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ABSTRACT

The objective of this research paper is to propose novel series/parallel lossy grounded inductor
simulation configurationswith the minimum requirement of active and passive elements. Each
presented simulator circuit employs one voltage differencing transconductance amplifier(VDTA)
along with a single capacitor connected to ground. All the presented simulators are purely resistor-
free realizations with electronic tuning facility and do not need any requirement of component
matching. In all the proposed configurations, full utilization of the input stage of employed VDTAs
has been achieved, except forone series LR circuit. The performance of the presentedsimulation
configurations is also studied under non-ideal conditions as well as with the terminal parasitic
impedances of VDTA. The behavior of the proposed series/parallel R-L impedance simulation
circuits is confirmed by some application examples. The theoretical analysis has been validated by
running SPICE simulations with TSMC CMOS 0.18 pum process parameters.

Keywords: Electronic tuning; grounded capacitor; lossy inductor simulator; no component
matching; single capacitor.

INTRODUCTION

Inductor is a popular member of the passive element family, which find several applications
in electrical engineering. A conventional inductor is a spiral inductor,which unfortunately exhibits
many disadvantageous features such as huge size and large weight, generation ofundesired
harmonics of original signal, radiation of electromagnetic signals,and linear dependence of quality
factor on the dimensions that are restricted to the design of an inductor with high quality factor
and small size. Hence, in the last two decades, the interest has been comprehensively directed
towardsthe realization of active element based configurations, which can simulate the behavior
of passive conventional inductors. Some grounded/floating inductance simulation circuits using
different active components have been reported in Prescottet al.(1966); Senani et al.(1978);
Senani et al.(1978); Arslan et al.(2003); Yuce et al.(2008); Prasad et al.(2010); Kacaret al.(2010);
Prasad et al.(2012) and reference-cited therein.In addition to the simulation of pure inductances,
the simulation of lossy inductors is also a popular research area recently. The lossy grounded
inductor simulators have broad range of applications in active filters, sinusoidal oscillators, and
series/parallel resonance circuits. Numerous grounded series/parallel R-L circuit simulation
configurations employing different active components have been available inthe literature(Ford
et al.,1966; Nandi et al.,1977; Nandi et al., 1978; Soliman et al., 1979; Nandi et al., 1979; Paulet
al.,1981; Liu et al.,1994; Wang et al., 1998; Cam et al., 2004; Incekaraogluet al., 2005; Yuceet al.,
2006; Yuceet al., 2006; Yuceet al., 2009; Kumar et al., 2010; Kacaret al., 2011; Metinet al., 2011;
Kacaret al.,2014). Unluckily, all these proposed simulation circuits experience one or more of the
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following disadvantages: (i) employment of more than one active element; (ii) requirement of
more than one capacitors; (iii) use of passive elements in floating states, which is not suitable for
monolithic integration; (iv) unavailability of electronic tuning; (v) lack of non-interactive tuning of
equivalent inductance;and (vi) need for passive component matching. Therefore, the objective of
this research paper is to report some new series/parallel R-L grounded impedance simulators with
the following useful features: (i) minimum need of active and passive elements ( one VDTA and
onecapacitor); (ii) employmentof ground connected capacitor; (iii) no requirement of any external
resistance; (iv) availability of electronic tuning facility; (v) availability of non-interactive tuning
of realized inductance; (vi) no element matching constraints; and (vii) no deviation in behavior in

non-ideal environment.

THE PROPOSED CONFIGURATIONS

VDTA is a versatile modern active building block (ABB) (Bioleket al., 2008), finding many
applications in designing of active filters (Prasad et al., 2013; Prasad et al., 2013),sinusoidal
oscillators (Prasad et al.,2013; Srivastava et al., 2014),and inductance simulation configuration
(Prasad et al., 2012). The electrical symbolic representation of VDTA has been illustrated in Figure
1, where two voltage input terminals are VP and VN and threeoutput ports are Z, X+ and X- .
All the ports of VDTA are high impedance ports. The implementation of VDTA using CMOS
technology has been proposed by Yesil in 2011 (Yesilet al., 2011).

Vp Hs _) bes

Ve VDTA

Vy, =" Xl L

Iz

Figure 1. Electrical symbolic representation of VDTA.

The current-voltage relationships between different ports of VDTA can be described by the
following hybrid matrix equation set.

[z gm1 - gm| 0 VP
I.l={0 0o g |
I, o 0 -g. || (1)



Novel electronically controllable grounded series/parallel lossy inductor simulator configurations 4

The proposed grounded series/parallel R-L impedance simulators are shown in Figure 2.

e Vin Vn X+
Vin " i lin VDTA
Ve X-
n X+ z
| z I |
.

7 )

Fig.2 (a) Fig. 2(b)
— ] —
—t VDTA —— VDTA
Ca I . x Ci I " X
Z j/ Z :
Vin Vin
lin lin
Fig. 2(c) Fig. 2(d)
—
A1 VDTA
C I \Vn X+
|_ ] _|
Vin ) . l
lin
Fig. 2(e)

Figure 2. Proposed grounded series/parallel R-L simulators.

The input impedances, equivalent inductances, and equivalent resistances of the proposed
circuit are given in Table 1, where “s” is a Laplace operator.
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Table 1. Proposed series/parallel R-L configurations.

Figure No. Input impedance Equivalent Equivalent Type
(Zeq= sLegt Reg) inductance resistance
(Leg) (Req)
Fig. 2(a) sC, 1 sC, 1 +L series with +R
Al Ml
g8 &m Em8m2 Em2
Fig. 2(b) sC, 1 sC, 1 +L series with +R
Z =— 1 4 it L -
" gn&m &m EmEm2 Em
Fig. 2(c) Z 1 sC, 1 +L parallel with
“ gmlng +gm1 gm]gmz gml +R
sC,
Fig. 2(d) Z 1 SCl 1 +L parallel with -
8w EmEm2 Em R
SCI ml
Fig. 2(e) Z 1 sC, 1 +L parallel with
o -
Em&m Em8m2 Em ~ 8m2
T8~ 8m =R
sC,

One can observe from Table 1 that the proposed circuits can simulate series realization of (+R)
with (+L) and parallel realizations of (+R) with (+L), (-R) with (+L), and (+£R) with (+L). From the
expressions of L and R _itis clear that, in all the configurations, both L and R are electronically
tunable by g and/or g _,. The circuits of Fig. 2(a), 2(b), and 2(c) provide independent control of
Leq by g, and circuit of Fig. 2(d) by g _, without disturbing R, In the configuration shown in
Fig. 2 (e), R can be positive or negative depending upon the values of g and g_ . Hence, this
or (-R)-
(+L) circuit by setting up gm1 smaller than gm2. The values of g  and g _, can be adjusted easily

configuration can be used as a parallel (+R)-(+L) circuit by taking g larger than g

'm2

by changing the bias currents of VDTA. Hence, the nature of this configuration can be changed
electronically.

NON-IDEAL ANALYSIS

In a non-ideal environment, the current-voltage relations between different terminals of VDTA
can be defined using the below given current-voltage equations:

1,=8,8,V.=Vy) )
Iy, =B.8.7, 3)

Iy = /))x—gszZ )
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where B, B, and B, _are the errors in transconductance gains under non-ideal conditions.

To examine the performance of the presented simulators under non-ideal environment, these
configurations are revisited with non-ideal current-voltage Equations (2)-(4). The input impedances,
equivalent inductances, and equivalent resistances of proposed circuits under non- ideal conditions
are given in Table 2.

Table 2.Proposed series/parallel R-L configurations under non-ideal conditions.

Figure Input impedance Equivalent Equivalent Type
No. (Zeq= Legt Reg) inductance resistance
(Leg) (Req)
Fig. 2(a) 7 sC, 1 sC, 1 +L series
= +

“ 8m&mPrBri  &mBis €& B2 P &n2Bx. with +R

Fig. 2(b) Z SCI ﬂx, sC, By +L series
= +

&Py &mbPrBrs 2182 b2 B &b Px. with +R
Fig. 2(c) Z 1 sC, 1 +L parallel

g8 Py 8m&m BBy 8mbz with +R

SRS ES g By
sC,

Fig. 2(d) Z 1 sC, 1 +L parallel

“ 2,18 Px. 8m&mB2Pr. &bz with -R

-&ub;
sC,

Fig. 2(e) Z 1 sC, 1 +L parallel

4 g &P Py 8m&mBrBx | &ubr = &urPr. with =R

«C + &b = &b,
1

On comparing the expression of Table 1 with Table 2, it can be illustrated that the behavior of
the proposed simulators under non-ideal conditions remains the same as the ideal behavior. The
values of Req and Leq are deviated from ideal values, but as the values of Bx+, Bx- and Pz are very
near to unity, deviations in Req and Leq are very minor. Hence, under non-ideal conditions, the
performance of the proposed simulators matches closely with the ideal performance.

EFFECTS OF PARASITICS

In this section, the behavior of the proposed series/parallel grounded R-L impedance simulators
is evaluated inthe presence of parasitic impedances of VDTA terminals. In VDTA realization,
using CMOS (Yesilet al., 2011), finite grounded parasitic resistances come into viewat P, N, and Z
ports, while finite grounded parasitic capacitances appear at X+, X-, and Z ports.

Theequivalent circuits of the presented grounded series/parallel R-L circuit simulators
considering the terminal parasitic impedances of VDTA have been given in Table 3.
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Table 3. Equivalent circuits ofthe proposed configurationsunder the influence of VDTA parasitics.

Figure No. Equivalent circuit under the Component values
influence of parasitics
Vr lin
I + gm
R - (Rz ), _lg+c+c)
Fig. 2(a) (gm]ng) ! (gm]ng)
lin
- L + L +8m
2 ca Rv_ RZ (C +C )
RA = B s LA = 1 z
Fig. z(b) (gmlgmz ) (gmlgmz )
Vi lin 1
% g e ) eec) 1
’ B lene)  lamg) T Y
Fig. 2(6) gmlgm2 gmlgmz (+g 1)
R, "
C,=C.+C
Vi lin 1
T CJ— 2 (R“) (c,+C,) R 1
» Tlong) TG T Y
Fig. z(d) gm]gmz gmlng (+g 1)
R— m
C,=C.+C,
Vin I; 1
(&) (¢+c,)
B o) (aene)
Fig. z(e) gmlgm2 gmlng
&=—T—%——nQ=Q+Q
(R,\-+ + Rf T 8&m )
APPLICATION EXAMPLES

The configurations shown in Fig. 2(a), 2(c), and 2(d) are chosen as examples to confirm the
working potential of the proposed series/parallel R-L impedance simulators by constructing some
application circuits using these configurations.To demonstrate the performance of series (+R)-(+L)
circuit simulator presented in Fig.2(a), we use it in the structure of the second order current mode
low-pass filter (LPF) shown in Fig.3(a).
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lin lout | Req Leq

A £33
=~
]
J

\Vn X+

Fig. 3(b)

Figure 3. Second order current mode low-pass filter: (a) passive realization; (b) active realization
using series (+R)-(+L) simulator proposed in Fig. 2(a).

The current transfer function of LPF shown in Figure 3(b) is given by

ﬁ _ EmEm2
L, $S'CC+5C,8,, + €& (5)

To examine the working of parallel (+R)-(+L) circuit simulator proposed in Fig. 2(c), a second
order voltage mode high pass filter (HPF) has been designed as shown in Fig. 4(b).
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r—-———"——-——= m
I : Vout :
Vin 1 1 T |
Cz : :
1 |
: Req ;Leq :
| |
| |
| |
| J' |
[ . J 0,
Fig. 4(a)

Fig. 4(b)

Figure 4. Second order voltage mode high-pass filter; (a) realization using passive R-L-C: (b)
active realization using parallel (+)R-(+L) simulator proposed in Fig. 2(c).

The frequency response of this HPF is shown in Figure 9. By routine analysis, the voltage
transfer function of the realized HPF is given by

Vout SZCI CZ

Vi S"CC+5CE,0 + &0l (6)

To illustrate the application of parallel (-R)-(+L) simulator shown in Fig. 2(d), it is used in
construction of a second order oscillator as shown in Figure 5.
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Fig. 5(b)
Figure 5. Second order oscillator; (a) passive realization: (b) active realization using parallel (-R)-
(+L) simulator proposed in Fig. 2(d).
The condition of oscillation (CO) and frequency of oscillation (FO) of the oscillator given in
Fig. 5(b) are
1

[ =<0
R, Emi )
w = En8m
)
\ G, (8)

SIMULATION RESULTS

To validate the theoretical analysis, SPICE simulations were performed employing CMOS
VDTA (Yesilet al., 2011).The DC supply voltages were chosenas+0.9 VDC with all the biasing
currents of VDTA being equal tol50 pA. Series R-L simulator inFig.2(a) is simulated with
C1=0.01nF, 0.05nF, and 0.1nF. The magnitude and phase responses of input impedance of the
circuit, shown in Fig. 2(a), have been shown in Figures 6 and 7, respectively. From the input
impedance expression of Fig. 2(a) given in tablel, it can be seen that, for a high value of C,, the
value of L, is high in comparison to lossy part R, and the behavior of this series lossy inductor
becomes inclined more towards a lossless inductor. For further high values of C, the value of
R, will be very small in comparison to L. and the configuration will work like a pure lossless
inductor. This effect can be illustrated by magnitude response plots shown in Figure 6 The initial
“horizontal part” of frequency response is due to the existence of lossy term “Req”. As the value of
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C, increases, the value of L, becomes high, and the flat part of response becomes comparatively
narrower than remaining inclined,which clearly indicates that, on increasing “C,”, the behavior
of the proposed circuit starts inclining towards the behavior of lossless inductor. Parallel R-L
simulator of Fig. 2(c) is also simulated with C,=0.01nF, 0.05Nf, and 0.1nF. The magnitude and
phase responses of the input impedance of this circuit have been shown in Figures 8 and 9. Figure8
shows that the input impedance magnitude is low for small values of “C,” and the curve is more
flat, which can be verified by the mathematical expression given in Table 1.

10° S S — S —
—e— C1=0.01nF ! ! ! :

—a—C1=0.05nF :
10°| =%=C1=0.1nF i

Magnitude (Ohm)
=

10° 10° 10° 10° 10 10°
Frequency (Hz)

Figure 6. Magnitude response of series (+R)-(+L) simulator proposed in Fig. 2(a).
100 i e e e

Phase (deg)

&
=)

—e—C1=0.01nF |
—a- C1=0.05nF

L R oL L e R
10° 10° 10° 10° 10 108
Frequency (Hz)

Figure 7. Phase response of series (+R)-(+L) simulator proposed in Fig.2(a).

2000—___‘_“Z!!f T T T T L ILIT T T T L L LETF T T T T T TILIT T T ZZZZZIA
—e— C1=0.01nF I i i i

—a— C1=0.05nF
—-C1=0.1nF

ey
a
[=]
o

Magnitude (Ohm)
=
o
o

500 -

10° 10* 10° 10° 10’ 10°
Frequency (Hz)

Figure 8. Magnitude response of parallel (+R)-(+L) simulator proposed in Fig. 2(c).



Novel electronically controllable grounded series/parallel lossy inductor simulator configurations 12

80
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—=—C1=0.05nF X
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40 -

60

20 -
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Figure 9. Phase response of parallel (+R)-(+L) simulator proposed in Fig. 2(c).

To show the electronic controllability facility in series R-L simulator shown in Fig.2(a), the simulation
has been performed for a different set of bias current values with C =0.01nF. The simulation plots are
shown in Figure10, which clearly illustrate that, on increasing the bias currents, the values of g  and
g, are increasing and the input impedance is decreasing. Electronic tunability of parallel R-L simulator
shown in Fig. 2(c) has been demonstrated in the plots shown in Figurel1 selecting C =0.01nF.

106 T Tl T T T TTTF T T T T
=%=Ib1=Ib2=Ib3=Ib4=150uA ~ L i

= [b1=Ib2=Ib3=Ib4=100uA
—o— Ib1=Ib2=lb3=Ib4=50uA

Magnitude (Ohm)
SUI

ey
o
S

10° 10* 10° 10° 107 10

Frequency (Hz)

Figure 10. Response of series (+R)-(+L) simulator shown in Fig. 2(a) for different bias currents.

3000 e e e S
—o— Ib1=Ib2=Ib3=Ib4=150uA i i [

2500| === Ib1=Ib2=Ib3=lb4=100uA
—%- Ib1=Ib2=Ib3=Ib4=50uA

2000 -

1500 -

1000 -

Magnitude (Ohm)

500 -

10° 10* 10° 10° 107 10°
Frequency (Hz)

Figure 11. Response of series (+R)-(+L) simulator proposed in Fig. 2(c) for different bias currents.
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The realized LPF shown in Fig. 3(b) is simulated with passive component values selected as

C,=0.01nF and C,=0.02nF. The simulated filter response is shown in Figure 12.
10,

0

-10 -

=20 -

30 .

Curremt Gain (dB)

40 .

10° 10* 10° 10° 10 10°
Frequency (Hz)

Figure 12. Frequency response of second order current mode low-pass filter shown in Fig. 3(b).
For simulation of high-pass filter shown in Fig. 4(b), the following component values are

chosen: C,=0.02nF and C =0.01nF. The frequency response of this high pass filter has been shown
in Figure 13.

; S e S s S e S s T
0‘7

20 .

Voltage Gain (dB)

-80¢ i SRS S R S Y S S 2 Pt vk

10° 10° 107 10° 10° 10"
Frequency (Hz)

Figure 13. Frequency response of second order voltage mode high-pass filter shown in Fig. 4(b).

The passive elements’ values used for the simulation of the oscillator shown in Fig. 5(b) are as
follows: C =C,= 0.1nF and R = 1.7 kQ. Fig. 14(a), 14(b), and 14(c) show the transient and steady
state responses of voltage outputs V| and V.. The phase difference between V| and V, is found to
be 89.67°, which confirms the quadrature phase relationship between V, and V.. Fig. 14(d) shows
the frequency spectrum of voltage V| where FO is found to be 1005.6 KHz, while the ideal value
of FO is 1010 KHz. So, the simulated value is inclose agreement with the ideal value.
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Fig. 14(a)
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Fig. 14(b)

0.15,

Voltage (volt)
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Fig. 14(c)

0.1

o [=4 [=4
° =1 9
2 = =3
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o
S
=

10° 10° 10°
Frequency (Hz)

Fig. 14(d)

Figure 14. Responses of oscillator shown in Fig. 5(b):(a) transient response of V1 and V2;(b)
steady state response of V1; (c) steady state response of V2; (d) frequency spectrum.
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The comparison of the proposed grounded series/parallel R-L simulators with the previously
proposed same type of circuits is given in Tables 4 and 5.

Table 4. Comparison with previously proposed grounded series R-L circuit simulators.

. Numt'>er Number of| Number of Electr:)mc”control Non-Interactive Need of
Ref. Fig. No. | of active . . of “Leq”and wr . | element
resistor | capacitor o control of “Leq .
element Req matching
Nandiet al., . 1(F)+
1977 Fig.2(a) 1 1(G) 1(F) No No No
Nandietal., | Fig.1 1 11((12;' 1(F) No No No
1978
. 1(F)+
Fig.2 2 1(G) 1(F) No Yes No
. 2(F)+
Fig.?2 2 1(G) 1(G) No Yes No
. 1(F)+
Fig.2 2 1(G) 1(F) No Yes No
Nandi etal., | Fig.1(a), 2(F)+
1979 Fig.1(b) 2 2(G) 1©) No Yes Yes
. 2(F)+
Paul et al., 1981|  Fig. 1 1 2G) 1(F) No Yes Yes
Livetal., 1994 | Fig. 1 1 11((12;- 2(G) No Yes Yes
Wang et al., . 1(F)+
1098 Fig.2(b) 1 1(G) 1(F) No No No
Incekaraogluet . 1(F)+
al.. 2005 Fig.2(a) 1 1(G) 1(G) No No No
' 2(F)+
Fig.2(b) 1 1(G) 1(F) No No No
Yuce et al., Fig.2 - 1(F)+
2009 Fig 5 ! 1(G) 1®) No Yes No
Kacaret al., . 1(F)+
2011 Fig.2(b) 1 1(G) 1(F) No No No
Metinetal,, | g0 o) 1 2(F) 1(F) No Yes No
2011
. 2(F)+
Fig. 2(f) 1 1(G) 1(F) No No No
Kacaret al., | Fig.2(c) -
2014 Fig 2() 1 1(G) 1(G) No Yes No
Fig.2(a),
Proposed Fig 2(b) 1 0 1-(G) Yes Yes No

G* Grounded. F* Floating
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Table 5.Comparison with previously proposed grounded parallel R-L circuit simulators.

Electronic  [Non-Interactive] Need of
Ref. Fig. No. Number of Num.ber of Numbe‘:r of control of both | control of | element
active element| resistor capacitor | ., .o o .
Leq”and “Req Leq matching
Ford et al., .
1966 Fig.1(a) 1 2(F) 1(F) No No No
Solimanet al., .
Fig.2(a) 1 1(F) 1(G) No Yes No
1979
Pauletal., 1981| Fig.1 1 2(F)+2(G) 1(F) No Yes Yes
War;fé 96; s | Rig 2(a) 1 1B)+1(G) | 1(F) No Yes No
Cametal., | Fig.2(a),
004 Fig 2(b) 2 4(F) 1(F) No Yes No
Incekaraogluet| Fig.3(a),
al.. 2005 Fig 3(b) 1 1(F)+1(G) 1(G) No No No
Yuceet al., Fig.3(a),
006 Fig 3(b) 1 1(F)+1(G) 1(F) No No No
Yuceetal., | g 5 1 1F)+1G) | 1(G) N N N
2006 g. o 0 0
Kumar et al., .
Fig.1 1 2(F)+2(G) 1(F) No No No
2010
Kacaret | tio 5 (0) 1 1F)+1(G) | 1(F) No Yes No
al. 2011 &
Meggﬁ als | g 2(c) 1 ARG | 1(F) No No Yes
Fig.2(d) 1 3(G) 1(F) No No No
Fig.2(e) 1 2(F)+1(G) 1(F) No Yes No
Fig.(2c),
Proposed Fig 2(d) 1 0 1(G) Yes Yes No
Fig.2(e) 1 0 1(G) Yes No No
G* Grounded. F* Floating
CONCLUSION

This paper proposes some new grounded series/parallel lossy inductor simulators using VDTA.

All the presented configurations are very compact with a minimum requirement of active and

passive elements (single VDTA and one capacitor). The proposed configurations have several

profitable points such asthe use of grounded capacitor, facility of electronic tuning, non-interactive

tuning of equivalent inductance, and no need of any element value matching. To check the

workability of the presented circuits, some application examples are given. SPICE simulations are

included to confirm the theoretical analysis.
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