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Abstract

This study introduces a third order filter and &dtorder oscillator configuration. Both the cirtsiuse two
voltage difference transconductance amplifiers (MB)and three grounded capacitors. By selectingriet and
output terminals properly, current mode and trapsidance mode low-pass and band-pass filters cabtaaed
without component matching conditions. The natdiragjuency ( o) can be tuned electronically. The oscillator
circuit provides voltage and current outputs extbic The condition of oscillation (CO) and the dugency of
oscillation (FO) can be adjusted orthogonally aletteonically. The workability of the configuratisns judged
using TSMC CMOS 0.18m technology parameter as well as commerciallylalbts LM13700 integrated circuits
(ICs). The simulation results show that: for £0.98wver supply, the power consumption is 1.08 mWhiath the
configurations, while total harmonic distortiondHDs) are less than 2.06% and 2.17% for the filtet ascillator

configurations, respectively.

Keywords: dual mode third order oscillator, third orderdilttotal harmonic distortion (THD),
voltage difference transconductance amplifier (VDTA

1. Introduction

Although there has been a great development ifi¢ta of digital signal processing, the devices efhare entirely
capable of processing analog signals have notthest popularity because all the natural signaks amalog in nature.
Analog signal processing (ASP), in which naturaddag signals are handled according to the spetifics, has advantages
such as higher bandwidth, faster operation spaedféter and sinusoidal oscillators are two widaked applications in
the field of ASP [1].

Filters are very useful for signal processing disin instrumentation, control engineering, andaas communication
systems. Filters are also useful in phase shiffregiuency doubling, and interfacing with othercaits. Current mode filters
offer some advantages, e.g., low power consumptigehe bandwidth, wider dynamic range, and high state [1]. Third
order filters have a sharper cut-off than biquadfiters, which is a great advantage in varioasymunication applications.
Recently, there has been an increasing interedgsigning a filter employing various active builgiblocks (ABBs) such as
four terminal floating nullor (FTFN) [2], voltagdfterencing buffered amplifier (VDBA) [3], differeral difference current
conveyor (DDCC) [4], current differencing bufferathplifier (CDBA) [5], differential voltage currecbnveyor (DVCC) [6],
voltage differencing current conveyor (VDCC) [7§ltage differencing transconductance amplifier (\A)T8], etc. Most of
the reported circuits are second-order filters [ I-Bwever,some research alsteal with third order and higher order filters

[9-25]. These filters suffer from one or more of flollowing drawbacks:
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(1) More than two ABBs are used [4, 10-11, 16-21,253,

(2) Comparatively large supply voltage is require®[3, 10-14, 18, 23-25].

(3) Circuits are not resistorless [1-2, 4-6, 7, 916222-24].

(4) All the used capacitors are not grounded [2-3, 52615, 24-25].

(5) Double/inverted input signals are required fopmesse realization [2-3, 5-6, 25].

(6) Matching conditions are required to realize vasiilter responses [6, 9, 11, 13, 15, 24].
(7) The natural frequency is not electronically tuegld, 4-6, 9-10, 12-17, 21-24].

Sinusoidal oscillators play a vital role in powégaronics, measurement, standard tests, commioricaystems, and
instrumentation. The third order sinusoidal ostilta offer better frequency response and low hafodistortion than second
order oscillators [26]. Recently, a number of datdrs using VDTA as an active block have alreadgrbpublished [26-29],
but all the reported circuits have one or morethtidns:

(1) The oscillators require additional terminals fdD WA blocks [26-29].
(2) Matching condition is required [26].

A universal current mode biquad filter is proposedhe work of Satansup et al. [8]. The topolagfytheir work has
become our topic of contemplation. We have consdi@arefully appending a VDTA block and a capaditorealize third
order low-pass (LP) and band-pass (BP) filtersniaking slight changes to the filter configuratiarthird order sinusoidal
oscillator can also be realized.

Thus, the aim of this work is to propose a thirdenrfilter and a dual mode third order oscillatonfiguration employing
two VDTAs and three grounded capacitors withoutube of any resistor$he features of the proposed filters are tfiathe
configuration uses two active components and threended capacitors; (ii) the natural frequency lsanuned electronically;
(ii) doublef/inverted input signals are not reqdifer response realizations; (iv) the proposedrliuse only grounded capacitors;
(v) matching conditions are not required to realiagous filter responses; (vi) the proposed fiteave low active and passive
sensitivitiesThe proposed third-order quadrature oscillatorthe@gollowing advantages simultaneously: (i) liked order filter,
it contains only two active components and threeigded capacitors; (ii) it provides explicit curentput; (iii) it has a voltage
mode and a current mode sinusoidal output; (kg orthogonally and electronically tunable chaéatics for the condition of
oscillation (CO) and the frequency of oscillatidfQ); (v) it uses only grounded capacitors; (vihdis low active and passive
sensitivity. The workability of the proposed configtions is verified using the TSMC CMOS 0.18 technology parameter as
well as commercially available LM13700 integratéduts (ICs). Both the theoretical and personaiwation program with
integrated circuit emphasis (PSPICE) simulatedit®ape depicted in the frequency response graph.

The manuscript is divided into nine sections, idahg this one. The basic concept of the VDTA blixklescribed in
section 2. Section 3 presents the proposed coufiguis. In section 4, the non-ideality effects @MA is described, followed
by section 5 where the sensitivity analysis is dbsd. The simulation and experimental resultsthoeoughly explained in
section 6 and section 7, respectively. Furthermoresection 8, the comparison of the proposed weitk the available
literature is discussed. The manuscript is condudesection 9.

2. Basic Concept of VDTA

VDTA is a current mode ABB. The circuit symbol ander block diagram of VDTA are shown in Fig. 1,evd P and N
are the input ports and Z, X+, and X are the odtparts. All ports show high impedance values [26)VDTA, the difference
between two input voltages is transferred to curaéthe Z port by first transconductance gajp:\. The voltage drop at the Z
port is transferred to current at the X port byosettransconductance gaig,§. Both transconductances can be controlled
electronically by external bias currents. The pelations of an ideal VDTA can be expressed as [8]:
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The complementary metal oxide semiconductor (CMO@plementation of VDTA, which consists of two

Arbel-Goldminz transconductances, is depicted @n Ei[30]. The two electronically tunable transcocince$),,r andg,sof
VDTA can be expressed as:
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The value of transconductance can be expressed as:

On = IBiCoxm(Vtv)i (4

wherelg; is the bias current afth transistor,C,, is the gate-oxide capacitance per unit agg& the carrier mobility for

p-channel metal oxide semiconductor (PMOS) or mokametal oxide semiconductor (NMOS) transistaris the effective

channel width, andl is the length of théeth transistori(= 1, 2,..., 8), respectively.
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(b) Inner block diagram Fig. 2 The CMOS based internal circuit construction
Fig. 1 VDTA [8] of VDTA [30]
3. The Proposed Configurations
3.1. The proposed third order filter circuit
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Fig. 3 The proposed resistorless and electronitafigble third order filter
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The proposed third order current mode and transiliaapee mode filter configuration consisting of twD WA blocks and
three grounded capacitors is shown in Fig. 3. Dikime analysis of this filter circuit yields thatput currents and voltage as:

ngFZgn‘lSZ I + gmHngng I

1 2
| - . I = C1C3 Cl C:2 C3 (5)
o1 02 D(S)
s ngZ | + ngl ngZ I
1 2
V = Clc3 C:l CZ C3 (6)
’ D(s)

wheregnr is the first transconductance gain of VDTAlg is thesecond transconductance gain of VDTA3 is thefirst

transconductance gain of VDTAg,gis the second transconductance gain of VDTA2, a8l can be expressed as:

D(S) - S3 + § ngl + ngz + ngPl ngz + gms + gma gme gms (7)
C, C cC C ¢C CCG

1 3 1 3 2

Thus, the reported filter configuration can reakizerent mode (inverting and non-inverting) anchsiempedance mode
(non-inverting) LP and BP third order filters. Eq5)-(6) have two input sections that allow theigesr to select the
appropriate inputs for achieving filter respongdee selection of input and output terminals fotiréag the current mode and
transimpedance mode filter responses is shown bileTa. The performance parameters of the filteenely, natural
frequency ( o) and quality factor@®) can be calculated according to the Akerberg-Mesghpproximation [25] by putting

=—s 2inD(s). The calculated natural frequency and qualitydfiacan be written as:

VVO =\/ nglngzng. (8)
CZ(C3 ngl + Cl ngZ)

 90100:0,0C(C 0 GO ©
9,:[C: 9, (C Yo CGo) + GG G, ]

If C; =C,=C3=Candgmr = Omr2 = Omg = Oms = Om thenQ = 0.942 and the expression of becomes:

S (10)

Table 1 Selection of input and output terminalsréalizing different filter functions

. Input Output
Filter responses [ 1, | (lor0r lop 0r Vo)

LP1 (non-inverting current mode) D I loa
LP2 (inverting current mode) Q L, lo2

LP3 (non-inverting transimpedance mode) 0, Vo
BP1 (non-inverting current mode) ln | O log
BP2 (inverting current mode) ln | O lo2

BP3 (non-inverting transimpedance mode)l;, | O Vo

3.2. The proposed third order dual mode sinudaidaillator circuit

By making minor modifications to the proposed thadler filter configuration, a dual mode third ordgnusoidal

oscillator circuit which is depicted in Fig. 4 caarealized. The reported oscillator circuit pr@gaexplicit current and voltage
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outputs. The theoretical analysis of the oscill@iocuit yields the characteristic equation as shawEq. (11). Based on Eq.
(11), the reported third order oscillator can geatesoscillatiorin the case thahe oscillation condition shown in Eq. (12) is

fulfilled. The oscillation frequency is expresseddq. (13).

v T I
— P X- = P X+ o
—c,| VDTA VDTA
TN Z X+ N Z X
1 1
.—, c, T L] =
T° i

Fig. 4 The proposed resistorless and electronitafigble third order oscillator

S3+ SZ ngl + onglng + nglng gm$ =0

s (11)
C, CC GGG
CO: C3ng1 = Clngz (12)
FO: w, = |Sozs (13)
CZC3

Egs. (12)-(13) confirm that CO and FO can be adjustthogonally. For example, CO can be adjustegpywithout
disturbing FO, and FO can be adjustedghy without hampering CO. Both the transconductancagjgi,~ andgng of the
VDTA, can be tuned electronically by the two biasrentsl gr; andlgg respectivelylgr andlgsk are the bias currents: and
Igs of the k-th VDTA (k = 1, 2). Thus, the CO and FO of the derived thirder sinusoidal oscillator can be adjusted

orthogonally by two bias currenitg; andlgg respectively.

4. Non-Ideality Effects of VDTA

The non-ideality effects of VDTA have been discassethis section. In practice, these non-ideaitee classified as
tracking errors and parasitics. The non-idealitgesr due to an error in the transconductance gafigfiction from P and N
terminals to Z terminals and Z terminals to X terais. The terminal relationships of VDTA includitrgcking errors of the

VDTA can be rewritten asy = r0gmr(Ve—Vn) andlx = sgmsVz. ri and g; are the tracking errors oth VDTA [8].

In addition, like any other active device, a preaitiDTA shows various terminals parasitics. Attatininals, VDTA has
a high parasitic resistance in parallel with lowlueal parasitic capacitance. The parasites in the fof shunt output
impedancesR://Cp), (RVICh), (RAIC;), (Rx+/ICx:), and Rx//Cx) appear at P, N, Z, X+, and X ports respectiveljhe

non-ideal model of VDTA is shown in Fig. 5.

Fig. 5 Non-ideal VDTA showing its parasitic impedas [8]



Advancesin Technology Innovation, vol. 6, no. 212@p. 262-281 267

4.1. Non-ideal analysis of the proposed thirdeorfilter

Considering these parasitics in the proposed fiey. 3 is modified to Fig. 6. The components iihg the influence of

parasites are simplified as follows:

CE1 = Cl + CZl + CNl + qDZ (14)
CE2 = CZ + CP]. + CX]: (15)
CE3 = C3 + CZZ + CNZ (16)
R, =R, IR, II'B, (17)
R,=R,IIR, (18)
R.=R.IIR, (19)
I2 IO1
o— N P X- P X+ —>o
i VDTA R, VDTA L
T N Z X+ = N V4 X- —o
L 2 | P—
(s,
. 1
o QR T %

Fig. 6 The proposed resistorless and electronitafigble third order filter with device parasitics

Considering the above non-ideality and parasithos natural frequency and quality factor are gilgriq. (20) and Eq.
(21), respectively.

. d
w, =, |— (20)
b
3
__Vbd (21)
bc- ad
where
a = CEl CE2 CE3 (22)
c.C ccCc, Cc.C
b = CEZ (bF1CE3 ngl + bFZCEl ngZ) + S + — + S (23)
R, R, R,
b ,Ce29me2 + bFlcEzng1+ bFZCElng2+ G + G,
c= bFlngl(bcmEzng2+ bSlCE3 ng) + REl %2 %3 %2 %3 Bi BS (24)
+ CE3 + bFlelCE3nglg m3
ReiReo R R, Rs
d = bFle2b51nglng2 gma+ bFlengFlngZ + bFlbslnglng + b Flg mAR. + b FzngZ + l (25)

R, R, R.R, RR BRBR
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It is seen from Egs. (20)-(21) that the naturabdrency and quality factor have been slightly chandee to the
non-ideality errors of VDTA. In reality, the effecan be observed in the simulation curves wheraadl sleviation will appear
when compared to theoretical graphs. From the abapeessions, it is also observed thgtandQ are affected due to the
parasitic of VDTA, but it is not adverse as theues of parasitic resistances are very high in coigpato transconductance
gains. Furthermore, the values of parasitic capacés are very low compared to external capacitara.resultCg;, = Cy, Ceo
= C,, andCg3 = Cz. By assuming these values of capacitors and niggethe terms which are associated with parasitic
resistances, Eq. (20) and Eq. (21) can be appraadria the ideal value of, andQ. Therefore, it may be concluded that, by

choosing external capacitances much higher thaasjii@r capacitances, the output frequency respohte reported circuit
would not be affected.

Adding some sample values of parasitic capaciOss$ Cp, = Cyy = Crnz = Cz1 = Cz0 = Cxpv = Cyor = Cxy- = Cxo. = Cpara)
and resistorsRp; = R, = Ryi = Ryz = Rz1 = Rz = Rar = Reor = Ry = Rea. = Rpgra) at all the terminals of VDTA, the parasitic
influence on the current mode BP filter (BP1) iewh in Fig. 7. Fig. 7(a) indicates that the propbfker circuit would not be
affected by up to 0.03 pF parasitic capacitancésl0AM parasitic resistance, a small deviation is nobézén Fig. 7(b).
Therefore, the performance of the proposed filtemot be affected above the 10 Nparasitic resistance.

3 3
o )
T T
= ~ 4
c =
L] o3
(U] (0]
&M M 10M 12M T M 10M 12M
Frequency (Hz) Frequency (Hz)
8 —Considering no parasitic C : —Considering no parasitic
---Considering C,_ = 0.005 pF ---Considering R, =20 MQ
---Considering C, = 0.01pF / ---Considering R'm= 10 MQ
s - - Considering C, = 0.03 pF T H + H ---Considering RPura= 4 MO
1] m
T z
= c i
© ‘© Slis
O O 4
30 30 |
100k 1M 10M 100M 100k 1M 10M 100M
Frequency (Hz) Frequency (Hz)
(a) For parasitic capacitors (b) For parasiticatess

Fig. 7 Parasitic influence on the performance efgihoposed BP1 filter

4.2. Non-ideal analysis of the proposed thirdesrdinusoidal oscillator

Considering the parasitics in the proposed sinagoddcillator, Fig. 4 is modified to Fig. 8. Thensponents are
simplified as follows:

C,=C+C, +C, (26)
C,=C+C,+C, +C, (27)
C.,=C+C,+C, (28)
R.=R.IIR, (29)
R,=R., IR, IR, (30)

R.=R. IR, (31)
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Fig. 8 The proposed resistorless and electronitafigble third order oscillator with device parasit
Using non-ideality errors and parasitic model of MY the characteristic equation changes to:
s+ & X+ sY+ Z=0 (32)
where
X Flngl + 1 + 1 + 1 (33)
CE1 CEl Ril CE2 %2 Q3 @3
Y = bFlbslnglngl + b Flg mFAL 1 + 1 + 1 + 1 + 1 (34)
C..Ce, C. CeRs GR, GGRR O GGRRBR GGEGRBR
Z = bFlestlnglngZQmS + 1 b F.lb Sg mF.lg m$+ b Eg mE+ 1 (35)
CEICEZCES CElCEZ CE3 %3 @2 @3 Bl B B
The modified CO and FO are given by:
CO: XY=Z (36)
: z
FO: w, =, | — (37)
X

Egs. (36)-(37) show that CO and FO are slightlyiated due to non-ideality errors, but as the vahfeson-ideality
errors are very near to unity, the deviations aieute. Hence, even when non-ideality errors aresicamed, the oscillator’s
performance is close to that of the ideal. Eqs)-(38) also show that CO and FO are affected dukegarasitics of VDTA.
The parasitic effect is not noticeable if the valo€éC,, C,, andC; are chosen to be large compared to the paraajpiaaitors.
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Fig. 9 Variation of frequency considering parasitit different terminals
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The parasitic influences on the oscillator are stigated. Considering some sample values of parasipacitors and
resistors, at all the terminals of the VDTA, theigton in oscillation frequency with regard to bieurrent is shown in Fig. 9.
Fig. 9(a) indicates that the proposed oscillatoouit would not be affected by up to 0.01 pF pdiasiapacitances. At 15 M
parasitic resistance, a small deviation is notiteabFig. 9(b). Therefore, the performance ofgtheposed oscillator cannot be

affected above the 15 Mparasitic resistance.

Thus, the limitation is that the values of exteregbacitors should be chosen much higher @&/ Cp,, Cn1, Cro, Cz1, Co,
Cx1+» Cxo+y Cx1, @andCyo. to ignore the parasitic effects easily. To satibigyse conditions, the circuits may be realizedgisi

external capacitors instead of using on chip capexi

5. Sensitivity Analysis

The practical solution is to design a network thas low sensitivity to element changes. Thus, sgitgimust be less
than the limit, i.e.unity. The lower the sensitivity of the circuit the less its performance deviate will be becafistemnent

changes [19]. The sensitivity of frequency) regarding circuit parameter(say) is expressed as [31]:

_ X1
w, X

SWo

X

(38)

5.1. Sensitivity analysis of the proposed filter

Using the above definition, the sensitivities qffor the filter circuit with regard to active andgsive components are

obtained as:

Cg

S - % = mF 2
OmF1

2(C3 ngl + Cl gﬂFZ)

" = _ %Vo - C3 G
e ’ 2(C3 Gors + C1 ngz) (39)
Wy, — b — 1

ngs1 - % - E

&)

9ms2

It is seen from Eq. (39) that all of the passivas#vities are not more than 1/2 in magnitude. §hitt confirms that the
sensitivity performance is satisfactory.
5.2. Sensitivity analysis of the proposed ostila

From Eq. (12), the value of,» can be expressed as:

CyOn
Omr2 = % (40)

Putting this value ofi in Eq. (13), the value of, can be expressed as:

w = ngl ngl (41)

’ Cl CZ
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The sensitivities of o with regard to active and passive components ariget as:
Wy = b = b —
ngsz - %Vrm:z - % =0
1
Wy — b —_ b —_ -
ngFl - %Vmsl - % g 2

(42)
Therefore, from the above equation, it can be etstinat all the sensitivities for the oscillatorcciits are low and do not

exceed half in magnitude, which implies attracteasitivity performances.

6. Simulation Results

PSPICE simulations are carried out to demonsttegenorkability of the proposed circuits. The CMO&éd VDTA
block (shown in Fig. 2) is simulated with TSMC CM®38 m technology parameter and a DC supply voltage0o® ¥ .
The aspect ratios of the transistors are taken68.36 for M1-M4 and 16.64/0.36 for M5-M8.

6.1. Simulation results of filter

For PSPICE simulation of the filter, the bias cotseare selected &1 = lgr = lgg =g = 150 HA Omrt = Ome = Oma =
Ome = 0.623 mA/V), and the values of capacitors atected asC, = C,= C; = 10 pF. The total power consumption is about
1.08 mW. Fig. 1Ghows the theoretical and simulated frequency respof the current mode and the transimpedace mode
filters with the appropriate selection of inputglautputs according to Table 1. Figs. 10(a)-(d)ictehe frequency response
of current mode LP, transimpedance mode LP, cummesde BP and transimpedance mode BP filters. Taerétical and

simulated phase responses of these filters arershofigs. 11(a)-(d) respectively.

To illustrate the tuning property, BP1 and BP3 @resen. By changing the bias current of VDTA, th&ues off, are
tuned to a particula® value Q = 0.942). For controllability ofyvalue, all the transconductance gains of the VDTAset to
be equal@m = gmrt = Omee = 9ma = 9me OF Ig = lgr1 = Igr = lgg = Igg) and varied to the values of 343 pAMN € 50 pA), 512
MA/V (Ig =100 pA), 623 HA/V g =150 pA), 704 pA/V (g =200 pA), 768 LAV g =250 pA), and 824 pA/VIE =300 PA).
The graphs for BP1 and BP3 filters are shown in E&fa) and Fig. 12(b) respectively.
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Fig. 10 Ideal and simulated frequency responses



27z Advancesin Technology Innovation, vol. 6, no. £212@p. 262-281

1801 —— Theoretical {LP1) 180-_‘5:'\:““.".-&\’: EERE ¢t i | ——Theoretical
—=— Simulation (LP1) b fdded ; ; :| —p— Simulation
20 Theoretical (LP2) g
— —a— Simulation (LP2) .
8 $ 90
o 04 )
[ @
=1 =
@ @
s 90 s
e £ 0
o o
-180
PO I 5 NI . ™ A ool il i i, o catl]
100k 1M 10M 100M 1G 100k 1M 10M 100M 1G
Frequency (Hz) Frequency (Hz)
(a) For current mode LP filter (b) For transimpeciamode LP filter
07 : e i R L I N i iii i ——Theoretical (BP1) W T P i i ——Theoretical
iii —4—Simulation (BP1) /(444'4 + —¢—Simulation
7 —— Theoretical (BP2) | A
= :| —o—Simulation (BP2) .
3 ' $ 180
g g
=) a
@ @
@ ©
g - £ 210
E
wol 0 [T . SOUUS
100k ™ 10M 100M 1G 100k ™ 10M 100M 16
Frequency (Hz) Frequency (Hz)
(c) For current mode BP filter (d) For transimpetamode BP filter
Fig. 11 Ideal and simulated phase responses
1 L] =1, =50 uA R O O N 51 NSNS A S S B AT 27
Ti 1,100 4A i i C i -1, =100 A
e T —a—1, =150 yA : N : P el =150 A
—w—1, =200 A o0 Pl a1 =200 pA
@ i =1, =250 pA o) ' D=1, =250 WA
a0l ] =1, =300 pA = o1, = 300 yA
£ £
o (U
- 55
L A A A A AN/ A0 S 5 I W SR S S S S
-20 50 ; -
™ 10M 100M 10M 100M
Frequency (Hz) Frequency (Hz)
(a) For BP1 filter (b) For BP3 filter

Fig. 12 Simulated responses using different biaseot

The total harmonic distortion (THD) analysis is dofor the BP1 filter to determine the quality ottbutput. The
simulated THD values for the reported third ordierf configuration are depicted in Fig. 13. ltdsncluded that the output
distortion is within 2.06% for sinusoidal input cents up to 60 YA (peak). The intermodulation dista (IMD) of the BP1
filter is investigated. Fig. 1depicts the dependence of tH& I®1D of BP1 response employing two nearly spacetbs, =
8.71 MHz and;, = 9.11 MHz (0.2 MHz higher and lower frequenciesit the center frequency of the BP filter) with sagne
input signal amplitude. It is observed that tfelBID is 6.7% for input signals of 35A (peak). Hence, the output is of good

quality and the dynamic range is large.

A final point deals with the impact of the activedapassive discrepancies between the filter's feegy responses.
Monte-Carlo analysis is conducted to collect statid data. The BP1 filter is simulated by settbf# tolerance for all the
capacitors and also 5% variation for the dimengibthe metal oxide semiconductor (MOS) transisttrannel length.
After one hundred simulation runs, the obtainedistiaal histogram is shown in Fig. 15. Accordirggthe simulationf,
value of the filters is affected in the range 6{8% to +5.4% with a mean value of 8.90689 MHz arstindard deviation of
208.175 kHz.Thus, it is evident from the analysis results ttte proposed third order filter topology has exeetl

sensitivity performance.
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Fig. 15 Monte-Carlo analysis for the BP1 filter

6.2. Simulation results of oscillator

A sinusoidal third order oscillator circuit is degd by making minor modifications to the reportédgef configuration.
This circuit is capable of producing outputs intbebltage and current modes. The biasing curreetselected algr; = Ig
=lgg =lgg = 150 pA and the values of all capacitors are eh@a 20 pF. To get the current output, a 33@sistor is used at
the output current node. The power dissipatiomimél to be 1.08 mW. Fig. 16 depicts the transieatysis of voltage and
current outputs. These show the rise of oscillatiand later attain a stable output. The corresparstieady state outputs are
shown in Fig. 17. Simulation results show that dseillation frequency is 4.77 MHz, which is cloge the theoretical
frequency of 4.96 MHz. The deviation is 3.83%.

The voltage and current output spectrums are show#ig. 18. The THDs for voltage/f) and current output §) are
1.51% and 1.72% respectively. Fig. 19 shows theatians of THD against the amplitude of the biastngrent. It is found
that, for the entire current range, the THD valtithe Vo varies from 1.12% to 1.98%, whereas it varies flo84% to 2.17%
for thelo. Fig. 20shows the simulated dependence of the voltage amdnt output amplitude on bias currégg. Fig. 20
confirms that the output voltage is almost constana bias current between 100 pA and 250 pA, eagthe output current

is almost constant for a bias current between 5Gpd\250 pA.

From Eqg. (13) it is seen that the frequency of ltetidn can be tuned with the help of a bias currggy) and a
capacitor C,) without affecting CO. The variation in oscillatidrequency with regard to bias currehig() and capacitor
(C,) are shown in Fig. 21. In Fig. 21(a), capacitoluea are set at 20 pF and the bias currleg{) (is varied from 10 pA to
300 pA. The variation in frequency with the caparc@, is obtained by changing the values of the capa€iidrom 1 pF to
10 nF and fixing the bias currents at 150 pA. Fettdr clarity of the graph, the variation of freqag with the value o€,
up to 100 pF is shown in Fig. 21(b). The measuriggthdst and lowest frequencies are 20.554 MHz ar@l1®21 kHz

respectively.
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The robustness of the reported oscillator is cheédkeough Monte-Carlo analysis with +5% Gaussianiat®n on
capacitors. The histogram for 100 runs is depigtdeg. 22. According to the obtained results, véthariation of FO between

3.93 MHz and 5.13 MHz, thig value of the oscillator are affected in the raof;e10% to +17%. It illustrates that the proposed
oscillator exhibits reasonable sensitivity perfonoa
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(a) With bias currenlzg (b) With capacitoC,
Fig. 21 Frequency tuning

Fig. 22 Histogram of the reported oscillator aftéonte Carlo simulation

7. Experimental Results

The simulation and experimental (using LM13700 \@jification results for the third order filters goscillator are
studied next. Though the VDTA is not an off-thed§lsemponent, it can be implemented using comméycévailable ICs,
i.e., LM13700. The practical implementation of VDTUWsing LM13700 IC is shown in the schematic of 28. Supply
voltages of £15 V and bias current 0.5 mdy, E 9.229 mA/V) are selected for both the simulateomd experimental

verification. The similarity is kept to appreciaemparison between simulation and hardware results.

Fig. 23 VDTA realization using LM13700
7.1. Experimental results for third order filter

For hardware implementation, METRAVI multiple powsrpply (RPS3002-2), RIGOL function generator (D&AQ
and AGILENT oscilloscope (350 MHz, 54641A) are us@d verify the proposed filters experimentallygethalue of
capacitors are selected@s=C, = C3= 10 nF. Fig. 24(a) shows the schematic diagrathefealization of the proposed filter

configuration of Fig. 3 using discrete componemisd the actual hardware arrangement is depictefgign 24(b). The
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theoretical, simulation, and experimental (usingll3V00 IC) results for the filters are shown in FA§. It is concluded from
the figures that though small deviations are obeerin the experimental result, the simulation rissake close to the
theoretical results. For controllability of tfgvalue, all the transconductance gains of VDTA a&tet@ be equalgy, = gmp =
Omk2 = Oma = Ome OF Ig = Igr1 = Igr = Igg = Igg) and varied to the values of 9.229 mAAMY € 0.5 mA), 10.893 mA/VIg = 0.6
mA), and 12.575 mA/VIg = 0.7 mA). The corresponding graph for BP1 fileedepicted in Fig. 26.

(a) Schematic diagram (b) Experimental setup
Fig. 24 Experimental arrangement for the recommertidied order filters

(a) For non-inverting current mode filter

(b) For inverting current mode filter (c) For transimpedance mode LP/BP filter
Fig. 25 Ideal, simulated, and experimental freqye®sponses

Fig. 26 Simulated and experimental responses uliffeyent bias currents for BP1 filter
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7.2. Experimental results for third order oscitia

For experimental verification of the proposed thorder oscillator, the value of capacitors aredeltasC; =C,=C3 =
1 nF. This choice leads to an oscillation frequeoft§.469 MHz. With these values, the conditioroe€illation is satisfied.
The circuits are supplied with METRAVI multiple pewsupply (RPS3002-2). AGILENT oscilloscope (350 MB4641A) is
used to observe the oscillations. The schematigraia and the experimental arrangement on verobfoarevaluating the
behavior of the recommended oscillator configuratioe demonstrated in Fig. 27. The simulation teguking LM13700 IC)
for the proposed oscillator are demonstrated in 2& The 330 resistor load is used to convert the output curneto
voltage at the output current node. It is justiffean Fig. 28 that as claimed earlier, the proposaafiguration is capable of
generating voltageVp) and currentlg) waveforms. The measured oscillation frequenclim 28 is 1.432 MHz, which is
close to the theoretical value, and the erroriga?e5%. The experimental (using LM13700 IC) voéiamd current outputs are
shown in Fig. 29(a) and Fig. 29(b), respectivelye Tigure depicts that the yield frequency is 1.886z, which is an error of
7.7%. In order to focus on comparative study amthegretical, simulation, and experiment valuesjxe between varying
values of bias currentdg) and frequency of oscillation is drawn and presdnt Fig. 30. This graph shows the deviation

between frequency values obtained in all threesciea fixed value offgg.

(a) Schematic diagram (b) Experimental setup
Fig. 27 Experimental setup for the recommended thider oscillator

(a) For voltage\o) (b) For currentlg)
Fig. 28 Simulated waveforms in the steady stategusM13700

(a) For voltage\o) (b) For currentlp)
Fig. 29 Experimental waveforms in the steady stateg LM13700
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Fig. 30 Variations in frequency of oscillation withspect tdgg

8. Comparison with Existing Structures

The proposed VDTA based filters are compared witterént third order filters and presented in TaBleThird order
analog filters using various types of active eletaamne well known to be of greater interest thaxosd order filter, as they can
be used where a sharp cut off is desired and @smhuseful to implement digital filters. Thoughlypthe LP and BP filter
responses can be realized in this configuratiamptioposed filter circuit has various advantages tive previously reported

third order filters. A summary of this compariseshown below:

(1) The proposed filter circuit uses two VDTA blocksciontrast to the work of [10-11, 16-21, 23, 25] ethiequire more than
two active blocks.

(2) In the work of [9-10, 12-16, 20, 22-24], numero@sgive elements are required in contrast to therteg circuit which
requires only three capacitors.
(3) The proposed filter circuit realizes current modw daransimpedance mode LP and BP filters withowt mmatching

conditions in comparison to the work of [9, 11, 18, 24].

(4) The proposed filter circuit requires a low suppbjtage in comparison with the work of [10-14, 18;25] which need a
comparatively large supply voltage.

(5) Moreover, all the capacitors employed in the regmbdircuit are grounded in comparison to the wdrK a-15, 24-25].

(6) Additionally, the reported circuit has a tuning abjity whereas the circuits in the work of [9-12-17, 21-24] cannot be
tuned electronically.

In comparison to the above-mentioned work, thegiesi third order filter uses only two active degiedong with all the
grounded capacitors. It can be tuned electroni¢hhyugh the bias currents of VDTA. Moreover, thisr@o requirement for
matching conditions to obtain filter responsess Bvident that all the above advantages canneirbeltaneously achieved in

any of the work reported in Table 2, thus justifymur design proposal.

The proposed oscillator is compared with previouspyorted VDTA based third order oscillators anesented in Table
3. The third order sinusoidal oscillators offer teetfrequency response and low harmonic distortttan second order

oscillators. A summary of this comparison is listedow:
(1) The proposed oscillator does not require multiplgpot terminals of ABBs compared to all the abov@TA based
reported circuits [26-29].

(2) Comparatively large supply voltages are needethmpscillator reported in the work of [26-27] caangd to the proposed
oscillator.

(3) Moreover, the proposed third order oscillator camdalized without any matching condition in congmar to the work of [26].
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Table 2Comparison of the proposed filter with the previgwteveloped third order filters

Analog - Availability Power Types of e Supply . :
Ref/ blocks Exlem_al capacnors of inbuilt consumption responses Sensitivity/ Technology | voltage Mode .Of Match!ng Noise analysis Experimental
and resistors required - " THD operation condition results
used tuning (mw) available V)
Fig. 1 Not
9] 1 DBTA, 3(G)+5(B3G,2F) No Not reported LP d AD844 +12 Voltage Yes Not reported Yes
1 AD844 reporte
[10] Fig. 4(a) 4(G)+0 No Not reported LP Not 0.35 um +1.65 Voltage No Not reported Yes
8 CFTA reported ) -
Total output noise
voltage at center
. frequency 11.482 MHz
1y Fig. 3 3(G)+0 Yes 25.8 BP 13.43% 0.35 um 25 Voltage Yes | is5.845nV/Hz, No
3ccell [25] [25] - ! :
equivalent input noise
voltage 14.782
nV/ Hz.
[12] ZE%E?A 5(1G,4F)+5(1G,4F) No Not reported AP i Level-3 5 Current No Not reported No
Fig. 9
1 CDBA 3(1G,2F)+4(1G,3F) LP and Yes
o ot reporte - .25 um +1. oltage ot reportes o
13] N N d BP / 0.25 1.25 Vol N d N
Fig. 10 3(1G,2F)+3(1G,2F) No
1CDBA
[14] 1%%;A 4(1G,3F)+5(1G,4F) No Not reported LP -/ 3 pm +5 Voltage No Not reported No
Fig. 1
[15] 1 CDBA, 322G, 1F)+7(4G,3F) No Not reported LP i AD844 +12 Voltage Yes Not reported Yes
1CFA
Total output noise
voltage at 15.9 kHz
Fig. 4 10.273 frequency is 480
[16] 5 CDBA 3(G)+12(2G,10F) No 1590 [29] AP 125] AD844 +12 Current No nV/ Hz and equivalent Yes
input noise is 49.17
pA/ Hz [25].
Fig. 3 Not
[17] 30TA 3(G)+0 No 0.006 LP reported 0.18 pm +0.5 Current No Not reported No
Fig. 3
4 DO-OTA
[18] 3(G)+0 Yes Not reported BP 1/ 0.5 pm +2 Current No Not reported No
Fig. 4
6 DO-OTA
Fig. 1
[19] 4 OTA, 0+0 Yes Not reported Hisnd 1/ Not d +10 Current No Not reported No
30A reporte!
[20] ?%Al 0+10(4G,6F) Yes Not reported HP 1/ LF 356N +18 Current No Not reported No
Fig. 1 HP, LP.
[21] 3 OP-AMPA, 3(G)+0 No Not reported ana BF; -/ HA741 +22 Voltage No Not reported No
8 MOSFET
122] zF 'g;:}\ 3(G)+6(5G, 1F) No Not reported P - AD844 +12 Voltage No Not reported Yes
Total output noise
HP, LP voltage at 3 kHz
Fig. 5 o 1/1.54 Current and frequency is 28
23] 4 MOCCII 3(G)+4(@BG 1F) No 7.54[25] E\Ediﬁ; [29] 0.18 um £1.25 transimpedance No nV/ Hz and equivalent No
input noise is 14
pA/ Hz [25].
Total output noise
HP, LP voltage is 0.13 nV/Hz
Fig. 4 o 14 5o and equivalent input
[24] 1 OTRA 6 (F)+5 (F) No 1.73[25] E\Edi’; 14.5% 0.5 um 1.5 Voltage Yes noise is 0.1253 nAHz No
at 200 kHz frequency
[25].
Total output noise
HP, LP voltage at 1 MHz
Fig. 3 o frequency is 3.856
[25] 3cccl 3(F)+0 Yes 56.9 Zl;di% 0.4/3.25 0.35 um +2.5 Voltage No nV/ Hz and equivalent No
input noise is 4.092
nV/ Hz.
Total output noise
voltage at 10 MHz
This Fig. 3 LP and Current and frequency is 4.81
work 2 VDTA 3(G)+0 Yes 1.08 BP 0.5/2.06 0.18 um 0.9 transimpedance No nV/ Hz and equivalent Yes
input noise is 5.926
pA/ Hz.

Note: G = grounded; F = floating; HP = high-pask, Bband-rejection; AP = all-pass; DBTA = differiahtbuffered and transconductance amplifier; CFTéurrent follower transconductance amplifier;
CCCIlI = current-controlled current conveyor; CFA=rrent feedback amplifier; DO-OTA = Dual-Outputesgtional transconductance amplifier; OA = operai@amplifiers; MOCCII = multiple output

second-generation current conveyor; OTRA = Opematitransresistance amplifier.

Table 3Comparison of the proposed oscillator with ava#a¥DTA based third order oscillators

Need of Electronic
Nug;ber Nug;ber Nug;ber CV?IE tuning Need of Use of THD/ Supply Power Output | Experimental
Ref. VDTA resistor | capacitor multiole FO without | matching | grounded | Technology Sensitivit voltage | consumption t % ?esults
P! P disturbing | condition | capacitor Yy V) (mW) P
used used used output co
terminals
[26] 2 0 3 Yes Yes Yes Yes 0.35 um 1.8/0.5 +2 Not reported| Both No
[27] 2 0 3 Yes Yes No Yes 0.25 pm 2.98%/— +1 Not reported| Both No
[28] 2 0 3 Yes Yes No Yes 0.18 pm 3.29%/— +0.9 0.457 Both Yes
[29] 2 0 3 Yes Yes No Yes 0.18 pm 4.5%/0.5 +0.9 Not reported  Both Yes
The
proposed 2 0 3 No Yes No Yes 0.18 pm 2.17%/0.5 +0.9 1.08 Both Yes
oscillator

Table 3 presents the various features of the pusiyaeported VDTA based oscillator. However, nofiethem can be
realized without the use of additional copy ternsraf VDTA. The proposed oscillator is composedvaed VDTASs and three
grounded capacitors, without requiring resistorsh@ugh the quadrature outputs are not availabkaénoscillator, it has a

voltage mode and a current mode sinusoidal ouffhg.CO and FO of the oscillator can be tuned edeatally. Furthermore,

no matching conditions are required. Hence, th@@sed circuit is strikingly superior to others cargd here.
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9. Conclusions

A third order resistorless filter circuit that pides current mode and transimpedance mode LP arit&B without any
matching condition is presented in this work. Blesting the input and output terminals properly fiiter responses can be
obtained without changing the circuit topology. Byaking minor modifications to the third order filteonfiguration,
sinusoidal oscillator configuration can be easélglized as it has supporting advantageous featugssesistorless approach,
use of grounded capacitors, availability of voltaaged current outputs explicitly, orthogonally arldcgronically tunable
condition of oscillation and frequency of osciltatj etc. The PSPICE simulation results using 0/H18JMOS technology and
experimental results confirm the desired performeant the proposed filters and oscillator. Additittywanon-ideal and
sensitivity analysis is also included. The simalatresults confirm that the power dissipation 381mW for both circuits,
whereas THDs are less than 2.06% up to 60 pA are2 up to 300 pA for the filter and oscillator ciits, respectivelyt-or
the filter, the IMD is less than 6.7% up to 3& input signals. For the oscillator, the outputtagk is almost constant for a bias
current between 100 pA and 250 pA, whereas theubetorrent is almost constant for a bias currettvben 50 pA and 250
HA. Therefore, the proposed third order filters asdillator may bring an effective alternative e tarena of third order filter

and oscillator design for researchers.
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