impedance magnitude versus frequency is plotted for
different values of ‘o’ while C* was taken as 3.75 p0/s®°. The magnitude plot shown
in Fig. 3.18 clearly indicates that a continuum of impedance values may be achieved

by changing ‘a’ in comparison to narrow domain integer impedance.
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3.5 Applications

Two application examples namely (i) parasitic inductance cancellation using
fractional order negative inductance emulator (ii) fractional order high pass RL*C
filter using fractional order positive inductance emulator are presented for
demonstrating the effectiveness of the proposed generic impedance emulator.

3.5.1 Inductance Cancellation

The parasitic cancellation property of the proposed fractional order negative
inductance emulator is demonstrated by designing a network as shown in Fig. 3.19
consisting of a resistance in series with a fractional order floating inductance
simulator which is treated as parasitic inductance and proposed fractional order
negative inductance emulator. When the value of a fractional order inductor is equal
to fractional order negative inductance emulator the circuit will be rendered purely
resistive. For simulation a VDTA based FO inductor of value L® = 23.44 Qs%° is
designed and placed in series with fractional order negative inductance emulator of
the same value. A resistance of 1 kQ is used in the circuit. It is evident from the
simulation result depicted in Fig. 3.20 that the current and voltage are in phase
demonstrating the effect of inductance cancellation.
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Fig. 3.20 Transient Response: (a) VVoltage (b) Current of the Circuit of Fig. 3.19.
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3.5.2 Fractional order High Pass RL*C Filter

In this subsection a fractional order high pass filter (FO-HP) is designed using RL*C
circuit as shown in Fig. 3.21.

Vin Vout

- l— i VDTA  x+ -
I /. L
= \t/

\/

Fig. 3.21 Circuit depicting FO-HP RL*C Filter.

where L* is implemented using proposed fractional order positive inductance

emulator. Using routine analysis the transfer function of the filter is obtained as

2a

S
H¢ =
wrer (9) s? + Ry /L% s” +1/CL”

(3.7

The critical frequencies i.e. 3 dB and right phase frequencies for FHPF may be
obtained by deriving magnitude and phase functions from Eqn. (3.7) as given by
Eqn. (3.8) and Eqn. (3.9) respectively
Hitwr ()| = o -
o' + 2R /L 0™ cosan/2+ ™ (2/CL" cosax + R /L**) (3.8)
+2R, /L*1/CL* 0" cosaxr/2+1/C°L**

Heyr (@) = tan™ Ry /L* w”sinaz/2+1/CL" sinax (3.9)
FHPF =

@™ + Ry /L” @" cosar/2+1/CL” cosar
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The 3 dB frequency expression of fractional order high pass filter may be expressed
as

Ao a 3a 20 a 2 2a
Dy erer) — 2Rs /LU Ol rrpr) COS AT/ 2 = Dsg o (2/C|- cosaz +RZ /L )

3.10
— 2Ry /L*1/CL” @i oy COS /2 ~1/CPL2* =0 (3.10)
Right phase frequency may be obtained by equating the phase to +m/2.
Ya
—R, /2L cosan/2+|RZ /4L*“ cos *ax/2 —1/CL” cos ar
a)rp(FHpF) — S/ / \/ S/ 5 / 1/ (311)

It is worth noting that the critical frequencies of the FO-HP filter are dependent on
the transconductances of the VDTA, which in-turn can be varied with biasing

currents. Thus the critical frequencies of the FO-HP filter are electronically tunable.

The functionality of the fractional order high pass RL®C filter is verified through
simulations. The magnitude and phase responses for Rs = 1 kQ, C* =1 p0/s* and L*
= 23.44 Q/s® with a centre frequency of 1 kHz using fourth-order approximation for
a=0.5to 0.9 in steps of 0.1 are illustrated in Fig. 3.22 and the DC gains along with
the critical frequencies are recorded in Table 3.3 for quick reference.
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Fig. 3.22 Frequency Response for FO-HP RL*C Filter (a) Magnitude (b) Phase.
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Table 3.3 Performance Parameters for Fractional Order High Pass Filter.

) Right Phase
DC Gain 3 dB Frequency Peak Frequency
Frequency
(dB) (Hz2) (Hz)
. (Hz)
Fractional
Order - — — —
S g S g S 5 S 2
B ks B I B 3 B 3
2 E g E g E g E
[ wn [ wn [ wn [ wn
05 -5.34 -5.52 127.15k | 17.61k NA NA NA NA
0.6 -1.14 -1.31 9.80 k 6.27 k NA NA 558.21 | 491.03
0.7 -0.13 -0.29 1.47 k 1.40 k NA NA 374.19 360.62
0.8 -0.02 -0.06 345.89 354.16 NA NA 201.40 198.35
0.9 -0.00 -0.01 114.80 115.99 NA NA 110.21 111.56

The simulated FO-HP RL“C filter parameters are in found to be in close agreement

with the theoretical values thus verifying the functionality of proposed FO-PIE.

3.6 Conclusion

A generic grounded impedance emulator based on VDTA is presented in this work
which can emulate the behaviour of (i) integer order positive inductor, (ii) integer
order negative inductor, (iii) fractional order positive inductor and (iv) fractional
order negative inductor. The proposed topology is designed using a single VDTA
and a grounded capacitor or FC. Non-ideal behaviour of the proposition is analyzed
numerically. Simulations have been carried out using Cadence Virtuoso. The FC is
emulated using 12" order approximation based on CFE method. The functionality of
all emulators is verified through frequency and time domain responses. Theoretical
and simulated results are found to be at par with the proposed theory. Two
application examples are presented to show the effectiveness of the emulated

fractional order positive/negative inductors.
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CHAPTER -4

INTEGER AND FRACTIONAL ORDER
FILTERS
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4.1 Introduction

Analog filters are frequency selective networks and may be broadly classified as
first-, second- and higher- order filters. Second-order filters are most popularly
known as biquadratic (or biquad) filters. Biquads may be further categorized as
single input single output (SISO), single input multiple output (SIMO), multiple
input single output (MISO) and multiple input multiple output (MIMO) biquads.
Likewise conventional filters, FOFs are also termed as SISO, SIMO, MISO and
MIMO fractional order filters.

In this Chapter, voltage differencing transconductance amplifier based integer analog
filter and two fractional order filters are presented. Firstly, conventional biquad is
presented having multiple inputs and multiple outputs operating in all possible modes
(VM, TAM, TIM and CM). Moving on to the state-of-the-art fractional order filters,
two topologies are presented. The first proposed fractional order filter represents a
multifunction and is based on the continued fraction expansion (CFE) based rational
approximation, while the second one is universal in nature and uses Carlson
approximation. It is pertinent to mention here that both the proposed fractional order
filters make use of the FC implementation which is realized using RC ladder network

truncated to fourth order.
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4.2 Integer Order Filter

The proposed VDTA based multi-mode MIMO filter is depicted in Fig. 4.1. When
the circuit is driven by voltage inputs VM and TAM operation are obtained whereas,
CM and TIM modes are outcome of current inputs.

z- I3
P X +—° V,
|1 VDTA loutz
\"A n X+
z 1 C, ==
R >
Y Iou':l V3
C, =

o
Vz

Fig. 4.1 The Proposed Multi-Mode MIMO Filter.

Expression for the voltage outputs obtained by the routine analysis of the proposed

circuit are given as

s (V2)+S|:_(ng/Cl)vl+(ng/C2)V2 +(ng/C1)V3]

V01(S): D(S) (4.1)
where, D(s)=s*+9,,-/C, S+ 9=9ms /C.C, (4.2)
V,, (s) = s*(V,)+ SI:(ng /Co )V _(gDmES/)Cz )V2]+(ng Oms /CiC2 )V (4.3)

It is evident from Eqn. (4.1) that VM is capable of providing all five filter responses
through proper selection of applied input voltages.

Similarly, the current outputs at loutz and loutz for the TAM MIMO configuration

respectively can be expressed as
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Ioutl(s) — s* [ng (—Vl +V3):|—S(ngng /C, )V2

D(s)

| (S) _ 52 (ngvl B gmsvz _ ngV3)+ S(ng Oms /Cl)(vl _Vs)
out2 -

D(s)

(4.4)

(4.5)

Driving circuit with current inputs only results in expressions for Vo1 and Vo as

given by Eqgn. (4.6) and Eqn. (4.7) respectively.

S): SI:(:L/Cl) I2 _(ng/Cl)R|1:|+|:(ng/C1C2)+(I2+ |3):|

Vo ( D(s) (4.6)
v, (S) _ 5[(ng /Cz) R, _(l/cl) |3:|+|:(Dgr(n;)gms/C1C2)R|1 _(ng /Clcz) |2:| 4.7)

Likewise, current outputs loutz and lout2 for the CM MIMO configuration are given as:

(s)= Sz[lz_(ngR) |1]+S[(ng/C2)(|2 + |3)]
D(s)

1 (5) = $?[(ImeR) 1L + I3]+S[(9E;1E§)ms/cl) Rl —(Gns /C1) 1 | (49)

(4.8)

I outl

The biquadratic and higher order filters are characterized by means of the pass-band
gain (Ho), pole frequency (wo), the quality factor (Q) which decides the sharpness of
the peak and bandwidth (0o/Q). The filter parameters may be obtained as

Wy =+ Or Oms /ClCZ (4.10)
BW =g, /Cz (4.11)

Qz\/gmscz/ngcl (4.12)

Since all the filter parameters are dependent on the TC values of the VDTA they may

be controlled electronically.
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Appropriate input choices, as detailed in Table 4.1, result in various responses in all
four modes of operation; namely, the voltage mode (VM), trans-admittance mode
(TAM), trans-impedance mode (TIM) and current mode (CM).

Table 4.1 Input Selections for Various Filter Responses.

Node 01 Responses Node 02 Responses
Mode _ Transfer Function . Transfer Function
Signal Signal
) and ) and
Selection Selection
Response Type Response Type
vV, =V, =V, Ve () s Vi =V, =V, Vie (5) _ OneUns/CC,
V,=0 V,(s) D(s) V,=0 V,(s)  D(s)
(e =90s) HP response (Yor = Gs) LP response
H,=1
-V, =V, =V, Viu(s) 29,:/C,s V=V Vi (S) _ ~9us/C, 8
V,=0 V,(s)  D(s) V, =V, =0 V,(s)  D(s)
BP response Inverting BP response
Ho :7gm5/ng
NA NA Vs =V, Vie () _ ¢
V,=V, =0 Vi, (s) D(s)
VM
HP response
H,=1
NA NA V1 =V2 :V3 =Vin Voz (S) — 32 + ng ng /Clcz
Vi (s) D(s)
(ng :gms)
BS response
H, =1
NA NA V1=2V2 =V3 =Vin VOZ(S):Sz_ng/Czs+nggms/C1C2
Vi () D(s)
(ng :gms)
BS response
H,=1
V=V, =V, lous (S) _ 208 Vv, =V, oz (5) _ S0
V,=0 V,(s)  D(s) V, =V, =0 V,(s)  D(s)
HP response Inverting HP response
Ho =20, ‘Ho‘zgms
TAM
VZ :Vln Ioutl (S) _ _nggms/Cz S Vl = 7\/3 :Vin Ioutz (S) _ zngng/Cls
V, =V, =0 Vo(s)  D(s) V,=0 Vo(s)  D(s)
Inverting BP response BP response
‘HO‘:ng Ho = Ohs
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Node 01 Responses Node 02 Responses
) Transfer Function ] Transfer Function
Mode | Signal Signal
. and , and
Selection Selection
Response Type Response Type
L=, Vor(S) _ ~0eR/C; =1, Voo (8) _1/C,s
I,=1,=0 L (s) D(s) I,=1,=0 I.(s) D(s)
Inverting BP response BP response
Hy=R Ho :l/ng
TIM
=1, Vo1(s): ng/QCZ I, =1, VOZ(S):_ng/Clcz
l,=1,=0 I.(s)  D(s) I,=1,=0 I (5) D(s)
LP response Inverting LP response
H, :l/gms H, :l/ng
L=1, lous (5)  —g,- RS’ =1, Lo (8) _ 87
l,=1,=0 l,(s)  D(s) l,=1,=0 l,(s) D(s)
Inverting HP response HP response
Ho =0,:R Hy,=1
CM
|3:|in |0ut1(5):ng/CZS I2:||n Ioutz(s):_gms/cls
l,=1,=0 l.(s)  D(s) l,=1,=0 I (s) D(s)
BP response Inverting BP response
H, =1 H, =1

4.2.1 Sensitivity Analysis

Sensitivity analysis is of prime importance as it is a measure to find out the

dependence of different filter parameters on the various active and passive

components. Filter parameter sensitivities depends on the transconductances of the

VDTA as well as the value of the capacitors. Sensitivities of different filter

parameters are given by Eqn. (4.13) — Eqgn. (4.14) and are found to be low.

2N

ngF 9ms
BW __
Imr _1

=]/2 Sc(:uf,c2 =_]/2
SEBW -0 Sngo

Ims

(4.13)

s =1 (4.14)
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4.2.2 Simulation Results

The functionality of the proposed filter of Fig. 4.1 is validated through simulations
using Cadence Virtuoso and gpdk180 nm CMOS process parameters. The CMOS
structure of VDTA [27] as given in Fig 2.1(c) was used and the aspect ratios of the
MOS transistors are taken as 7.2 um/0.36 um for NMOS and 14.4 um/0.36 um for
PMOS. The supply voltage and the biasing current are considered to be +0.7 V and
10 pA respectively. The resistor and capacitor values are chosen as R = 1 kQ and C1

= C2 =20 pF. Transconductance values are found to be gm1 = gm2 = 400 pA/V.

The magnitude responses of the proposed filter are shown in Fig. 4.2. The VM
responses are depicted in Fig. 4.2(a) and TAM responses in Fig. 4.2(b). Driving
circuit with appropriate current signals the TIM and CM responses are obtained and
are shown in Figs. 4.2(c) and (d) respectively. The simulated value of fo in various
modes of operation is observed to be in the range of 2.5 MHz - 3.3 MHz as against
theoretical value of 3.18 MHz.

Magnitude [dB)
Magn itude [dB}

BE80

e

Frequency {Hz} Frequency {Hz}

(@) (b)
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N

Magnitude (dB)
Magn tude [dB}

p—
— P P
—— BF

Frequency {Hz} Frequency {Hz}

(©) (d)
Fig. 4.2 Magnitude Responses of (a) LP, BP, HP, BS and AP in VM; (b) LP, BP in
TAM, (c) LP, BP in TIM (d) HP, BP in CM.

To show the electronic tunability of proposed filter biasing current is varied from 5
PA to 15 pA in steps of 5 pA and corresponding BP responses in VM mode are
shown in Fig. 4.3. It may clearly be observed that changing the bias current results in

change in frequency. Similar tuning for other modes can also be obtained.

/m\
L0 N
Nt \\§

Magnitude [dB)

/ —— b= 10u

— b= 150

1
00k ™ 0M L ¥

Frequency [Hz)

Fig. 4.3 Electronic Tuning of BP Filter Frequency in VM Mode.
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Natural phenomena can be modelled more precisely using fractional calculus [54-
56]. For instance, first- order and biquadratic filters provides -20 dB/Decade and -40
dB/decade stopband attenuation respectively, but what if in-between value is desired.

So, in order to bridge that gap, focus has been shifting to the fractional order filters.

4.3 Proposed FOF-I

The first proposed voltage mode multiple input single output is universal in nature
and is capable of providing all the five filter responses simultaneously; namely,
fractional order low pass filter, fractional order band pass filter, fractional order high
pass filter, fractional order band stop/reject filter and fractional order all pass filter.
The proposition is based on a single VDTA and two fractional order capacitors as

shown in Fig. 4.4.

p X- ° V,

V; o——n X+
? 1 o
o
¢ V;

Fig. 4.4 Proposed FOF-I.

Routine analysis of the circuit in Fig. 4.4 leads to the following voltage output
expression
VO (S) _ Sza (V3)+Sa |:(gm|: /C; )Vl _(gms /C; )V2:|+(ng ng /Clacza )Vl (415)

D(s)
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where, D(s)=5"+0,:/C5 S“ + UpeOps /CyCy (4.16)

The requisite input selections and the corresponding voltage transfer functions for all
five FOFs are listed in Table 4.2.

Table 4.2 Input Selections for Various FOF Responses and Corresponding Transfer

Functions.
FOF Signal Voltage
Response Selection Transfer Function
V.=V, =V,
FLPE V3 =0 VO (S) — ng ng /Clacg
V., () D(s)
(ng = ng)
FBPF Vo=V Vo(S) _ —~8us/Cy 8"
V,=V,=0 Vi () D(s)
V3 :Vin Vo (S) _ 5%
FHPF V,=V, =0 V,,(s) D(s)
FBSF BV Vo(S) 8% + Qe Ons /CICs
(ng :gms) Vi (S) D(S)
FAPF V=2, =V =V Vo (S) _ % — One /Cza S” + e Ois /Clacza

(ng = ng)

Vin (8) D(s)

A fractional order filter is characterized by means of the following critical

frequencies [86]:

- the 3 dB frequency; where power drops down to 1/ J2

- the peak frequency;

maximum/minimum

corresponding to the point at which |T(jw)| is

- the right phase frequency at which phase corresponds to + n/2
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The expression for 3 dB frequency for any of the fractional order filter responses
may be obtained by equating the corresponding magnitude function to 0.707 and
peak frequency may be determined by differentiating the magnitude of function with
respect to ®* and equating it to zero. On the other hand, the right phase frequency

may be computed by equating the phase function to £m/2.

4.3.1 The Fractional Order Low Pass Filter

The transfer function of the fractional order low pass filter is expressed as:

T (e =2 () O Ons /CI'C
2a a a aa
S VA (S)‘FLPF S +ng/Cz S +ngng/C1 G,

(4.17)

The magnitude and phase functions of Eqn. (4.17) can be expressed by Eqgn. (4.18)
and Eqn. (4.19) respectively.

ngng/CIaC;
2
o' +29,, [C; 0* cosa 7/2+ 0" (20,9, /C{C5 cosar i

|T ( ja))|FLPF -

4.18
+g§1F/C22a)+29mF/Cza ngng/CfC; " cosa /2 ( )

+ griF gr2nS /Clzaczza

in o™ o si 4.19
T(jo),  =-tan™ 2smoma) +0,./Clo”sinar/2 (4.19)
I—FLF’F cosanw®® + g, /Cio” cosar/2+9,.9,s/CCs

Analogous to conventional integer order filters, the 3 dB frequency is obtained by

equating the magnitude to 0.707 and is given as:

da o 3a 2a 2 2a ar~a
Oyperpry T2 Yoe /Cz W8 (FLPF) COS”/4+w3dB(FLPF) [ng 1C" +29,r9ns /C1 C,

o a o o o o (4-20)
COS”/2]+ 20, /Cz Ok Jms /Cl C, W34 (rLpr) COS ”/4_ géF gris /C12 sz =0
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The peak frequency corresponds to the point where magnitude is
maximum/minimum and is determined by equating the derivative of magnitude

function to zero. The wm for FLPF is thus computed as:

3 2 2 2
O yripry T3/ 2 Une /C; cos /4 Dy (eLer) + Dp(eLer) [1/2 One / C5°

ar~a a a~a (421)
+ ngng/Cl C; COS”/2]+1/29mF/C2 ngng/Cl C; cosz/4=0

The frequency at which the phase value of the function is n/2 corresponds to right

phase frequency. The wrp for proposed FLPF may be computed from Eqgn. (4.19) as:

2
_ -12g,. /C; COS”/4i\/]/4 One / C3” €08 77/4 = Qe O /Cng C0S 72

Orp(FLPF) = 0572 (4.22)
4.3.2 The Fractional Order Band Pass Filter
The transfer function of the fractional order band pass filter is expressed as:
Vo (s)) ~0s /C5' 5
T(s =2 = mi_ T2 4.23
QL Vi (5)|gpe 5+ G /C5 8 + G O /CIC5 (.23

The magnitude and phase functions for the fractional order band pass filter may be
obtained from Eqn. (4.23) and are given by Eqn. (4.24) and Eqn. (4.25) respectively.

T (i) pe = O Oms /CICs
FLPF 4o a 3a u — 7
o' +29,: /C; @™ cosz/4+ @ (ngFgms/Cl C; cosz/2
+griF /C§a)+29mF/C§ ngng/Clacza e COS;z'/4 (4.24)
+9%.92 /CrC2
' - sinazw® +9._. /Clo” sinar/2 (4.25)
T(jo),, -t an + gy, [Cia sinan)

cosazw® +g,. /Clo” cosar/2+4,,.9,s/CLCs
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The 3 dB frequency of fractional order band pass filter may be derived as:

Ao a ar-~a
a)3dB(FBPF)+29mF/C a)SdB FBPF) COS”/4+C‘)3dB(FBPF)(29mFgms/C C; cosz/2

g2 /C2% 8, ps /CLCE €052 77/4— G,/ Co[Une O /CLC COS 7/4) (4.26)
+20¢ /Cza ngFng/ClaC; w;dB(FLPF) COS”/4+giFgris /Clzaczza =0

The peak frequency of the fractional order band pass filter may be obtained from
Eqgn. (4.24).

(FBPF) + 0 /C5 COS /4 @0 h(FerF) ~ Imr /C5 Gt G /Caca Wi repr) COS /4

(4.27)
- ng ng /Clzaczza =0

The right phase frequency for the fractional order band pass filter can be expressed

as
2
_ _J/ZQmF/C;"‘\/]/ng;F/CzZQ_nggms/CfC; COSzﬂ'/4 2
Orp(rePF) = (4.28)
cosz/4
4.3.3 The Fractional Order High Pass Filter
The transfer function of the fractional order high pass filter is expressed as:
| 52(1
T (S)|FHPF - - (4'29)

Vln( ‘FHPF - Sza + ng /C; Sa + ngng /Clacg

The 3 dB, peak and right phase frequencies for fractional order high pass filter may
be obtained by deriving magnitude and phase functions from Eqgn. (4.29) as given by
Eqn. (4.30) - Eqgn. (4.31) respectively
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2a

. 9
|T ( Ja))|FHPF - 72
0" +29, /C; @* c0S7/4+ " (20, Gys /C'Cy COS7/2
a a ar~a _.a (430)
+g§1F/C22 )+29mF/C2 ngng/Cl C2 2 COS”/4
+ 07 Gns /CL°C”
4 O, /Clo”sinar/2+sinar g, .9, /CICS (4.31)

(] —t
(Ja))|FHPF an 1+, /Cs " cosan/2+cosarng, .9, /CICE

The 3 dB frequency expression of the fractional order high pass filter may be

expressed as

4 3 2
Dsiperpr) ~ 2 Onr /Cs Oseeripr) COS 7T/ 4= Dsgo eror, (2 O Ons /CL'C5 COS7/2

+g§1|: /Cz2 )_29mF/Cz ngng/Cl C; deB(FHPF)COS”/4_gnz1FgriS/C12 sz =0

The peak frequency for the fractional order high pass filter may be determined as

O /Cs COSﬂ-/4a)g?FHPF) +(2 One Oms /C1'C5 COS /2 + G /CZZO!)CO;:‘;?FHPF)

[24 o o o o o o (4-33)
+30 e /Cz 20 O /Cl C, ws(FHPF) +2 griF g;s /Clz sz @y (FHPF) = 0
The right phase frequency may be obtained by equating the phase to +mr/2.
2
120, /C5 cos7/4+[Y4 g2 C2 Os” 7/4— gy 0rs /CLC cOS /2
O (FHpry = 5 (4.34)

4.3.4 The Fractional Order Band Stop/Reject Filter

The transfer function of the fractional order band stop/reject filter is expressed as:

S
S

)| 520 + ng ng /lelczfl
T @ ot aa 4.35
)‘FBSF 52 +ng/C2 S +ngng/Cl C2 ( )

(e =
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The magnitude and phase functions using Eqn. (4.35) may be expressed as:

. g /crce
|T(Ja))|FLPF - I 9 S/ — 1/2
@" +20, /Cy ™ cOS7/4+ 0" (20,0 /C;C COS /2
4.36
+02 1C3*)+ 20y /C5 Uy Ups /CLCy 00" cOST/4 (4.36)
+Gne Ons /CL°CS”
sinazw® + 9, /Clo” sinarx/2 (4.37)

T(j =—tan™
(1)l =t cosarno™ +,. /Clo* cosar/2+9,.9,s/CCE

Equating Eqgn. (4.36) to 0.707 the expression for 3 dB frequency of fractional order
band stop filter may be obtained as:

4 3 2
wsgB(FBSF) —20,¢ /Cza wsgB(FBSF) cosz/4+ a)S:B(FBSF) (2 Ok Ims /Clacg cos /2

a a ar~a _a ar2a (438)
_griF /C22 )_ngF /Cz O Jms /Cl C, D348(FasF) cosz/4+ griFgriS /C12 sz =0

Similarly, peak frequency corresponding to point where magnitude is
maximum/minimum may be determined by differentiating and equating the

magnitude to zero.

cos ”/40)S?FBSF) T Onr /C;’ a)z?FBSF) +(3ng Qs /Clacza cos /4
+ gip gis/clza(;;a COS a7t COS ﬂ/4)a);‘(’FBSF) — 0, /C; g;Fgés /ClZaCZZa

wZ(FBSF) -3 gr?wF gris /Clgaczga cosz/4=0

4.3.5 The Fractional Order All Pass Filter

The transfer function of the fractional order all pass filter is expressed as:

V S 2a Ca a Caca
T(S)|FAPF:V_OE _S gms/ 2 S +ngng/ 12 (4_40)

)
n S)‘FAPF 320! + ng /C; Sa + ng ng /Clacg
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The magnitude and phase functions using Eqn. (4.40) may be expressed as:

— —]/2
@' =20, /Cy & c0Sa 7/2+ ™ (29, Gps /C/'Cy COST

+0s /sza)_z Oms /Cza Gr Gms /Clacza " cosa /2
+g§u=gris/c12ac22a

— . . 7 (4.41)
o' +29,. [C; 0* c0Sa 7/2+ 0" (20, 9, /C'C; COSaT
+0%e 1 C3*)+ 200 /C5 Gy s /CLCyf @ cOS @ 7/2
| +0neGns /CCS”

H 2a a_ a3
T(jo),  =-tan™ 2smoma) +0,./Clo”sinar/2
I—FLF’F cos anw®* + g, /C@” cosar/2+9,.9,s/C Cs

|T ( jw)|FAPF -

(4.42)

Equating Eqgn. (4.41) to 0.707 the expression for 3 dB frequency of fractional order

band stop filter may be obtained as:

4o a _3a 2a a~a
Wy ipeapr) T 20,6 /Cz W345(rapF) COS )4+ @348 FAPF) (2 O Ims /Cl C; cosz/2

+gris /sz )+2ng/C2 ngng/Cl C; w3dB(FAPF)COS7[/4+g§1Fgr2nS /(:12 sz =0

4.3.6 Simulation Results

Functionality of the presented VDTA based FOF is justified through simulations
using Cadence Virtuoso. The CMOS based implementation of VDTA [27] is used for
simulations with 0.18 um CMOS process parameters. The VDTA is characterized for
bias current of 10 pA and the supply voltages are considered to be = 0.7 V. The
aspect ratios of NMOS and PMOS transistors are set to be 7.2pm/3.6um and
14.4pm/3.6pm respectively.

Using the emulated FCs of 1 p0/s* with o = 0.5 all the five filter functions namely
fractional order low pass filter, fractional order band pass filter, fractional order high
pass filter, fractional order band stop filter and fractional order all pass filter are
simulated and their corresponding magnitude and phase functions are depicted in

Fig. 4.5 through Fig. 4.9 respectively. The simulated filter parameters for all five



89

responses have been recorded in Table 4.3. For the sake of comparison, the

theoretical values, as presented in Table 4.3, are computed for fractional order a =

0.5 using mathematical relations of filter parameters. It is pertinent to mention that

some of the critical frequencies are not observable (NO) for a = 0.5 as theoretical

results lead to negative/complex frequencies.
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Table 4.3 Performance Parameters for FOFs for 1 u0/s* (o = 0.5).
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Simulated Results

rler Parameters Theoretical Carlson Carlson Carlson
Response Results 1st-Iteration 2"d-1teration 3rd-Iteration
DC Gain (dB) 0 -0.60 -0.20 -0.07
FLPF 3 dB Frequency (kHz) 5.10 3.50 581 4.19
Peak Frequency (kHz) Not defined NO NO NO
DC Gain (dB) -7.66 -10.39 -7.82 -8.13
EBPE Lower 3 dB Frequency (kHz) 4.00 1.38 4.05 2.69
Centre Frequency (kHz) 25.46 7.05 16.44 19.41
Higher 3 dB Frequency (kHz) 162.22 NO NO 151.82
DC Gain (dB) 0 -14.86 -5.53 -1.8
FHPF 3 dB Frequency (kHz) 127.15 3.16 17.64 59.83
Peak Frequency (Hz) Not defined NO NO NO
DC Gain (dB) -4.65 -4.95 -4.63 -4.44
FBSE Lower 3 dB Frequency (kHz) 5.76 1.93 6.57 4.39
Centre Frequency (kHz) 16.70 NO 18.41 20.42
Higher 3 dB Frequency (kHz) 112.54 NO 131.07 101.79
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It is evident from the Table 4.3 that as the number of iterations is increased, the filter
parameters such as gain, 3 dB and/or center frequency right phase frequency as

applicable for a given configuration approach the theoretical values.

4.4 Proposed FOF-I1
The second proposed voltage mode single input single output fractional order filter
comprises of a single VDTA and two grounded fractional order capacitors only as

shown in Fig. 4.10.

N X
i z
FC, Veu
FC, iEE,:?
=]
Ulﬂ

Fig. 4.10 Proposed FOF-II.

Routine analysis of the proposed circuit suggests that it provides fractional order low
pass filter, fractional order band pass filter and fractional order high pass filter

responses simultaneously.

vV (S)| g2
T — out —
(S)|FHPF Vin (S) ‘FHPF D(S) (444)
Where! D(S) = SZa + ng /Cilfx Sa + ng gms /ClaCZD[ (445)

represents the characteristic equation of the filter and o is the fractional order of the

capacitor.
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The 3 dB, peak and right phase frequencies for fractional order high pass filter may

be obtained by deriving magnitude and phase functions from Eqgn. (4.44) as given by

Eqgn. (4.46) - Eqn. (4.47) respectively

|T ( jw)|FHPF -

a)Za

7
o' +29, /C & cOsam/2+ ™ (29,9, /C'C5 cosar + i

gris /Clza)+ 20" 9 e Ois /Clacg Ons /Cla cosaz/2
+0ne Ons /C/°C°

ng/Claa)a SinOUZ'/Z—l— ngng/Clacza Sinaﬂ'
@** +9,s/Clw" cosan/2+9,.9,s/CCs cosar

T( joo)|FHPF =tan!

The 3 dB frequency of fractional order high pass filter may be expressed as
w?iJaB(FHPF) 20,5 /Cla a)33§B(FHPF) cos aﬂ/z_a)’a‘ng(FHPF) (ngF Oins /Clacg cosar +

g:ns /Clza)_zgms /Cla One Oms /Clacg a):dB(FHPF) COSO‘”/Z_ griF gris /Clzaczza =0
Peak frequency for the fractional order high pass filter may be determined as
Oms /Cla Cosaﬂ/za)S(aFHPF) +a)i?FHPF) (ngF Oms /Clacza COS QT + G /Clza)

+30 s /Cla 20, Os /Clacza a)i((ZFHPF) +2 griF griS /Clzaczza wZ(FHPF) =0

Right phase frequency may be obtained by equating the phase to +m/2.

Ya
(—O.ngS /C cosan/2+05g2 /C2 cos 2an/2 4, g, /C/CL cOS om)
O (rHpr) = 2

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

It is worth noting that various critical frequencies of all fractional order filter

responses are dependent on the transconductances of the VDTA, which in-turn can

be varied as per the biasing currents. Hence critical frequencies of proposed

fractional order filter are electronically tunable.
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4.4.1 Sensitivity Analysis

Sensitivity analysis is a measure to find out the relative change in filter responses
with change in circuit parameters; that is the external passive components,
transconductance values which further depends on the biasing currents.

Transfer function sensitivities of the proposed fractional order high pass filter have
been computed with respect to capacitors used in the circuit and the
transconductances of VDTA are computed and expressed as Eqn. (4.51) - Egn.
(4.55). Transfer function sensitivities are dependant of value of the fractional order

capacitors and transconductances of the VDTA.

aIn(s)(Gps /Cr 8 + 20,0 G5 /CC5 )

S, e = 451
% + Qs /CL' 8" + Gy Us /CY'C *.51)
s CY 8" + gy Ups /CLCE
ST,E - _ ng/ 1 mF YIms / 1 2 4.52
< S + Qs /Cy $” + U Us /C1C5 (4.52)
crcr
ST,(,S}‘F”"F _ e ng/ 1 2 4.53
K SZ{Z "_gms/cjfZ Sa+ngng/C1aC; ( ' )
ST(S)‘FHPF _ _(gms/Cla s* +ngng/Cf’C;) (454)
o Sza +ng/C1a Sa +ngng/C1ac;
- CCy
ST(S)‘;HPF — ng ng/ 1 2 4 55
I SZa + ng /Cla Sa + ng ng /Clacza ( ' )

4.4.2 Stability Analysis

The fractional order filters have an extended stability region based on the location of
the roots [96,109], in contrast to integer order filters. In this work, roots of the
characteristic equation Eqn. (4.45) are positive and are located at

q.z=_g“‘/CliJg“F/ C;_4(9“Fg“/c1c2)=gl‘2ew and r,-9.,9,./CC, -g,.e* respectively, hence

proposed fractional order filter is stable for |A| > an/2 region in w plane for a ranging

from 0.5 to 0.9. Corresponding pole frequencies are given by g,,* and (g,.9,:/C.C,)"

-1 -1

2c0snla and Tonija respectively.

respectively. The resulting quality factors are

Pictorial representation of stable and unstable regions is depicted in Fig. 4.11 for a

ranging from 0.5 to 0.9.
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Fig. 4.11 Stability Region in w Plane for o = (a) 0.5 (b) 0.6 (c) 0.7 (d) 0.8 (e) 0.9.
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4.4.3 Simulation Results
Proposed VDTA based FOF-I11 topology has been tested for its functionality through
simulations carried out by Virtuoso from Cadence Spectre tool suite using 180 nm

(gpdk) technology node.

Using the FCs simulated in Section 2.3.2 magnitude and phase responses of the
FHPF for the orders ranging from 0.5 to 0.9 are obtained as shown in Fig. 4.12. It
may be observed from the magnitude response that likewise conventional integer
order filters, as the order of the fractional order capacitor increases, fractional order
high pass filter approaches the ideal brick wall response. Furthermore, 3 dB
frequency tends to reduce as the order of the FC increases. It may be further noted
from the phase response that higher the fractional order, lower is the right phase
frequency. These results are summarized in Table 4.4. All the critical frequencies are

observed to be in close agreement with theoretical values.

The magnitude and phase responses of FHPF are illustrated in Fig. 4.12 and the
critical frequencies are listed in Table 4.4.

g g 40+
T
TS / g
= / 8’
S /// Q
= o
E 40 / —a= ggi E
3 —a=0.
(¢] / — a=07 a
— a=08
a=09
60—
10 1(I|D 1k Nak 100k |;V|
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 4.12 Frequency Response for FHPF (a) Magnitude (b) Phase.
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Table 4.4 Performance Parameters for Fractional Order High Pass Filter.

) Right Phase
DC Gain 3 dB Frequency Peak Frequency
Frequency
(dB) (Hz2) (Hz)
. (Hz)
Fractional
Order - — — —
S g S g S 2 S 2
B K 5 K 5 3 5 s
= > S > S > = >
8 E = E 2 E g E
[ w [ w [ [9p] - [9p]
0.5 -5.34 -5,52 | 127.15k | 1761k NA NA NA NA
0.6 -1.14 -1.31 9.80 k 6.27 k NA NA 558.21 491.03
0.7 -0.13 -0.29 1.47 k 1.40 k NA NA 374.19 360.62
0.8 -0.02 -0.06 345.89 354.16 NA NA 201.40 198.35
0.9 -0.00 -0.01 114.80 115.99 NA NA 110.21 111.56

The FHPF displays a reduction in the 3 dB frequency and enhancement in the gain as

the order of the fractional order capacitor increases. Furthermore, right phase

frequency reduces with increase in order of the filter. The simulated fractional order

filter parameters are in found to be in close agreement with the theoretical values

except for a = 0.5 and 0.6.

4.5 Proposed FOF-I111

The third proposed current mode single input multiple output is multifunction in

nature and is capable of providing; fractional order low pass filter, fractional order

band pass filter, fractional order high pass filter responses simultaneously. The

proposition is based on a single VDTA and two grounded fractional order capacitors

as shown in Fig. 4.13.
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Fig. 4.13 Proposed FOF-III.

ln-ul:3-

The proposed CM SIMO FOF comprises of a single VDTA and two grounded FCs

only as shown in Fig. 4.13. Routine analysis of the proposed circuit suggests that it

provides FLPF, FBPF and FHPF responses simultaneously.

T (S)| — Iout3(s) — nggms/Clacza
FLPF Iin (S) Lo D(S)
T(8)|eger = o ()| _ Qe /CF'S”
FBPF |in (S) oo D(S)
| (S) SZa
T — outl —
(S)|FHPF |in (S) o D(S)

where, D(s)=5"+0,¢/CS“ +gpe O /CLCy

(4.56)

(4.57)

(4.58)

represents the characteristic equation of the filter and a is the fractional order of the

capacitor.
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The mathematical relations for critical frequencies for the responses namely, FLPF,
FBPF and FHPF are presented in Table 4.5.

Table 4.5 Critical Frequencies for Various FOF-I11 Responses.

FLPF

4o a _3a 2a ar~a
WyiprLpe) T 20,¢ /Cl D345 Lpry COS ar/2+ W348(FLPF) (2 Ok Ims /Cl C; cosar

+griF /Clza)+ 20,¢ /Cla O Jms /Clacg a)a‘oiiB(FLPF) cos a7r/2— griF gris /Clzaczza =0

a)p(FLPF) +1.50 ¢ /Ca cos 0‘77/260 (FLPF) + @, p(FLPF) (ng Oms /Caca Cosar

+0.59, /C12Q)+0'59mF /Cla 9inr Iins /Clacza cosar/2=0

Drp(FLrFy =

Yo
12, /CY cOsan/2+ 14 g2 [C2 08 22~ G, Gy /CLCYE COSQT J
cosar

FBPF

a _3a 2a a~a
a)SdB (FBPF) +20,¢ /C W345rgpr) COS aﬂ/2+a)3dB(FBPF) (ngF Oms /Cl C, cosar

~Gne / C =80 ,e G /Clacg C0S* a7/2~ Qe /Cla\/nggms /Clacg COSOUZ'/Z)

+20,¢ /Cla 9me Gns /Clacg a);jB(FLPF) cosam/2+ griF gris /Clzaczza =0

p(FBPF)+ng/C Cosaﬂ/zwp(FBPF) ng/Ca nggms/CaCa W (rpr) cosaz/2
_ngng /Clzaczza =0

i
o _ _]/ngF/Cla+\/]7/4griF/C12a_ngng/Clczcoszaﬁ/Z
R cosar/2

FHPF

w??;lt?,(FHPF)_ngF/Cf w??gB(FHPF)COS(Z”/Z a)3dB FHPF) (29mFgms/C C, cosar
+g;,: /Clza)_zng /Cla Ome Os /Clacg s (FripF) Cosa”/z_gmlz ng /Clzaczza =0
O, /Cl* cOs /2 a)p(FHPF (2 O Ous /CC5 COS QT + 97 /Cza) aFHPF)

+30,¢ /Ca 29,6 Os /Caca aFHPF) +2 griF gris /Clzaczza wZ(FHPF) =0
Ya

129, /C cOSar/2+\[1/4 0% /CZ COS *amt/2 — G Os /CCY COS

Oro(FrpF) = 5
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4.6 Conclusion

A Single-VDTA based MIMO Filter is presented in this paper which provides
various responses in all four modes of operation with appropriate input choices. The
transfer functions for all four modes of operations are derived and are tabulated.
Filter parameters’ sensitivities too are computed and found to be well within unity.
To prove the workability of the proposition, the biquad is simulated using Cadence
Virtuoso and 180 nm gpdk process parameters are used. Electronic tunability of
parameters is also established by varying bias current. The theoretical and simulated
values obtained are found to be in accordance with each other.

Further, a VDTA based FO-MISO universal filter is presented in this work which is
designed using a single VDTAs and two FCs. Detailed mathematical formulations
for FLPF response are presented. An FC of order 0.5 and value 1 p0/s* is used for
illustrating the proposal. The FC is emulated for three different instances obtained
after first, second and third iterations based on Carlson method. Physical realization
of FC is done using RC ladder network. Simulations have been carried out using
Cadence Virtuoso. Theoretical and simulated results are found to be in close
agreement. The proposed designs offer precise control of various filter parameters
due to additional degree of freedom hence may be used for biomedical applications.

Moreover, a VDTA based voltage mode fractional order SISO filter; providing FHPF
response, is presented. Workability of the proposed filter is verified through industry-
standard tool Virtuoso from Cadence tool suite using gpdk180 foundry; for
fractional-orders (o = 0.5-0.9). Performance of the proposed circuit is analysed by
virtue of sensitivity and stability analysis. The simulated results are at par with

theoretical ones, thereby validating the functionality of the proposed FOF-II.
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CHAPTER -5
SINUSOIDAL OSCILLATORS

The content and results of the following publication(s) are included in this chapter:

6. Parveen Rani and Rajeshwari Pandey, “Electronically Tunable Third Order
Sinusoidal Oscillator based on VDTA”, Springer 8th International Conference
on Nanoelectronics, Computational Intelligence & Communication Systems
(NCCS-2022), 2022. (Paper ID: NCCS22015)
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5.1 Introduction

Sinusoidal oscillators (SOs) are linear electric/electronic circuits and are widely used
in various applications pertaining to telecommunications, control systems, signal
processing and measurement systems. Sinusoidal oscillators may be broadly
classified as second- and third- order sinusoidal oscillators (TOSO) [44-53]. It is
pertinent to mention that for such applications, the third order sinusoidal oscillators
are a apposite choice over second order oscillators, as they provide better frequency
response. Further, sinusoidal oscillators are sub-categorized as single phase (SPs),
quadrature oscillators (QOs) and multiple/multi-phase sinusoidal oscillators (MSOs).
Comparative study for various voltage differencing transconductance amplifier based

oscillators has been recorded in Table 1.3 for ready reference.

Comprehensive literature survey suggests that there is lean presence of third order
sinusoidal oscillators. Further, explored TOSOs are designed around two active
blocks; either combination of blocks [44] or both VDTAs [47,48]. In this Chapter,
voltage differencing transconductance amplifier based two voltage mode third order

sinusoidal oscillators based on single VDTA are presented.
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5.2 TOSO-I
The first proposed structure to realize third order sinusoidal oscillator is shown in

Fig. 5.1 and is designed around a single VDTA.

p
R L VDTA  x+
1

R = C;

-

Fig. 5.1 Proposed Circuit (TOSO-I).

Using routine circuit analysis and considering current flowing into the ‘n’ terminal of

the ideal VDTA as null the nodal equation at node ‘n’ can be expressed as

(1+SC,R )V, (5) = Vo (3) (5.1)

The nodal equation at ‘z’ terminal can be written as

—Gme RV, (5) = (1+SC,R, )V, (9) (5.2)

The nodal equation at ‘x+’ terminal can be written as

(YR +5C Vo (5) =V (8)/R: = 9V, () (5.3)
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Thus, the generalized characteristic equation of the proposed third order sinusoidal

oscillator is derived as

C,C,C;RR,s*+(C,C,R +C,C;R, +C,CR,)s* +(C, +C,)S+ 7, UnsR, =0 (5.4)

The corresponding frequency of oscillation (FO) and condition of oscillation (CO)

are obtained as

1 | c+C, (5.5)
° 27\ CC,C,RR,

and (C,+C,)(C,C,R +C,C,R, +C,CR,) = 9, 9,sRRC,C,C, (5.6)

Assuming C1 =C> =C, C3=C’, R1 = R2 = R, the characteristic equation simplifies to

C’CR’s®+(C°R+2CCR)s*+2Cs+g2R=0 (5.7)

The simplified corresponding FO and CO are

(__ 1 (5.8)
° 2zRJCC
and g2R°C'=2(C+2C) (5.9)

From Eqgn. (5.8) and Eqn. (5.9), it is clear that CO can be tuned using gm without
affecting FO. Transconductances (gmr and gms) may be varied by changing the bias
currents (Isr and Igs) of the VDTA. Thus, the proposed third order sinusoidal

oscillator is electronically tunable.
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5.2.1 Non-ldeal Analysis

The analytical expressions presented in the preceding subsection have been obtained
considering the VDTA to be ideal and therefore all the input and output terminals of
the VDTA have been considered to be having infinite impedances. This section
presents the mathematical analysis of the proposed circuit taking into account the
parasitic at the input and output terminals of the VDTA. The non-ideal behavioural
model of the proposed TOSO-I is depicted in Fig. 5.2 wherein each terminal is
represented with a finite impedance Z; (i = p, n, z, X) consisting of a capacitor C; in

parallel with a resistance R;.

P
r Ideal VDTA x+

C F Rm :.
1

i

Y
O

RS Lo R, —-l—cI

Fig. 5.2 Non Ideal Behavioural Model of the TOSO-I.

Considering current flowing into the ‘n’ terminal of the ideal VDTA as null the nodal

equation at node ‘n’ can be expressed as

(I/R+SC)V, (s)+ (YR, +sC, )V, (s) =V, (s) (5.10)
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The nodal equation at ‘z’ terminal can be written as

~gueV, (s)= (YR, +5C,)V, (s)+(]/R+SC')VZ (s) (5.11)

The nodal equation at ‘x+’ terminal can be written as

(YR+SC)V, (s)+(YR,, +5C,, WV, (5)-V, (5)/R =gV, (5) (5.12)

Thus, the characteristic equation under non ideal conditions can be expressed as

C*CR?s" +[CC'R +CCR?(JR, +5C,)+CR*{(C+C/R)+C (YR, +5C,.)+C(YR, +5C, )}}s2
+[R{(C+C/R)+C (YR, +5C,,)+C (YR, +5C,)|

+R*(Y/R, +an){(C +C/R)+C (YR, +sC,,)+C (IR, +sCZ)}

+CR? {]/R2 +1/R{(/R,, +5C,.)+ (YR, +sC, )} +(Y/R,, +C,, )(/R, +sC, )}Js
+RIYR?+1/R{(YR,, +5C,. ) +(1/R, +5C, )} +(YR,, +5C,, ) (I/R, +5C,)]

+R* (YR, +an)[1/R2 +YR{(YR, +5C,. )+(/R, +5C, ) +(YR,, +5C,, ) (YR, +5C, )}] =0

(5.13)

It is pertinent to mention here that the proposed oscillator circuit (TOSO-I) depicted
in Fig. 5.1 comprises of grounded passive components only thereby making it
capable of mitigating the effects of the parasitic impedance; which is fairly an

advantage.

5.2.2 Sensitivity Analysis

The sensitivity is a significant performance criterion of any circuit. The sensitivity of
frequency of oscillation ‘fo” for the circuit shown in Fig. 5.1 with respect to passive
components; that is, R and C are given as

S =1/2 sgq =1/2 (5.14)
Sh =1 (5.15)

From Eqn. (5.14) and Eqgn. (5.15), it may be observed that all passive sensitivities are

below or equal to unity in magnitude.
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5.2.3 Simulation Results

The performance of the proposed third order sinusoidal oscillator is verified through
Pspice simulations using AD844 IC model. The supply voltages are taken as +10 V.
The values of the resistors are taken as 10 kQ. whereas the capacitors (C and C’) are
taken as 250 pF and 100 pF respectively. The simulated transient response, sustained
oscillations and the corresponding FFT are shown in Fig. 5.3 (a), (b) and (c)
respectively. The simulated value of fo is observed to be 169 kHz. The theoretical

and simulated results are in mutual agreement with each other.

u‘am" . " " . " . [ 8

&

N
1 1

Voltage (V)

o

/an—+= E ||[I

ro
1

IS

@

_________________________________________________

H ' H 1 i ! H 1 -8 T T T
-4 _8mA . { 100.00p 125.00p 150.00p 175.00p 200.00p

s 258us 580us Time (s)

(b)

BHz 100KHz 200KHz 299KHz

(©)
Fig. 5.3 TOSO-I (a) Transient Output (b) Sustained Oscillations

(c) Frequency Spectrum.

The FO variation with respect to R and C are shown in Fig. 5.4(a) and (b)
respectively. In Fig. 5.4(a) capacitor value is set at 100 pF and R is varied from 0.5
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kQ to 25 kQ. For 5.4(b) resistor value is fixed at 10 kQ and capacitor is varied from
1 pF to 10 nF.

_><106

N [ L 4]
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7
25 *x10
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o -
oA ;N

o
-

0 2.5 5 7.5 10

(b)

Fig. 5.4 Frequency Tuning with (a) Resistance (b) Capacitance.

Thus, it is evident that the proposed third order sinusoidal oscillator relishes the
benefits of frequency tuning.
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5.3 TOSO-II
By connecting a resistance in shunt with the input capacitor, one more TOSO

configuration is obtained and is shown in Fig. 5.5.

R, J,_p VDTA  x

Ry

I
I
O
Ly
0
[

R;

3

-

Fig. 5.5 Proposed Circuit (TOSO-II).

Using routine circuit analysis and considering current flowing into the ‘n’ terminal of

the ideal VDTA as null the nodal equation at node ‘n’ can be expressed as

(1+SC,R, )V, (s) =V, (s) (5.16)

The nodal equation at ‘z’ terminal can be written as

~Gne RV, (8) = (1+5C,R; )V, (5) (5.17)

The nodal equation at ‘x+’ terminal can be written as

[(YR +5C,)+1/R, [V (5) -V, (5)/R, = 9nsV, (5) (5.18)
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Thus, routine analysis of the second TOSO configuration, yields the following

generalized characteristic equation
C.C,C;RR,R,s* +[CC,RR, +C;R, (C,R +C,R, +C/R, )]s’
(5.19)
+[(C,R, +C,R, +CR ) +C;R, |5 +(1+ 9, 9,sRR;) =0

The corresponding frequency of oscillation (FO) and condition of oscillation (CO)

are obtained as

5.20
1 [(CR+CR,+CR)+CR)] (5.20)
" 21 CC,CRRR,

; [(C,R +C,R, +CR)+C;R, |[CC,RR, +C,R,(C,R +C,R, +CR)|  (5:21)
=C.C,CRR,R, (1+ 9nr Iins R1R3)

Assuming C; = C; = C, C3 = C’, R1 = R2 = Rs = R, the characteristic equation

becomes

C’CR’%’+(C*R®+3CCR?)s’ +(3CR+CR)s+(1+g2R*) =0 (5.22)

Further simplification (Considering C1 = C2 = C3 = C, R1 = R2 = Rz = R) leads to the
following characteristic equation

R°C®’® +3R°C’s” +3RCs +(1+ g2R*) =0 (5.23)

The simplified corresponding FO and CO are

B (5.24)
° " 27RC

and g, R=22 (5.25)

f
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From Eqgn. (5.24) and Eqgn. (5.25), it is clear that CO can be tuned using gm without
affecting FO. Transconductances (gmr and gms) may be varied by changing the bias
currents (Is1 and Igz) of the VDTA. Thus, the proposed third order sinusoidal

oscillator is electronically tunable.

5.3.1 Sensitivity Analysis
The passive component sensitivities of frequency of oscillation ‘fo’ for the circuit
shown in Fig. 5.5 are

Spo=Sl=1 (5.26)
Thus, from Egn. (5.26), it may be observed that all passive sensitivities are equal to

unity in magnitude.

5.3.2 Simulation Results

The performance of the second proposed third order sinusoidal oscillator is verified
through Cadence simulations. The values of the resistors are taken as 15 kQ. whereas
the capacitors are taken as 75 pF respectively. The simulated transient response,
sustained oscillations and the corresponding FFT are shown in Fig. 5.6 (a), (b) and
(c) respectively. The simulated value of fo is observed to be 332 kHz. The theoretical

and simulated results are in mutual agreement with each other.
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1 1 il

Fig. 5.6 TOSO-1I (a) Transient Output (b) Sustained Oscillations
(c) Frequency Spectrum.

5.4 Conclusion

This chapter presented two new voltage differencing transconductance amplifier
based third order sinusoidal oscillators. The characteristic equation and hence
corresponding frequency and condition of oscillation are derived for both the
configurations. To prove the workability, the oscillator is simulated on Pspice.
Electronic tunability of parameters is also established by varying gm. The theoretical
and simulated values obtained are found to be in accordance with each other.
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6.1 Introduction

Commercial portable devices having variety of features with extended battery life
have become essential part of life. Owing to an upsurge in this demand the research
focus of circuit designers has been directed towards low voltage, low power and high
speed circuits, in past few decades. This has led to the proposition of several low
voltage device techniques such as floating gate, bulk driven and sub threshold
operations etc. and circuit techniques such class AB operation, self-cascode, adaptive
biasing and current mode (CM) operations. Further, circuits designed using CM
techniques offer numerous merits over voltage mode (VM) counterparts; such as
larger dynamic range, reduced power consumption and wider bandwidth. As a result,
various CM analog building blocks are reported over the past three decades which
are summarized in [3]. The voltage differencing transconductance amplifier (VDTA)
[11] is one such versatile block which is an appropriate choice for designing
integrated analog applications [11-53] with electronic tunability of circuit
parameters. The suitability of VDTA for integrated circuit applications has resulted
in numerous VDTA implementation as is evident from the available literature
[11,15,18,27,110-112].

It is well known that, transconductance amplifier (TA) with high transconductance
gain ‘gm’ are essential for designing high performance analog circuits. Most
traditionally the gm can be enhanced by increasing the bias current of the TA stage.
However, increased bias current essentially leads to large power dissipation leading
to a trade-off between the transconductance gain and the power dissipation.
Extensive review suggests that all available CMOS based VDTA implementations
[11,15,18,27,110-112] increase the bias current for enhancing the gm of the TA
stages. Thus, it may be summarized that the available VDTA structures do not
provide characteristics like low power and high transconductance gain

simultaneously.

In this chapter two new VDTA structures with enhanced transconductance gain have

been proposed which are presented in following section.
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6.2 Proposed Circuits

This work contributes two new VDTA propositions which make use of additional
circuitry for enhanced transconductance gain. The first proposed structure relies on
the positive partial feedback technique which makes use of a cross coupled NMOS
transistor pair. While to boost the transconductance gain, the second structure
implements an inverting amplifier each between the gate and source terminals of the

differential pair transistors in the TA stage.

The following subsection presents a brief on conventional VDTA which is further
modified to develop two new VDTA propositions with increased transconductance

gain.

6.2.1 Conventional VDTA

Conventionally, the VDTA is designed by cascading two transconductance amplifier
(TA) stages. A typical CMOS implementation is depicted in Fig. 6.1 which will be
referred to as conventional VDTA hereafter. It may be observed that the TAL stage
comprises of differential pair transistors M1, M2 and active load transistors M3z and
Ma. Similarly, stage TA2 consists of Mg, M1o, M11 and M12. The transconductance
gain of TA1 and TA2 can only be enhanced by increasing the bias current ly12 which

results in high power dissipation.

MSJI I|_IM3 M, 'JI 1| M
b

UM

Fig. 6.1 Conventional scheme for designing VDTA.
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6.2.2 Proposed VDTA-I

The proposed first structure VDTA-I, which is a modification over conventional
VDTA, makes use of well-known partial positive feedback technique [113] for gain
enhancement. The transconductance gain of the proposed VDTA-I, is enhanced by
connecting positive feedback through active loads of both the TA stages.

The concept of partial positive feedback [113] is shown in Fig. 6.2(a) where a
negative impedance Z is connected between the drain terminals of the differential
pair (formed by My and My). It is evident that the resulting currents lcopy1/lcopy2 Will be
the summation/difference of I/l and la respectively. Thus, the overall differential
current (I - 11) will be raised by the factor 2*I, resulting in increased
transconductance gain computed as (I2 - 11)/(Vp -Vn). The negative impedance Z may
be realized using cross coupled NMOS transistors (Ma and Ms) which provide
positive feedback. It is pertinent to mention that the impedance of this cross coupled

pair can be controlled through the bias current of the cross coupled amplifier Is.

The complete CMOS implementation of the proposed VDTA-I is depicted in Fig.
6.2(b) wherein, for stage TAL transistors Ms, M4 act as active load, Ms.s, M4.¢ are the
corresponding current mirrors along with My.g. The cross coupled Ma, My pair serves
as negative impedance for positive feedback. The respective functions for stage TA2
are served by transistors Mi1 M1z, Mi1-13, M12-14 along with Mi7.1s. The Iy represents
the bias currents for the respective TA stages whereas the Is is the bias currents for

the cross coupled amplifiers.
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Active Load

ICOP‘lll *Icopyz
-Z
Mg =2a

Z
la
vi—i[m M. [V,

-2=-2/gw ™ M

Cross Coupled I
Amplifier
to Vi
VSS

(@)

TA2

(b)

Fig. 6.2 Proposed VDTA-I (a) Scheme (b) CMOS Implementation.

The small signal high frequency model for TA1 is depicted in Fig. 6.3. For the sake
of clarity of presentation roa||roz||ro3, Cgsa+Cqgss+Cqsb, Fon||ro2||ro4, CgsatCqgss+Cgsa,

ro7||ros and Cgs7+Cgss are represented by Ra, Ca, Rg, Cs and Rc and Cc respectively.
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Po

CB gBVb gSVc

: N b
VA v gV RCQ@Na@Nn@ Al Ra = CA@N(?&V@M Re=

Fig. 6.3 Small-signal high-frequency model of TA1 stage of the proposed VDTA-I.

The nodal equations at nodes ‘a’, ‘b’ and ‘c’ can be represented by Eqn. (6.1), Eqn.
(6.2) and Eqgn. (6.3) respectively.

1
[ga +R_+ SCA]Va +0.V, =-0V, (61)
A
1
9yVa +[94+R_+SCB]Vb =-0,V, (62)
B
V — _QSVa
(g7+1+sCCJ (6.3)
Re

Considering g7=gs and keeping in view that (gz/Cc+1/RcCc) is not the dominant
pole, Eqn. (6.3) results in
V. =-V, (6.4)

Applying KCL at node ‘d’ gives

_gﬁvb - gsvc = Iz (65)
_gevb + gsva = Iz (66)
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Assuming ga= Ob, 01=02, U3=04, g6=0s, Ra=Rs ,Ca=Cg and solving Eqn. (6.1), Eqn.
(6.2) leads to

-0,(V, -V,)
[—ga+gs+Rl+sCAj (6.7)

A

V, -V, =

Substituting Eqgn. (6.7) in Eqgn. (6.6) results in

I — glgfi(\/p _Vn)
[_ga+93+1+scAj (68)
RA
g — Iz — glgs
™ (\/p _Vn) ( 1 SCA ] (6'9)
— 3 1
Cor )| +(—<.>Ja+@|3)RA)+(—ga+gg)

It may be observed that the transconductance gain (gm:1) is modified by a factor
(1/(1- m)) where n represents the ratio ga/gs. If 1 is set as 0 <1 < 1, then the factor
1/(1 - ) will be greater than 1 and hence the transconductance gain will be enhanced.
Further, the gain bandwidth product of the proposed structure increases though it
leads to the reduction in the bandwidth of the proposed structure.

6.2.3 Proposed VDTA-11

It is well known that transconductance of a differential pair is proportional to VIp or
Ves Where |y represents the bias current and Vs is gate to source voltage of the
MOSFET. The open literature suggests that to enhance gm bias current method is
used most widely. However, it leads to limited transconductance variation and at a
cost of large power dissipation [114]. In the proposed VDTA-II the Vgs variation
method is used. The Vgs variation topology is shown in Fig. 6.4(a) wherein inverting
amplifiers are used to enhance the Vgs of each transistor (M1 and M) of the
differential pair. The inverting amplifiers are placed between the gate and the source
terminals of the differential pair (M1 and M2) and their output terminals are tied to the
source terminals of differential pair transistors, while keeping the differential pair

transistors and inverting amplifiers at the same input voltages, respectively. Phase
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reversal between inputs and outputs produced by inverting amplifiers increases the
potential differences between the gate and source terminals of differential pair
transistors. This increase in Ves is proportional to the gain of the inverting amplifier
configuration which in turn increases the transconductance of the differential pair.
The complete CMOS implementation of the proposed VDTA-II based on the
outlined method is depicted in Fig. 6.4(b).

Inverting

Amplifier
Vi L M

=
3
33
Rt
3 o
o3
R
=
3
33
R
5
o3
2R

TA2

(b)

Fig. 6.4 Proposed VDTA-II (a) Scheme (b) CMOS Implementation.
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The small signal high frequency model for TAL of proposed VDTA-II is shown in
Fig. 6.5. For the sake of clarity roz||ros, roz||ros and roz||ros are represented as Ra, Rs
and Rc respectively while Cgs3+Cgss, CgsatCgss and Cgs7+Cgsg are termed as Ca, Cp
and Cc respectively. The gain of the inverting amplifier given by gc¢/gq is represented
by ‘G’.

VA VS Rerc b ) it § ViSRG Vi E(1+G)S Re==Cy gsVi\ § /BeVe

Fig. 6.5 Small-signal high-frequency model of proposed VDTA-II.

Applying KCL at nodes ‘a’, ‘b’ and ‘c’ result in Eqgn. (6.10), Eqgn. (6.11) and Eqn.
(6.12) respectively.

V. = _91(1+G)Vn
[g3+R1+sCAj (6.10)
A
-9,(1+G)V,
Vy=F——"—7<
(94 +Rl+sCB) (6.11)
B
VC — _gsva
(97 +R1+5CCJ (6.12)
C

Keeping in view that the pole (g7/Cc+1/RcCc) cannot be dominant pole and
considering gz=gs, results in Eqn. (6.13)
V. =-V, (6.13)
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Applying KCL at node ‘d’

—06Vy —GeV, =1 (614)
—0eVo + 9V = I (615)

Considering gs=g4, Ra=Rg and Ca=Cg and ga= g, the (Va-Vs) from Eqgn. (6.10) and
Eqgn. (6.11) may be expressed as Egn. (6.16)
Va —Vb — _gl(l+G)(Vp _Vn)

(gs-i-F\il-f-SCAJ (6.16)

A

Using Egn. (6.13), Eqn. (6.14) and Egn. (6.15), I, can be written as

_ 9.9,A+G)V, -V,)
‘ (g e J (6.17)
3 R A

A

Thus the transconductance gm can be expressed as

g - L, 9.9,(1+G)

(Vp V) i 93((1+}/93RA)+5CAJ (618)

It may be observed from Eqn. (6.18) that the transconductance will be increased by a
factor of (1+G) without affecting the bandwidth.

6.3 Simulation Results

This Section presents the simulation results of the proposed structures (VDTA-I and
VDTA-II). The SPICE simulations are performed using 0.18 pm technology
parameters. The aspect ratios of the transistors are presented in Table 6.1. The power
supply used is £0.9 V and the bias currents are set to 50 pA. The simulations have

been carried out with z node terminated by 1 kQ.
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Table 6.1 Device Dimensions.

Transistor Aspect Ratio
M1-Ms, Mo-M12 3.6 um/0.36 um
Ms-Me, M13-M1s 14.4 ym/0.36 pm
M7-Ms, M17-M2o 7.2 um/0.36 um

Ma - Mp 0.72 um/0.36 pm
Mc 7.2 um/0.9 pm
Mg 1.8 um/1.8 pm

6.3.1 DC Characteristics

The DC transfer characteristics of the VDTA-I and VDTA-II are depicted in Fig. 6.6.
The variations of I, with respect to the input voltage Vin (applied across p and n
terminals) for both the proposed structures are depicted in Fig. 6.6(a). The linear
input voltage ranges are observed to be +150 mV and +200 mV for the proposed
VDTA-I and the proposed VDTA-II respectively. The DC transfer characteristic of

conventional VDTA is also depicted in Fig. 6.6(a) for the sake of comparison.

The Fig. 6.6(b) and Fig. 6.6(c) depict the variation of Iy with respect to change in V,
for VDTA-I and VDTA-II respectively. From Fig. 6.6(b) and Fig. 6.6(c), the overall
linear ranges are observed as +50 mV and 80 mV for proposed VDTA-I and VDTA
Il respectively.
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Fig. 6.6 The DC Transfer Characteristics (a) I, versus Vin (b) Ix+ versus V, for

VDTA-I (c) Ix= versus Vp for VDTA-II.

6.3.2 AC Characteristics

The AC responses of the proposed VDTAs are depicted in Fig. 6.7. The AC
responses for transconductance gm: for the conventional VDTA and the proposed
structures are shown in Fig. 6.7(a). The gm1 values are observed to be 1.4 mS, 3.6 mS
and 2.3 mS respectively for the conventional, proposed VDTA-I and VDTA-II and
corresponding 3dB frequencies are recorded to be 370 MHz, 160 MHz and 630
MHz. It is observed that in comparison to the conventional circuit, the gm values for
VDTA-I and VDTA-II are increased by 140% and 53% respectively. The current at
x+ terminal is observed to be 1.28 mA with a bandwidth of 80 MHz for the proposed
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VDTA-I, and 0.318 mA with the bandwidth of 225 MHz for the proposed VDTA-II,

as shown in Fig. 6.7(b) and Fig. 6.7(c) respectively, whereas for conventional
VDTA, it is 0.194 mA with 54 MHz bandwidth.
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Fig. 6.7 Frequency Response (a) Transconductance Gain (gmi1) (b) Ix+ of VDTA-I

(©) 1 Of VDTA-II.

The transconductance (gmi1) of the proposed VDTA-I is also observed to be

increasing with the increase in bias currents ‘lp” and ‘ls’ and the same is depicted in

Figs. 6.8 (a) and (b) respectively. Similarly, the variation of the transconductance

(gm1) of the proposed VDTA-II is plotted in Fig. 6.8(c) for ‘lp’ variation. It may be
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observed from Eqn. (6.18) that gmz is a function of gain of inverter (G), therefore the
variation of gm1 is observed with variation of W/L of M (G is proportional to gc) and

the same is shown in Fig. 6.8(d).
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Fig. 6.8 AC Response of Transconductance (gm:) with variation in (a) I, for VDTA-I
(b) Is for VDTA-I (c) Ip for VDTA-II (d) Gain of Inverters for VDTA-II.

6.3.3 PVT Analysis

The behavior of both the proposed structures is also studied under Process, Voltage
and Temperature (PVT) variation as depicted in Figs. 6.9, 6.10 and 6.11 respectively.
The extreme process corners may vary from slow (S) to fast (F) and both NMOS and
PMOS are being used in the proposed structure, therefore four possible corner
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analyses are presented which are SS, SF, FS and FF. The variation of the
transconductance (gm1) for proposed VDTA-I and VDTA-II are depicted in Fig. 6.9
(@) and (b) respectively.
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Fig. 6.9 Transconductance for different Process Corners (SS, SF, FS and FF)

(a) VDTA-I (b) VDTA-IL.

The proposed configurations are also tested for variation in supply voltages. The
variation of the transconductance (gm1) with change in supply voltages from £ 0.8 V
to £ 1V in steps of 0.05 V for VDTA-I and VDTA-II, are presented in Fig. 6.10 (a)
and (b) respectively.
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Fig. 6.10 Transconductances for different Supply Voltages for proposed (a) VDTA-I

(b) VDTA-II.
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The effect of temperature variation in transconductance is also observed through
simulations for both the proposed structures. The variations in gm1 for the change in
temperature from -50 ‘C to 50 °C in the steps of 25 °C are depicted in Fig. 6.11 (a)
and (b) for VDTA-I and VDTA-II respectively.
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Fig. 6.11 Variations in Transconductance with respect to Temperature for
(@) VDTA-I and (b) VDTA-II.

6.3.4 Transient Response

The time domain behavior of the proposed VDTAS is studied in this subsection. The
circuits are excited with a 50 mV Vpp/1MHz input source, and the output currents at
the z terminals are plotted. The transient responses for the proposed structures are
shown in Fig. 6.12(a) and their respective spectrums are depicted in Fig. 6.12(b).
Further, the total harmonic distortion (THD), which is the measure to estimate the
degree to which a system is non-linear, is also observed for both circuits. The THDs
for VDTA-I and VDTA-II are observed to be 0.9% and 1.3% respectively and are

quite low.
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Fig. 6.12 Current Ix+ for VDTA-I and VDTA-II (a) Time domain (b) FFT, for

Sinusoidal inputs.

The pulse input responses of the proposed VDTAS are shown in Fig. 6.13. The input
is excited with 50 mV /1MHz pulse signal. The currents at z and x+ terminals are
shown in Fig. 6.13(a) and Fig 6.13(b) respectively. The slew rates are obtained as
0.08639825 A/us and 0.123165 A/us for proposed VDTA-I and VDTA-II
respectively.
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Fig. 6.13 Current at Z and X+ Terminal for (a) Proposed VDTA-I (b) Proposed
VDTA-IIL.

A comparative study of various performance parameters of all available CMOS
based VDTA implementations [11,15,18,27,110-112], conventional VDTA, VDTA-I
and VDTA-IIl is given in Table 6.2.
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Ref. Technology | Power Supply No. of Input Transconductance | Bandwidth Power
(um) V) Current Sources Voltage Range (uS) (MH2) Consumption
(Value) (mV)
[11] 0.18 0.9 4 (150 pA) + 300 636 NA* NA
[15] 0.18 2 2 (40 pA) NA* 381 NA* 1 mw
[18] 0.18 +15 4 (40 pA) NA* 150 NA* NA
[27] 0.18 +0.7 2 (10 pA) -80to 80 415 225 145 pyw
&
102 pw
[110] 0.18 1 - NA* NA* NA* 0.184 mwW
[111] 0.18 +1.8 8 NA* NA* NA NA*
Voltage sources
for biasing
(NA*)
[112] 0.25 +2 8 (100 pA) +100 1250 145 NA*
Conventional 0.18 +0.9 2 (50 pA) + 60 1400 370 3.2mwW
VDTA
Proposed VDTA-I 0.18 +0.9 3 (50 pA) +50 2400 160 1.5 mwW
Proposed VDTA-II 0.18 +0.9 2 (50 pA) +80 3600 630 2.67 mW

2NA* Not available.
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It may be observed from the Table 6.2 that the proposed VDTA-I and VDTA-II offer
much higher value of gm as compared to the conventional VDTA. Further, the
VDTA-I outperforms in terms of transconductance, GBW product and the %THD
among all the three structures. Further, drawing comparison with existing structures,
it may be inferred that transconductances of the proposed VDTA-I and VDTA-II are

much higher than the existing structures even at lower bias currents.

6.4 Conclusion

In this chapter, two new VDTA structures using the concept of transconductance
boosting are presented. The first approach is based on a negative impedance realized
using cross coupled amplifier while the later architecture incorporates an inverting
amplifier. The functionality of the circuits is tested through Spice simulations using
TSMC 0.18 um technology node. The proposed VDTA-I provides high
transconductance gain and lower power consumption at compromised bandwidth in
comparison to conventional VDTA. The VDTA-II provides high gain and large
bandwidth and consumes less power as compared to conventional VDTA. The
VDTA-I consumes least power thereby making itself a potential candidate for low
power high performance applications whereas the VDTA-II is more suitable for high

frequency applications.
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CHAPTER -7
CONCLUSION AND FUTURE SCOPE
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In this work VDTA based integer and fractional order circuits have been presented.

The VDTA comprises of two transconductance gain stages, So resistorless
applications can be developed [11-53], which seems to be fairly a good advantage as
all those problems which are associated with a resistor can be eliminated. Further,
most of the applications can be realized using grounded capacitors; which is a
suitable choice from integrated circuit view point. Additionally, electronic tuning can

be achieved by controlling the DC bias currents.

Further, the application of the fractional order calculus in modelling physical
processes and systems is gaining momentum due to its inherent ability to provide an
additional/extra degree of freedom for better control mechanism. This approach

offers for more accurate modelling of real-world phenomena and natural processes.

This Chapter presents a concise summary of the contributions and significant

findings of the propositions presented in this thesis.

7.1 Summary of Work done

The introductory chapter of the thesis presents evolution of the analog building
blocks; particularly, state of the art current mode blocks followed by the fractional
order dynamics. Further, literature review/summary on VDTA based CMOS
implementations and various integer and fractional order analog signal processing
and generating applications has also been presented. This survey aided to identify
significant research gaps in the domain which led to the potential areas where further

research could be carried out. Lastly, organization of the thesis was also provided.

Chapter 2 presented preliminaries of the active block used in this work; that is, the
VDTA. The functionality of the same is validated through simulations using
Virtuoso from Cadence Spectre tool suite using 180 nm (gpdk) technology node.
Additionally, the Chapter also presented detailed study and the implementation of the
emulated fractional order capacitor, specifically focusing on the application of the

Carlson and the continued fraction expansion based rational approximations. Further,
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three ‘2a-order’ fractional order filters were designed, former is based on the Carlson
method (first- till third- iteration with o = 0.5) while the latter two are developed
using fourth order CFE approximation for 0.5 to 0.9 in steps of 0.1.

In Chapter 3, an ‘a-order’ generic inductance emulator is proposed which based on
the appropriate switch selection could be configured as (i) integer order positive
inductor emulator (ii) integer order negative inductor emulator (iii) fractional order
positive inductor emulator (iv) fractional order negative inductor emulator. Effect of
non-ideal behaviour of the VDTA also been studied and specific case of the
fractional order negative inductance has been presented in thesis for the sake of
brevity. The workability of the generic inductance emulator is tested through
simulations and experimentally. Further, the applicability of the proposed structure is
verified through two application examples namely parasitic fractional order

inductance cancellation and fractional order high pass filter.

In succession, in Chapter 4 design of a conventional second order filter which is
followed by three ‘2a-order’ fractional order filter configurations is presented. The
proposed classical analog filter is multi mode multiple input single output, providing
multifunction responses. The first fractional order filter is a voltage mode MISO
configuration which provides all five responses. The validation of the structure is
done using Virtuoso where FC is emulated through Carlson approximation. The

second and third fractional order filters are designed using CFE approximation.
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In Chapter 5, two third order sinusoidal oscillators based on a single VDTA have
been presented. Post deriving the characteristic equation, the corresponding
frequency and condition of oscillation has been computed theoretically. In order to
verify its performance, time domain analysis and its frequency spectrums are plotted

for both the circuits using Pspice.

Lastly, in an attempt to present VDTA structures with improved gm, two
transconductance boosted structures were proposed in Chapter 6. The former is based
on well known partial positive feedback approach while the later is based on the gate
to source voltage variation method for gain enhancement. Detailed high frequency
small signal mathematical formulations has been computed for both the
configurations. Further, in order to validate the performance, both the structures are
characterized via DC and AC analyses and PVT (Process corners, supply voltages

and temperature) variation.

Summary of the work presented in this thesis is placed in tabular manner in Table
7.1.
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Table 7.1 Summary of the Work Presented in the Thesis.

) . ABB . .
Chapter Structure/Topology/Configuration No. Type Passive Elements Analysis
Introduction (Background of the ABBS)
1 Literature Review
Thesis Organization
Fundamentals of the Fractional Order
Methods (FC Emulation):
2 Carlson Approximation / Newton Method (first- till third- iteration)
CFE Method (first- till fourth- order approximation)
VDTA (Port Relations & Impedance Properties, Characterization)
. Th ical (Non-ideal
Generic 1C/FC . . eoretical (Non-ideal) .
3 1VDTA Simulations (Frequency Response, Transient)
Inductance Emulator (Grounded) . .
Experimental (Transient)
Analog Filter / Biquad e
(Multi-Mode MIMO) 1VDTA 2C + 1R(G) Sensitivity
FOF-I
1VDTA 2F
4 [Carlson (0.5)] ¢
FOF-11 e
1VDTA 2FC (1G+1F
[Carlson (0.5-0.9)] C (1G+1F) Sensitivity
TOSO-| 1VDTA 3C(G) + 2R(1G+1F) Transient Output & Frequgncy Spectrum
5 Frequency Tuning
TOSO-II 1VDTA 3C(G) + 3R(2G+1F) Transient Output & Frequency Spectrum
5 VDTA-I N.A. N.A.
VDTA-II N.A. N.A.
7 Conclusion and Future Scope




137

7.2 Future Scope

In this thesis signal processing and generating applications have been explored in
integer and fractional order domains using VDTA as a building block. Additionally,
a new VDTA is also proposed. The proposed work may be extended further to

address some of the following points:

1) Most of the fractional order designs have been explored using CFE
approximation. Some other available approximations / new approximations may
be explored for optimum realization of FOE.

2) The FO circuits designed may be used for different applications such as sensing
low frequency signals and control application.

3) The concept of fractional calculus in signal generating applications may be
explored.

4) FO domain inverse filters may be explored to nullify the noise introduced due to
channel characteristics.

5) Further, VDTA structures may be explored using newer devices such as
CNTFET, FinFET etc to leverage their advantages.

Research is an unending journey and always opens doors for further exploration. The
presented work is a drop in vast ocean of knowledge created by other researchers in
the field.

In the end the candidate would like to express gratitude to all learned reviewers of
the proposed work, as their constructive comments have helped shape the presented

thesis.
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