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ABSTRACT

This thesis presents~three~new resistorless proportional-integral-derivative
(PID) controllers. Two™ of ‘them are a\ current, mode PID. controller. Each of the
proposed current mode controllers. consists” of five -second, generation current
controlled conveyors (CCClls) as active component together with only. two grounded
capacitors. The other.proposed controller |is-a'mixed mode -PID_controller including
current mode, transadmittance mode; transimpedance mode;.and voltage mode. It
employs six simple transconductors-and only \two. grounded capacitors. All proposed
PID controllers offer several attractive features -of resistorless configuration, use of
grounded “capacitor, -—-wide - ‘bandwidth, " and ' independent. ~electronic  tuning
characteristic’ of their—parameters, The non-ideal effects of the 'CCClls' and the
parasitic element effects of the transconductors on the proposedPID controllers are
examined in .detail., Since 'the |compensated transconductor tis.' used,’ the low-
frequency ‘performance: of ‘the proposed-mixed-mode’ controller can-be improved.
The computer simulation-results of the proposed-PID controllers agree well with the
theoretical analysis. For ‘the -applications of the propesed- PID.controllers on unity
feedback systems; the'performances of these feedback systems are'improved.
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R, ==L (3.11)
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K,=K,,+K, K,, (5.44)
K, =K, K, (5.45)

Lae
K, =K, |  (5.46)
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0<%<1.30><106 (5.48)
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Tuma

NMOS

LEVEL = 7 TNOM = 27 TOX = 4.1E-9 XJ = 1E-7 NCH.= 2.3549E17 VTHO = 0.3775873
K1 = 05869521 K2 = 5245416E-3 K3 = 1E-3 K3B = 4.5633298 WO = 1E-7
NLX = 1.803108E-7 DVIOW = O DVTIW = 0 DVI2W = 0 DVIO = 1.4735679
DVT1 = 0.42503%4 DVT2 = 0.0590855 U0 = 269.485879 UA = -1.410127E-9
UB = 2.388447E-18 UC = 6.390759E-11 VSAT = 1.000104E5 AQ0 = 1.8656266
AGS = 0.4315602 BO = -7.527708E-7 Bl = 241634E-6 KETA = -1.669057E-3
Al = 4733257E-4 A2 = 09388997 RDSW = 122478787 PRWG 0.3621367
PRWB = -0.2 WR = 1 WINT = 0 LINT = 1.650596E-8 DWG = -4.05898E-10
DWB = 5.889168E-9 VOFF =..-0.0951815 NFACTOR = 24480574 CIT = 0
CDSC= 2.4E-8 CDSCD = 0 CDSCB'=.0 ETAQ = 3.248255E-3 ETAB = 4.770707E-6
DSUB = 0.0249299 PCLM = 0.6777255 PDIBLCL. = 0.1738551 PDIBLC2 = 2.330061E-3
PDIBLCB =--0.1-DROUT '=/0.7397205 PSCBE1 = 7.714788E10 PSCBE2 = 1.657089E-9
PVAG-=.9.645365E-3 DELTA =-0.01 RSH =-6:6 MOBMOD = 1 PRT = 0 UTE = -1.5
KT1=-0.11 KTiL =0 KT2 =0.022 UA1 = 4.31E-9°UB1 = -7.61E-18 UC1 = -5.6E-11
AT =33E4AWL=0WLN=1WW=0WWN=1WWL=0LL=0LIN=1LW=0
LWN = 1 LWL =0 CAPMOD = 2 XPART = 0.5 CGDO = 9.05E-10 CGSO = 9.05E-10
CGBO = 1E-12 CJ = 9.537731E-4 PB = 0.8 MJ = 0.3812475.CJSW = 2.470243E-10
PBSW = 0.8 MISW = 0,1141281 CJSWG = 3;3E-10 PBSWG = 0.8 MJSWG = 0.1141281
CF = 0 PVIHO = 1.04772E-4 PRDSW = -1.3533794-PK2 = 3912121E-4
WKETA = 4.370036E-3 LKETA = -9.340583E-3 PUO = 10.3783198 PUA = 1.054565E-11
PUB 9.970555E-23 " PVSAT [ = | 2.005228E3 PETAO = 1.003159E-4
PKETA=4.383537E-3

PMOS

LEVEL = 7 TNOM = 27 TOX = 4.1E-9 XJ = 1E-7 NCH = 4.1589E17 VTHO = -0.3871284
Kl = 05726108 K2 .= 0.0278475 'K3. ' =_0:0985806 K3B = 122228045
WO = 1.003172E-6 NEX = 1.090405E<7 DVIOW = 0 DVTIW = 0 DVT2W = 0
DVI0- = 05101209 DVI1 = 0.2470616--DVT2 =01 U0 = 114.1027739
UA =11.492998E-9 UB = 1.001486E-21 UC = ~1E-10° VSAT = 1.644214E5
AQ = 1.6953891 AGS = 0.3664328 BO = 4.076586E-7 Bl = 1.131312E-6
KETA = 0.0208162 ‘Al°='0:4381491 A2 = 0.3"RDSW.=.223.3941003 PRWG = 0.5
PRWB .= =0.057842 WR = 1 WINT =.0 LINT = _2/942923E-8 DWG = -5.230547E-8
DWB -1.815577E-9 VOFF = 1-0.0931646 NFACTOR = 19246662 CIT = 0
CDSC =.2.4E-4-CDSCD_= 0 CDSCB =0 ETAO0 = 0.0230041 ETAB = -0.0167975
DSUB = 0.483315 PCLM = "1.2975619 PDIBLC1 = 1.837908E-4 PDIBLC2 = 0.0197453
PDIBLCB = -1E-3 DROUT = 0 PSCBE1 = 2.395024E9 PSCBE2 = 6.931227E-10
PVAG = 15.0148922 DELTA = 0.01 RSH = 7.6 MOBMQD = 1 PRT = 0 UTE = -1.5
KT1 = -0.11 KT1L = 0 KT2 = 0.022 UA1 = 4.31E-9 UB1 = -7.61E-18 UC1 = -5.6E-11
AT=33EAWL=0WIN=1WW=0WWN=1WWL=0LL=0LIN=1LW=0
LWN = 1 LWL = 0 CAPMOD = 2 XPART = 0.5 CGDO = 6.49E-10 CGSO = 6.49E-10
CGBO = 1E-12 O = 1.134847E3 PB = 0.8461774 MJ = 0.4093662
CJSW = 2.105053E-10 PBSW = 0.8348918 MJSW = 0.3165831 CISWG = 4.22E-10
PBSWG = 0.8348918 MJSWG = 0.3165831 CF = 0 PVIHO = 2.075733E-3
PRDSW = 4.9465702 PK2 = 2.372817E-3 WKETA = 0.0298423 LKETA = 4.507339E-4
PUO = -1.4111749 PUA = -5.95943E-11 PUB = 1E-21 PVSAT = -50 PETAC = 1E-4
PKETA = -3.044087E-3

1l

]
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Novel Resistorless Mixed-Mode PID Controller
with Improved Low-Frequency Performance
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Abstract. This paper introduces a new resistorless mixed-
mode proportional-integral-derivative (PID) controller, It
employs six simple transconductors and only two grounded
capacitors: The proposed PID controller_offers-several
advantageous features of resistorless configiiration;-usé of,
grounded capacitors,. independent electronic-tuning char-
acteristic of its parameters,-and-mixed-mode" operation
such as current, transimpedance, -transadmittance; and
voltage modes. The parasitic elewient eﬂécts of the trans-
conductors.on the proposed coniroller are investigated and
the improved low:frequency performance of the proposéd
controller is then discussed. As applications, the proposed
controller.is demonstrated on two:¢losed- -logp systems. The
PSPICE simulations-with TSMC: 0:18um CMOS process.
and £0.9 V'supply voltage verify the theoretical analysis.

Keywords

PID" controller, grounded - capacitor,. ‘resistorless,
mixed-mode, electronic tunability.

1. Introduction

In analog cireuit design, many tesearchiecs have been
directed towards. the .development of voltage-mode and
current-mode eircuits. However, the total effectiveness of
the circuitry will be increased if signal processing is' per-
formed along with Voltage-current interfacing using trans-
admittance or transimpedance mode. Mor€over, the mixed-
mode circuit including, voltage-mode (i.c. both input and
output as voltage), current-mode (i.c. both.input and output
as current); transadmittance-mode. (i.c. input as voltage and
oiitput as current), and transimpedance-mode (Le. fnput as
current-and output-as voltage) plays a very important tole
in the special applications where we need to interface
a-voltage-mode circuit with-a current-mode circuif and-vice
versa. Thus, the, mixed-mode circuit has challeriged many
researchers: especially .in modem microelectronic system
apphcahons {1]-{4}

A proportional-integral-derivative (PID) controller is
an important controller finding application in a wide vari-
ety of control systems because of its simplicity in-design,
low cost, and ease in parameter tuning [5}[7]. Several
voltage-modé and-cufrent-mode PID- controllers have beén
reported using active building blocks such as second gen-
eration cufrent conveyors (CClis) [8]-[11], current differ-
encing, buffered amplifiers (CDBAs) [12], curent con-
trolled. current conveyors: (CCCIIs)-[13], and operational
transconductance amplifiers (OTAs) [14]. Most of the PID
controllers' employ grounded capacitors [91, [10], [11],
[13}; and [14]. Thus; these controllers are suitable for-inte-
grated circuit unplementatlon Unfortunately, most of the
presented circuits require. external resistors [8]-[13] and
lack electronic tunability [8]-[12]:Only. one of those: coii-
trollers ‘suggests resistorless structure design [14]. In [14],
eight OTAs and two: grounded capacitorsare used.
Although the resistorless PID controller of [14] offers the
attractive featurcsof electronic funing ‘and-the use of
grounded capacitors, it uses an excessive number of active
clements. Furthermore, all of the existing PID controllers
can be classified either as voltage-mode or current-mode.
No work has been: done in the domain of mixed-mode PID
controller. So, itis the purpose-of this papérto present such
a‘resistorless mixed-mode PID controller:

In this paper, a new resistorless mixed-mode PID
controller i presentéd. The ‘proposed PID controller con-
sists of six simple transconductors and only two grounded
capacitors. The circuit exhibifs several aftractive features of
mixed-mode operation without changing its: configuration,
resistorless structure, thie use of grounded ¢apacitors, ad
electronic. tuning characteristic: of proportional gain, inte-
‘gral time constant, and derivative time congtant parameters.
These-parameters can be. independently adjusted. by bias
curtents: of the tranisconductors. In addition, parasitic: éle-
ment effects of the transconductors on the proposed PID
contraller at sufficienitly low frequencies are examined in
detail. The PSPICE simulations are used to demonstrate the
performances of the proposed mixed-mode PID controller
and its applications.
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2. Circuit Description

2.1 Basic Circuit Approach

A basic circuit structure of the proposed resistorless
‘mixed-mode PID confroller is shown in Fig. 1. It emplays
ten voltage-controlled cusrent sources and two grounded
.capacitors. The current relation of node 4 produces

Vl=_'. 1

.Fig.l. Basic circuit of the  proposed mixed:mode PID:

controller.
Seiting by = k', ki = k' ks = ks, and & = k¢’ gives
thie following equations:
k. sC
I =k{+—2+—2), 2
oI,
.and
v, = £(1+£+£)K Q)
ko~ sC ok

where % is the transconductance gain of the # voltage-
controlled current source. From above equations; the cue-
rent, transimpedance, transadmittance, and voltage modes
of the proposed PID controller produce. in the following
conditions:

(i) If I = Ipy, the following. current:mode and. trans-
‘impedance-mode transfer functions of ‘the. proposed: PID
-contivller ar¢ respectively obtained:

Hy)=tehg b

sC,
1), 4
Iy k- sC K )

-and

V.
Hmv(s)='I—°=kL ?’%Jr%) )

(ii) If ¥, = Vp, the followmg transadmittance-mode
and voltage-mode transfer functions of the proposed PID
controller are respectively given:

Hm(s)=lf—o=k,a+£+%), ©

N scl 4
and
V, kK ;
Ho(N=te.=5 1, s+ G n
A= e 2+

2.2 Proposed Mixed-Mode PID Controller

This section presents the:realization of the proposed-

mixed-mode PID contollet using transconductor-capacltor
approach.. Therefore, the property of the transconductor is
bricfly reviewed:. The CMOS realization of a simple trans-
conductor using four transistors and two: current sources is

shown-in Fig. 2(a) [15]. It.is assumed that all transistors

operate in the-saturation region and the substrates of these
transistors -are-cornected to their respective sources. The

PMOS and the-NMOS transistors-are also.assumed to have:

the. same transconductance paraineters. The equivalent
circuit of an ideal transconductor is-shown in Fig. 2(byand
the correnit outputs of the transconductor can be expressed-
as

L==ly=g,@" -V"), ®
where g,, i3 the fransconductance of the NMOS transistor

and defined by
&n =1’/1ncm:%15 2 (9)

where 4, is the electron mobility, C,, is the oxide capaci-
tance per unit area, JW/L is the aspect ratio. of the fransistor
anid /5 is the bias current of the transconductor.

Fig2. (a) Simple CMOS duct
circuit:

@) its equival

‘When the voltage-coritrolled. current sources of the
proposed basic circuit-as sliown in Fig. 1 are replaced by
the tratiscoriductor of Fig: 2(a), the proposed. resistorless
mixed-mode PID:controller is shown in Fig. 3. It contains
only ¢ix. transcondictors aiid ‘two grounded. capacitors,
Routine analysis of this citcuit produces transfer. functions
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which are in accordance with-(4)- (7) setting k; = g, where
&u is-the fransconductance of the #* transconductor. Thus,
the current-mode, transimpedance-mode, transadmittance-
mode, and voliage-mode transfer functions of the proposed
PID'controller are mpcctively demonstrated:

u(s)_ gml (1+ gmz + 1) (10)

IN oml SCl 'gm4
H()=te=—8a q480,5G,  an

Ini 8mBms G Bms
I g

Heypls)=-2 =g, (#5242 2) (12)

* VJN s-Cl g_m(
. V% _ 8 8. 5C, 1
and H (S)— ~0 . ml (1+ m3. il )_ (13)

" VIN gmﬁ SCI 14

Fig, 3.. The proposed tesistorless mixed-mode. PID controller.

The comparison of H(s) = Kp(1+ UsTy + sTp)-and
{10)~(13) provides the proportional gain (K), the integral
time -constant (I); and the derivative time constant (Tp)
parameters of the proposed mited-mode PID controller-in
the following equations:.

) =sn, (O

&z

gml
B2 (1%)

i gm;gmﬁ
Koo=gu> (15)
K, =5, (n

L
T,=Ty=Ty =T, =L, (18)

m3

and Ty eTpeTy=Ey =t (19)

om

From (14)(19), these parameters can be adjusted
electronically by changing the values of g.: via the bias
current of the 2 transconductor: The propottional gain, the
integral time constant, and the derivative time constant
parameters of the proposed resistorless PID controller can
be altered independently. It should be noted that the pro-
posed circuit is a resistorless PID controller like the previ-
‘ous circuit in [14], but the structure of the proposed circuit
requires less number of active elements than that of the
circuit of [14]. Furthermore, the circuit of [14] provides
a voltage-mode PID controller-while: the proposed circuit
offers a mixed-mode PID controller.

The sensitivities of the parameters of. the proposéd
mixed-mode PID controller with respect to active and
passive elements yield the acceptably low valutes as fol-
lows:

Spra-Sfa =1, (20)

Kpy — _CKmz — _QKep
SEm - Sggul - Sk-f =1L @n
swegr=sE ®
57 =-S5k =5k =-sgfz =1, @)
STIG = STm _ST" =_S7}r = (24)
SE=SE=Sr=-Sn =l | @)

and

R acoe e S

2.3 Parasitic Element Effects

In'this sub-section, the parasitic clement effects of
transconductor on the PID controller performance are car-
riedout. Fig. 4 shows the equivalent circuit of the trans-
conductor-including its parasitic elements. It is-shown that
mput terminnals. exhibit low-value. capacitances Cand.C;.
and output terminals exhibit low-value capacitances Cp and
Cyrwith Tow-value conductances grand g, respectively.

yro—

C‘i,‘,f'\;

C3¢ 37@’6" d3
~&ati T 7%
Vo S bt ON

Fig.4. The equivalent circuit of the transconductor including
its parasitic eléments.

Takifig into account:the above: parasitic elements of
the transconductor, routine .analysis of the proposed PID
controller as. shown in Fig: 3 redults in the following
equations: ) '
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L @n
g_mz +J’A

I/l' =

Vo = _g+l(1.{..g_"f-‘.{...y_l7)Vl - A1 , (28)

gms B/ Vo ',yB mé

and
T (Lt e A VAT SCD)
1+28 Vs &m '
Eni
where A, is given by
b= dey—te_y 30)
B Zus 0
where
¥4 =8i#S(Cp, +Cript Ci), @1)
Vg =g+ +CrtCp ), (32)
Yo =8n+8n+5ChtChu#Ci)s, — (3)
Vo= Euat &ps +S(C+Cpp, +C +Cpi), / (34)
Ve =8t 5Cres (35)
and

Yre = 8y F8us ¥ 8ys +5(Coy# Ciys #C5, +Cs) (36)

vheré: Ciir Cas Ch, 78, gn-and. gy are the pa.rasmc ca-
pacitances and the parasitic-conductances of the 1 trang-
«conductor, respectively. Note that the tertns of yi, yoy s,
‘and yy, are effective at very high frequencies. Tn addition,
the effects of the parasitic capacitances Cyj Cp, Cyay Cras
and ' Cps are negligible because these parasitic capacitors
-are quite small as compared with the external capacitors
(Cl >> CM + CB and- Cz >> CIM" + CN4 + Cp,) A]SO, ‘the
‘parasitic:conductance gy in (32) affects the low-frequency
performance of the proposed PID controller. Ta reduce the
effect of the. parasitic conductarice; a negative’ grounded
‘conductor as shown'in Fig:5:i conriected-in parallel to the
external capacitor. C; of the. proposed PID: controller as
‘shown in Fig.:3.

The conductance of the negative grounded conductor can
be expressed as

1
Beoup =5 = "8n - @7
or
From (37), the conductance g, should be selected. greater
than gy-to obtain a negative grounded conductor,

3. Application Examples

To illustrate the applications of the ‘proposed mixed-
mode PID controller of Fig, 3, two closed-loop systems-are
depicted in Fig. 6-and Fig. 7, The closed-loop system of
Fig.-6-employs the proposed PID controller for current-
mode-and a current-mode low-pass filter as a.plant. The
closed-loop system of Fig. 7 consists of the proposed PID
controller for transimpedanice-mode and a transadmittance-

‘mode low-pass filter as a plant: Those PID controllers are

used to- improve some performances of the closed-loop
systems.

-§

f-vé

T

Fig. 6 Closed-loop system of the proposed PID controller for
current-mode and a cusrent-mode low-pass filter.

The transfer functions of the current-mode and trans-
admittance-mode low-pass filters are respectively given in
the following equations:

18z
F(s)= = 3 (3%
! (gmxl+SC l)(grmu+s l)
¥4 PZ(S) . gmylgmy.zgm,ﬂ. - _(39)
(8uys* 5C,1 X8uys +C,3)

The. transfer functions of the closed-loop systems are
then expressed as

__Hu(0)R() |
Hey(s)= T+ H()B() s 40)
» _ Hy,(s)B(s): .
, . (sy= a8 ) ,
and e (@

where Hp(s) and Hp(s) are current-mode and transim-
pedance-mode transfer functions of the proposed mixed-
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mode PID controller as shiown in (10). and (11), respec-
tively. ’

¥ | propost 1D urlir |
ranimpedance-atods

N

Fig. 7. Closed loop sys(u'n of the pmpused PID contmller for
mode and 2 trarisadmittan de
low-pass filter.

4, Simulation Results:

In-order to confirm the theoretical validity of the pro-
posed mixed-mode PID controller, the transconducfor as
shown in Fig. 2(a) has béen simulated using PSPICE pto-
gram based BSIM3 level 7-transistor models for the TSMC
0.18 pm 'CMOS. process. available from MOSIS {16] with
0.9V supply voltage: To reduce the: chanmel length
modulation effect of the MOS. transistor, -the channel
lengths of all transistors. are selected:as 0.54 pm {17). The
widths of the NMOS-and the PMOS transistors are selected
as 3.6 pum and 9 pim, respectively.

The propésed mixed-mode PID controlfer ag shown in
Fig. 3 is designed with gy = 162 nA, I, = Ips = 18 pA,
Iy = Iga = Igs = 200-pA, C; =20 oF, and C; = 0.02/aF for
the PID parameters of Kpy = Kpy = 3, Kz = 1875 kV/A,
Kpg = 048 mANV, Ty = Tp= Tz =Ty = 36,36 ps, and
Ty = Tpy'= Tpz = T = 36.36 5. The power consumption
of the proposed controllér is about 1.44 mW. The resulted
frequency responses -of -the proposed PIDcontroller for
current, transimpedaitce, transadmittance, | and | voltage
modes are obtained as‘shown-in Fig. 8 to Fig. 11. The
dashed and solid lines represént the ideal and simulated
responses of the controller, respectively. It-should be no-
ticed that the simulated and the ideal frequency responses
of the proposed PID controller are:in good.agreement from
40 Hz to 40 MHz. The differences.of them in the low- and
high-frequency regions primarily arise from the parasitic
element: effects of the transconductors. Morcover; the
simulated frequency resporises; of the proposed controller
are rolled off at very high frequencies because-of the para-
sitic element effécts in (28) and (29), Then, the very high-
frequency. noisy input can be .reduced by the proposed
controller.

To illustrate the frequency-domain performance of the
proposed PID controller with compensated transconductor,
the parasitic ‘conductance gy is computed ‘as

2n=5.64 AV, Then, the bias cucrent of the compensated
transconductor of Fig.'$ is selected as I = 0.484 pA. As
examples, the ideal, uncompensated, and compensated
frequency responses of proposed PID controller for cur-
rent-mode and transimpedance-mode are shown in Fig. 12
and Fig. 13.
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‘Current gain (dB)
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350 b e
Imi0m1G0m:1 10 100 1k 10k 100k 1MI10M 1008
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Fig:8.._Frequenc p of the p d mixed-mode PID
controller for current-mode.
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Fig.9. Frequency responses of thep d mixed-mode PID
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transimpedance-mode.

It is noted that the simulated fréquenicy respotises of
the compensated PID controller agree well with the-ideal
one from 6 mHz to 40. MHz (mofe than 9 decides).
Consequently; the compensated PID. controller exhibits
betterperformance than the uncompeiisated one.

In Fig. 14 to Fig. 16; the electronic tuning feature of
the proposed mixed-mode PID controller'is demonstrated.
The passive components of the PID controller are selected
as C; =20 oF and C, = 0.02.oF. Fig. 14 shows the propor-
tional gain Kp; as in (14 versus varying bias current [p,
from 10 pA to 500 pA when other currents are preferred as
137_ =]ég =18 }IA and Tgy =1pg = Ips = 200 p.A. Flg. 15
shows the integral time constant as in (18) versus bias
currént Ip; from 10 ftA to 500 pA as other currents are
selected as Ip; = 162 pA, dpy = 18 pA, Jpu = Ips = 200 pA,
and Iz = 18 pA: While using [py = 162 pA, I, = 18 pA,
I3 = Ips = 200 pA, and Iz = 18 pA, the derivative time
constant as .in (19). versus bias current I, from 10 pA to
500 A is shown in Fig. 16. It is noted that the parameters
.of the. proposed. PID controller can be electronically ad-
justed by.controi the bias currents of the transconductors.

6
5

0/ _1007° 7200300 <400 | 500

1 (1)

Fig. 14. Proportional gain £, of the proposed PID controller
versng bias current Jp;.

300
250
200
150

100

Integral tire congtait (jis)

50

0 100 200 300 400 500
Ty (RA)

Fig. 15, Integral time of the prop

versus bias cunent?s;.

d PID controll

Tn order to-show the time-domain. performance of the
proposed PID controller, its components are set as follows:
Ci=Cy = 0.10F, Jo =Ips == 18.pA, Iy = Ipy = 200 A,
Tps=20 pA, and Ip; =25 pA, 50 pA, and 100 pA to realize
the integral time-constant and the derivative fime constant,
parameters.of 0.18 s and the proportional gain parameters
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of Kpy = 1.19, 1.69, 244, and Kp; = 744 kV/A,
10.56 kV/A, 15.25 kV/A, respectively. For examples,.the
simulated step responses of the proposed PID controller for
cumrent-mode and transimpedance-mode using 1 pA step
input with 10 s rise time are showi in Fig. 17 and Fig. 18.

300 -
g 20
g
e 200
8
é 150
‘€. .
>
g 100
g 50
0 100 200 300 400 500
L (pd)
Fig. 16. Derivative time constant. of the proposed | PID
controllér versus bias-curvent fz¢
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0 02 0.4 0.6 08 1.0
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Fig.17. Step responses of the proposed: mixed-mode PID
controller for current-mode.
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(=]
>
¢ 02 04 06 08 19
‘ Time (js)
Fig: 18. Step ‘responses of the proposed. mixed-mode PID
ontroller for transimpedance-mode..

In the closed-loop systems of Fig. 6 and Fig. 7, the
current-mode low-pass filter is -designed as Cy = 03 nF,
Cr2 = 0.3 1F, and fpy =fp; = I35 =100 pA and the Tow-
pass filter of Fig.. 7 is selected as C,, = 0.3 nF, C;, = 0.3 nF,
Igy| = 18 }lA, and_]é,.z = !g_ﬂ = Igy'q = 100 }IA. From th_ﬁe
planf components, the calculation of the PID parameters
using Ziegler-Nichols tuning method [7] yields the
proportional gains of Kpy = 3 and Kpz = 18.75 kV/A, the
integral time constant of 2.55 ps-and the derivative time
constant of 0.48 ps. Then, the -proposed PID controller
components are chosen as follows: C, = 1 nF, €, = 0.1 nF,
To1 =162 pA, Iy = Ips = 18 pA, fp; = 100 pA, Ip =30 pA,
and Jps = 200 pA. The step responses of those closed-loop
systems are tested on 7 pA step input as setpoint. The
results-of the systems are shown in Fig. 19.and Fig. 20.

16

14 — Step.input

12 s2¢+++ Systemewith PID. controlloe

10 === System without PID controller-

Input and output currents (RA).

20030 40,50 | 6
“Fime (ps)
Fig. 19. Step input and outputs of the systent in Fig. 6.

16
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g 10
Qg L
E- 8
26|
< by )
4.4 i{ B e EEE P L L
g
0

0 0L 207300 40 S0 6
Time (js)
Fig. 20. Step input and outputs of the system in Fig. 7.

~From those figures, the step response of the system of
Fig: 6 without PID controller (node S and node T are
shorted together) has the steady state error. of 3:5. pA and
the oveishoot of 4 % and the step response of the system of
Fig, 7 without:PID controller (current-to-voltage converter
with gain of 11.2 kV/A is used) has the steady state efror
of 2.4 pA and the overshoot of 6.8 % while the step
responses of those systenis with the proposed PID'control-
ler have the steady state error of 0.04.1A. and the overshoot
of 1%..
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‘Operating

; grounded | Extemal | Electronic | Opensting Supply
Ref Components capacitors .| resistors tuning mode ::;:21{3 voltage (V)
4.CCll+s
, 4'buffers Not
(8] B resistors No Yes _No Voltage spiecified 12
2 capacitors
3 CCll+s
] . . Not Not
Fig.2 ; xesls?rg_ Yes Yes No Current Specified ipecified
3 CClIl+s
51 I Not | Not
Fig.3 24 sesistots Yes Yes No Voltsge | grecified | specified
1. CCII+:
i 1 DO-CCII+
{10} P . Not.
Fig. > @2 MpS 3) Yes Yes No Voltage specified 15
3 resistors d .
2 capacitors
L CCIIt:
1 DO-CCI+ '
o (2 MOSs) Yes Yes N6 Gorrent ot 4135
Fig.3 3 resistors specified
2 capacitors
1 DO-CCIL 3
1 DO-CCII- Not :
T (32 MOS’s) Yes Yes No Current oo ]
2 1esistors F
2 capici
4CDBAs- -
. (80 MOS’s) Not Not
{2 8 resistors’ No Sl g Voltage, specified. | specified
2 capacitors 1:
8CCClls
: (112 BJT’s) 7 _ Not
(13] 2 sesistors Yes Yes Yes Voltage 10-1M . specified
2 capaci
[ & 80TA, ot .
[82)] ‘(;72 MO§‘s) Yes' || - No Yes: Voltage specified. | 5.0
Proposed. |6 Transconductors { g
PID (24 MOS’s), Yes | No Yes: Mixéd | | 140 -40M 09
1l 2 capaci
Tab. 1. Comg of the proposed PID ller with several p circuits.

‘It.is obvious that the proposed PID controller can im-
prove the steady. state emror and thie overshoot of the.
closed“loop systems. A comparison of the: proposed PID
-controller and several previous PID controllers is summa-
fized in Tab.. 1.

5. Conclusion

In this paper, ‘a circuit configuration for realizing
.a mixed-mode PID controller hs been presented.: The pro-
-posed PID. controller consists of six transconductors and
‘only two-grounded capacitors without néeding any extemal
passive resistor. It also offers the following features:
mixed-mods “operation without changing: ifs topology,
electronic controllability of its: patameters, and 10w sensi-
tivity performance. Since the compensated transconductor
s used, the low-frequency pérformiance of .the proposed
‘PID controller can be ‘improved. The application examples
:of th¢ proposed:controller as two closéd-loop systemis aré

included. The results of PSPICE simulation agree well with
the theoretical predictions. The. uncompensated and com-
pensated mixed-mode PID controllers have the operating
frequency ranges' of 40 Hz to 40/ MHz and 6 milz to
40 MHz, respectively.
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ELECTRONICALLY TUNABLE CURRENT MODE PID CONTROLLER
WITHOUT EXTERNAL RESISTOR
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ABSTRACT

A new current'mode proportional-integral-derivative: (PID):
controller is presented in this paper:-It-requires five second’

generation current coritolled conveyors (CCCIIs) as active
component ‘together with only two _grounded capacitors
without  external -~ passive | resistor, ' Since the _passive

components are-all groiinded, the-propased PID-cdntroller is

suitable for fully integrated circuit (ICy design: Moreover,

the PID  controllér parameters can be  conveniently:
confrolled- by _an extemal - control current ‘due = to:

electronically tunable property” of the’ CCCIL Several
computer sinfulation results show .good agreement between
the bebavior of the proposed P1D) controller and those of the
ideal.

Tidex Terms— PID controller, current mode; current
controlled conveyor, plant, unity feedback system

4. INTRODUCTION

A PID contfroller is one of the most widely used controllers
in a process control system: because of its simplicity in
design and ease in (parameter tuning [1]. Several PID
controllers have 'been proposed .in literature: [2]-{7).
However, these circuits possess  some of disadvantages.

External passive resistors are required in [2]-[6]. Meanwhile-

excessive number of active components are-needed in [6]-
[7]. Whereas some circuits employ the floating ‘capacitors,
which are mnot to the benefit- of the: monolithi¢

implementation [2H3}, [5]. Moreover; some circuits.lack:

electronic. tunability causing inconvenience for parameter-
adjustment [2]-{5].

In this paper; a new electronically tunable current mode
PID controller without external passive resistor is proposed.

Theé proposed PID contioller employs five CCCITs and only:
two grounded capacitors. The controller offers all

advantageous over the -existing ones discussed ‘above: It

W. Narksarp

Depaitmeiit of Electrical Erigineering
Faculty of Engineering, Siam University
Bangkok, THAILAND
E-mail: wipavann@gmail.com

employsa fewnumbers of active and passive components
without external-resistor. It is also.suitable for IC fabrication
with electronic tuning' capability as the parameters of the
cotroller can be-adjusted by changing the bias currerit of
the CCCIL ‘SPICE simulations are employed to. extiibit the
performance:of the proposed PID controller.

2. CONCEPT AND.CIRCUIT DESCRIPTION
The proposed PID contioller is baséd on CCCIIs. Therefore,
the significant:properties of the CCCII are briefly reviewed.
The symbol of the CCCII is shownin Fig. 1. Using standard
notation, the pott:relations of the idéal CCCIL afe obtainéd
as 8]

iY = 0 b (])
Ve =Vt Rydy, @
i, =iys 3

whiére R, is the parasitic resistance at port X of the CCCIL

&
Y

Vy oy
G Yy,
CCCIl Z+—<€—o©
Yo Ay
o—r—X

Fig: 1. Symbol of the CCCIL

The CMOS schemitic of the CCCII is shown in Fig. 2.
Assuming thiat all MOS transistors operate: in the saturation,
region, the substrates of these transistors are then connected

to their respective sonrces, The NMOS. and PMOS ate also.

assumed to havé the same transconductance parametcr’s.,’fhé
parasitic resistance Ry at port- X is' expressed as follows.

9k
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1
Ry = —————,
\lsﬂnCoX(W/ Ly Lo

where 1, is the bias current of the CCCII, u, is the.
clectron mobility; C,

X

area, and (¥ /L), is the aspect ratio of the transistor M;.

@

is the oxide capacitaiice per umit

<0, Z+
iz,

Fig. 2. CMOS schematic of the CCCIL

A:dual-output. CCCII-(DO-CCCII) can be. obtained by
mdification of the €CCII ¢ircuit in Fig. 2 by cmploying
additional cuirent mmirrors to copy a currerit from port X to
the additional output port Z [10]. These active components
are used to construct the:PID controller and the steps to
design the controller are described as follows:

2.1. Basi¢ Concept
Consider the signal flow graph of the proposed PID

controller as shown 'in Fig. 3. It consists of current
amplifier, integrator, and differentiator gains.

{ -1 1E
>~ Y0

e 3 S
K, 1@ 1 ) 1
T;s

Fig.'3. Signal flow graph of the proposed PID controller.

The transfer function of the PID.controller can be
expressed as

F(s):f—g%:ga +sT,)( +$j, o)

where ¥, 7,, and T, are the proportional gain, the
derivative time constant, and the -integral fime constant
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parameters of the, current mode PID controller, respectively.
The detail of the controller is described in the following
section.

2.2. Proposed Circuit Realization

The, proposed scheme in Fig. 3 can be implemented to

realize the. current mode PID confroller as shown in Fig: 4.

By routine analysis of the contrdller and comparison to (5),

-the proportional gain (K,), the derivative time constant
(1), and the integral time constant (T;)- of the controller A

canbe determined as
Ro.
K=, ®
Ry,
T, =CRy, 0]
I =CRyy. ®
Yia ¥
oA Zi T 1t~ __L
® s T @ =
-L‘ X, 1f Zm .. Zzl« 3
R 2 Y L0
I X 4 Zo. Zoy o
'
M2 Zob—% X
|_ G 1
+Ids
3 Xsl @
% Zy| i

Fig. 4. Proposed:curent mode PID controller.

It should be noted that the PID controller parameters-in.

{6)-(8)-can be independently adjusted by changing the bias
current of the CCClIs,

3.NON-IDEAL GAIN EFFECTS

To investigate the effects of the non-ideal gain, let the DO-
CCCII to be expressed as

ip=0, [e)

Ve =B+ Ry, (19
i, = m&; (L1}

by =g, (12)
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where B is the frequency dependent voltage gain, @ and
y arc the frequency dependent current.gains and f=1-¢,,
d'=1-¢, and y=1-¢, . Here, ¢, is the voltage tracking'
emor and ¢, and £, are the current tracking errors, the

absohite values of all tracking érrors being much less than
unity. Taking the effect -of these tracking emors into
account, the PID controller parameters are obtained as

g, -Aoutales a3
Yo Ry
B_CiRy,, a9
By -
o

ﬂz‘.’l_l!’m

I=

ERyz, (15)

where £, (m =1, 2,4) is the frequency. dependent voltage
gain of the m*CCClI, a;, (m=1,2,3;4and n= 1,2) are
the frequency dependent current gain of the n™.Z port of the
m®.CCCII, and y,, is-the frequency dependent:current gain
of the 1%Z port-of the 4*-CCCIL- 1t should be matked thiaf
these gain parameters ‘directly contributeto~multiplier
constants of the PID controller parameters.

4, SIMULATION RESULTS

The petformances of the proposed PID- controller are
evaluated  using SPICE  simulation. ~The CCCII is
constructed as-shown ‘in Fig. 2 with the 0.18 pm - TSMC
(BSIM3 levél 7) model parametérs. The dimensions of:the
MOS transistors' for €CCII implementation are given in-
table 1.

Table 1. Dimensions of the MOS transistors.

Transistors { W (pm) L (pm)
MM, 18 0.18
M, M, 4. 018
M,-M, | 10.08 126
M,M,.| 396 1.26

 Setting the parameters of theproposed circuit in Fig, 4
witi € =100F, C, =4nF, I;=350pA, I, =59pA,
I, =200pA , I, =150pA , and [og=24pAw The resulted
frequency response is obtained as shown in-Fig. 5.
Consequently, the PID controller parameters are calculated
is K, =3.83, T, =3.08ps, and T, =0.77ps. It is should
be noticed that, from the figure, the frequency response
(curment gain) of the proposed PID controller clasely
resembles that of the ideal case from 200 Hzto 10.MHz.

ITC-CSCC 2010
20
! -——— Idealresponse
o> — Simulated response

Current gain (dB)

-80

0k 100k IMI0M 100M
Frequency (Hz)

10 100 1k
Fig. 5. Frequency response of the proposed current mode
PID controller:

‘Next, consider unity negative feedback PID-controlled
systemas_shown i Fig, 6. The plant transfer function is
given by

1

PG s ———————. 1
O o 161054 a8
‘g N il < e |
L1, 10nE ¥ I, =62uA :

Proposed P9 X,

; e AUES |
PID { _I_ @ 1
i) coutroller }Ci I I L, 14 l
= I
% L =6IpA ¥ !
] Zy, le G :

| & =G
gl I-,
Zn b T, 10aF)
! 1 ]
e A § J

Plant

Fig; 6. Unity feedback system fomned by & plant and a
__/PID controller.

Thé:calculation of the PID controller parameters based
on process reaction curve from (16) yields K, =3.83,
T, =3.08ps , cand T, =0:77ps" [1]. Then, the transfer
functions of the PID controller and the feedback system can
be determined as

9,08x10725* +14.74x10"°543.83

F(sY=
© 3.08x10%s

., (17

9.08%107"25" +14.74%10°5 +3.83 as)

H(s - - - -
) = S 105 + 215610 B + 1T 82x 105+ 383
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respectively. The simulated frequency response -(current
gain) of the system in comparison with the:ideal response is
shown in Fig. 7. It should be noted that the simulated result
is very clase to the ideal one.

140
140

= === ]deal response ,/,
= 1301 _____ Simulated response Vi
2
& 120
]
L)
€ 1o
E
=2
O 100
%0
80 i
10 1000 1k 10k 100k IM-_ 10M- 100M
Frequency.(H7).
Fig. 7. Frequency respoase of the PID-controlled unity
feedback system.
100.— = R
~—— System with PiD controller
g 80f < —— = System without-PID controller
L
3
?
Fw
3 2 ) :
0
-20
0.4 8 1216 20 24 28 .32.3 9
Timne(yus)
‘Fig. 8. Step response of the PID-controlled unity feedback
system.

Finally, resulting step response of this system is tested
with 50uA step input. The.results are shown:in Fig. 8. The
figure shows that the response, of the system without PID
controller has the' steady state ‘emor of 25 pA and no
overshoot while the response of the system with PID
controller has the steady state error-of 0.63 A, overshoot of
21.76%, rise time of 2.69 s , ‘and settling time of 11.88 yis .

5.CONCLUSION

New cifcuit topology of currént mode PID contréller
emplaying five. CCClIs and only two capacitors has been
proposed. The PID- controller uses oly grounded passive
componerit and its parameters can be orthogonally tuned
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casily by varying the bias current of CCCIL Then, the
proposed PID controller is suitable for IC implementation.
The presented method needs small chip area owing to
minimization in a nuiber of activé and passive
components.
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ABSTRACT

New circuit topologies to reatize lossless and lossy floating’
inductors are -proposed. Only-tivo™ multi-output’ second’
generation current-¢ontrolled coriveyors (MO-CECHS) with
a single grounded capacitor are'employed to configure each:
of ‘the circuits, The proposed circuits possess; few
component-counts and._grounded passive,_ components as
well as electronic tunability possible by:simply adjustment:
of the MO-CCCI] bias gurrenit. Thus, the proposed floating
inductors are suitable-for-integrated circuit implementation.

In addition, the sensitivities with respect fo the circuit active
and passive elements are accéptably: low. Several results
from  the SPICE' simulation show very close agreement
between the proposed floating inductor: performance. and
that of the ideal cases.

Index " Terms— “MO-CCCI, - grounded ' capacitor,
lossless FI, lossy Fl, resonance circuit

1. INTRODUCTION

A inductor is-an essential component in circuit design and
finds use in many blocks such as filters, oscillators, phase
shifters, and impedance matching circuitry, to.name a few.
In recent years, synthetic floating indictor (FI) realizations
have become the attractive research topics in the field of the
integrated circuit (IC) design-due to the resulting reduction.
in size and cost efféctiveness,

A literature. survey shows that a large: number of
circuit realizations for lossless and lossy-Els have been.
proposed [1]-[13]. Howevef, all of these circuits possess:
some shortcomings: (i) the use of an excessive number of
active. building blocks' including operational amplifiers
(opamps), operational transconductance  amplifiers
(OTAs), second generation current conveyors (CCIs),
second generation current controlled conveyors (CCCIs),
and cument differential buffering amplifiers (CDBAs)

J. Arthittang.

Faculty of Engineering (Si Racha)
Kasétsart University.
Chonburi, THAILAND
E-mail: jakrit@src ku.ac.th

[1}- [5] (7103 (u) the useof ungrounded passxve

capacitors foundin the work of [11,[5], [6]; [12]; and.-(jify

the: Jack of electronic tunabiility found in [1], [4], [5], [8]:

“This_paper proposes thrée new electronically tunable
synthetlc Fls. Each. Fls employs ‘only a single: grounded
passive “capacitor aud two MO-CCCIs. The, presen(ed
circuits can realize a lossless FI ‘impedance, a series RL-
lossy-Fl impedance, and a parallel RL-lossy FI impedance.
Thiese synthietic FIs offer advantageous characteristics. as
discussed above which include few  component-count,
electronic ~tuning - capability, and  suitability ' for IC
fabrication. The: circuit siroulations are -then given to
illustrate high potential of using the proposed synthetic:FI
configuratiotis;

2. CIRCUIT DESCRIPTION

As previously discussed, the proposed circuits are based
on emploging CCEH, The block representation of -2
CCCIl'is shown -in Fig. 1. Port' relationships using
standard notation are°recalled as i, =0, denoting a high
impedance port Y, vy=V; +igRy, and iy, =iy, where
Ry is parasitic: esistance at port X {14]. The: bujlding
block “of “CCCII can/ be “realized from the CMOS
translinear mixed loop and cutrent mirrors as shown in
Fig. 2. Assuming that. .all transistors operate in the
saturationregion, -the substrates of these transistors are

‘then connected to their respective sources. The NMOS

and “PMOS are also assumed to have the same
transconductance parameters. The parasitic resistance R,

at port X is controlled by the bias current 7, and
expressed as follows [15]:

1

RX S
- B, 1,

M
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where g, is the electron mobility, C, is’ the oxide

capacitance per unit area, and (#/L),, is the aspect ratio
of the transistor M.

yh

Vy i,,
o—p—|Y
lZf VZQ
.| CCCll Z4—<4—0
vy Iy
o—r—X .

Fig. 2. CMOS schematic of the CCCIIL.

A CCCll:circuit-in Fig. 2 can be modified so as to
obtain a MO-QCCII simply. by adding. 4 -current mirror to
refléct .the current from' port X o the additional desired
output port:Z [16). The MO-CCCIIs; a negative twin-output
CCCII (TO-CCEII) and @ dual-output CCCII (DO-CCCIT)
are used as the active elements to realize [ossless and 1658y
Fls. The detail is given as follows:

2.1. Lossless Synthetie FI

The proposed lossless FI is shown in Fig.3(a). Routine
analysis of the circuit results in the following short-circuit
admittance matrix:

v [ 1
[Y]-scxnxn[—l 1]" &

where: Ry, (i=1,2) ae the parasitic tesistances of the
i® MO-CECIL. From the short-circuit admittaice magrix

in (2), Fig 3(2) has the equivalent'circuit as shown in Fig:
3(b) which is basically a lossless FI,; the inductance of
which equals CRy Ry, .

2.2. Lossy Series RL Synthetic FI

When. the 2 MO-CCCII in Fig. 3(2) is horizoitilly
flipped, ‘the resulted building block is obtained as fhiat

shown .in Fig. 4(2). The circuit functions a$ 4. lossy

839

floating series RL impédance with the equivalent circuit
as illustrated in Fig. 4(b). Routine analysis of the circuit
producés the foliowing shiort-cireuit admiittance matrix:

. 1 1 -1
Y]z — ——— . 3
sl Ry, +5CRo Ry, ["] l] @

Therefore, the circuit realizes a lossy floating impedance
of series:RI: with the equivaleiit series resistance Ry, =Ry,
and inductarice. L, =CR;Rys -

[l A +-I.m B ]1
+ X Y <—o0 +
Z'—®Z
y sz 7,
Y Z- i L
;X @Y ——<£
o-

)
Ix' . L=4 Iz
+o=PpL VY g—0 +
4 14
(b
Fig, 3. (a) Proposed lossless FLand (b) its equivalent
circuit:
4 Yo g A
+ X @ b -« 0 +
Z3 2
4 Vo v,
Z+ @ Z-—
Y X
r ~C
—o— ® i -
®
Lo I
# A0 4
R.. L.
yl R&q Seg Vz
(b)
Fig: 4. (a) Proposed séries RL- losgy Fl and (b) its
equivalent-circuit.
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2.3. Lossy Parallel RL Synthetic. FI

In_ ordet 1o realizé a lossy FI in. the form of paraliel RL
impedance, the port Z- on the left hand side of the bl
MO-CCCII in Fig. 3(2) is disconnected and theft
reconnecting this port to node B instead. Fig. 5(a)
iltustrates the new configuration: Again the short-circuit
admittance matrix is found as follows:

1-{z; T

The fiatrix in (4) implies an equivalent paralle]l RL with
Rpy =Ry, and Ly, = CRyiRype

I A Yo B I

+102
@
,L

=

fas

—Q o

®)

Fig. 5.(a) Proposed paralle! RL-lossy FI and (b) its
equivalent circuit.

§/)

Peg ?

The sensitivity analysis:of L,

Ry, with respect to active and passive elements gives the

g ? qu R’siq , and

following acceptably low values:.

g =80 la =1, ®)

RX!.
Ser e =8 = Spa=], ®

Ry Rea

s"'~_s"~ Spe=Sim =1, @

An Rn £32)

From ‘the: MO-CCCIl characteristic, the-proposed

synthetic FIs can bé eléctranically tuned by easily adjusting:

the bias current .J,; and/or I, of the MO-CCCIL

3. SIMULATION RESULTS

The performances of the. proposed circuits are:verified by
the SPICE. The CCCII is simulated using the schematic:

ITC-CSCC 2010

implementation as shown in Fig. 2 with the 0.18 pm
TSMC CMOS (BSIM3 level 7) model parameters
supplied by DC #2.5V. The dimensions of the MOS
transistors uséd in the CCCII implementation are given in
table 1

The proposed lossless FL in Pig, 3(2)is then used to
construct a series RLC resonance circuit.as shown in Fig.
6 by setting C, =10nF and. R =234 Q. In the mean time
L=L, ad using C=30uF, I =100 pA, and
I, =50 pA, 100pA, and 200pA o realize 7, with the
inductance values-of 2.33 mH, 1.64 mH, and 1.16 mH,
réespectively.

Table 1. Dimensions of the MOS transistors.

Trongistors | A (ym) L (pm)
M, M, 18 0.18
M,, M 45 0.18
M,-M, 14.4 1.26.
M;-M;, 536 126

Next, the series RL- ~lossy synthetic EL as proposed in
Fig. 4(a) is used in place of R; and: L, jn Fig. 6. Sefting
1, =100pA to get R, =234Q ‘and adjusting .I, to
50 A, 100 pA ‘and. 200pA . ‘The simulated. and jideal
current outputs are-shown in Fig: 7. It should be noted
that the simulated current-characteristics from the circuit
using the proposed Fls are' in. good agreement: with the
ideal ones.

Fig. 6. Serics RLC resonance circuit.

——-Simulated lossless response
0.5 { 2+++ Simutated lossy response

< — = — Ideal response i
£ 04 (e
H \ Iy =100
g 03 2 =100pA
o " Ip=0pA
5702 ;e
=3
3
O .01

8 10 100, 1000

‘Frequency (kHz)
Fig. 7. Cusett characteristic of the series RLC
resonance circuit.
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Then, ‘a parallel resonance circuit shown in Fig. 8 is
simulated in the. same manner and with the very same
parameter vahies as that of the series one. Thé. resonarice
characteristics: ate shown in Fig. 9. Obviously, the
simulated results.agree weli with the ideal ones.

i G 4~ %0

Fig. 8. Paralle RLC fesonance circuit.

il = Simulated lossless response
eeeeee Simulated lossy respanse
| === Ideal response

[
=%

Output voltage (mV)
e :

1 10 160 1000
Frequency (kHz)
Fig, 9. Voltage chiaracteristic of the parallel RLC
resonance circuit.

4. CONCLUSION.

New circuit configurations of electronically - tunable
lossless and Jossy synthetic Fls have been proposed. Each
of the proposed circuits uses-only two MO-CCCIls witha
single grounded capacitor. The proposed circuits: possess.
several attractive features which include: (i) the use of
grounded capacitor causing the ‘strieture ‘to be less
sensitive to parasitic components-and better suited for IC
fabrication;, (ii) independent control of equivalent Fls
without disturbing the ‘equivalent series and parallel
resistors; (iii) low aétive and passive sensitivities; dnd
(iv). the .use of minimal active components of the same
type tesults in less timié congining in'a design, for IC
implementation. Finally, it is:shown. that the simulation
results. conform to the theoretical expectation promising
high potential for circuit applications.
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