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Abstract: In this paper, an improved single-input-multiple-output (SIMO) current-mode biquadratic shadow universal filter (SUF) is
realized using two new variants of second-generation current conveyors (CClls), namely current conveyor cascaded transconductance
amplifier (CCCTA) and extra-X current controlled conveyor transconductance amplifier (EX-CCCTA). The low pass and the band pass
outputs of a non-shadow universal filter (NSUF), consisting of CCCTA, are utilized through two amplifiers feedback paths using one
EX-CCCTA to realize the proposed SUF. It is resistorless and utilizes only two grounded capacitors. All the five standard responses

of SUF, such as low pass (LP), high pass (HP), band pass (BP), band-reject (BR), and all pass (AP), are obtained simultaneously. The
main advantage of SUF over NSUF is the ease of orthogonal tuning of the pole frequency (w,) and quality factor (Q ) with the bias
currents of CCCTA and EX-CCCTA. It is suitable for full cascadability because of proper input and output impedances. Moreover, it
simplifies integrated circuit implementation because all capacitors are grounded and no resistors are required. It does not possess
any component matching constraints and consumes 4.1mW of power. The theoretical results have been validated in TSMC 180nm
technology using Cadence Virtuoso.
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Izboljsan tokovni bikvadrantni univerzalni filter v
sencit

Izvlecek: V tem ¢lanku je izbolj$san enovhodno-vecizhodni (SIMO) tokovni bikvadratni univerzalni filter v senci (SUF) z uporabo
dveh novih razli¢ic tokovnih pretvornikov druge generacije (CClI), in sicer kaskadnega transkonduktan¢nega ojacevalnika (CCCTA)
in transkonduktan¢nega ojacevalnika z nadzorom toka (EX-CCCTA). Izhodi nizkoprepustnega in pasovnega prehoda univerzalnega
filtra brez sence (NSUF), ki ga sestavlja CCCTA, se uporabljajo prek dveh povratnih poti am-prevodnikov z uporabo enega EX-CCCTA
za izvedbo predlaganega SUF. Filter je brez uporov in uporablja le dva ozemljena kondenzatorja. Vseh pet standardnih odzivov SUF,
kot so nizka prepustnost (LP), visoka prepustnost (HP), pasovna prepustnost (BP), zavrnitev pasu (BR) in celotna prepustnost (AP), se
dobi hkrati. Glavna prednost SUF pred NSUF je enostavnost ortogonalnega nastavljanja polne frekvence (w ) in faktorja kakovosti
(Q,) z diagonalnimi tokovi CCCTA in EX-CCCTA. Zaradi ustreznih vhodnih in izhodnih impedanc je primeren za popolno kaskadnost.
Poleg tega poenostavlja izvedbo integriranih vezij, saj so vsi kondenzatorji ozemljeni in upori niso potrebni. Nima nobenih omejitev
glede usklajevanja komponent in porabi le 4,1 mW energije. Teoreti¢ni rezultati so bili potrjeni v 180 nm tehnologiji TSMC z uporabo
programa Cadence Virtuoso.

Klju¢ne besede: CCCTA; EX-CCCTA; CClI; CM univerzalni filter; CM universal filter v senci
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1 Introduction

significant attention [1-3] because of their wide applica-

Current-mode (CM) universal filters, especially the sin- tions. They are useful for many applications, namely com-
gle-input multiple-output (SIMO) type, have received munication systems, instrumentation, control systems,
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signal generation, and signal processing. Moreover, the
possibility of simultaneous realization of multiple filter
functions with the same topology finds use in PLL FM
demodulator, touch-tone phone, and crossover network
used in a three-way high-fidelity loud-speaker [4]. A
reasonably good filter should have the following impor-
tant features: simultaneous realization of various filter
responses, use of few active and passive components,
full cascadability i.e., low input impedance and high out-
put impedance, all grounded components, low space
requirement, no component matching constraints, low
sensitivity, low power consumption, ease of orthogonal
adjustment of pole frequency () and quality factor
(Q,) including electronic tuning of various parameters. It
may be appreciated that among the many parameters,
the orthogonal tuning of w_and Q_ and electronic tun-
ing plays a crucial role, primarily when the filter is imple-
mented as an integrated circuit (IC). The literature survey
reveals that many biquadratic current mode filters lack
orthogonal electronic tuning capability.

Shadow filters introduce simple orthogonal electronic
tuning of ®_and Q_ of a core filter via amplifier gain.
Lakys and Fabre [5, 6] introduced the shadow filter (also
termed as frequency-agile filter) in 2010, where the low
pass output of a second order core filter (non-shadow
filter) is fed back to the input through an amplifier.
This resulted in capability to control o, and Q, (but not
bandwidth (BW)) via gain; moreover, o, and Q, cannot
be tuned independently. Biolkova and Biolek [7] ex-
tended the idea, as shown in Fig. 1, and achieved an
enhanced flexibility in the control of o, Q, and BW of
the filter by gain of one or more feedback amplifier(s)
connected externally [7].

Shadow Filter

| Non-Shadow HP _r’ Inp

Lin —|—> 2" Order Filter LP |
BP

I |

I |

| @ |
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Figure 1: Scheme of Shadow filter [6].

A large diversity of SIMO filters are reported [1-4, 8-43].
Filter topologies [1-4, 8-28] are non-shadow (NS) type,
while filter topologies [29-43] are shadow (S) type. Fur-
ther, [29-35] are current-mode (CM) types and [36-43]
are voltage-mode (VM) types.

In [1], non-shadow universal filters (NSUF) using four
CFTAs and two grounded capacitors are reported.

However, the simultaneous UF responses and ease of
orthogonal tuning of ®_and Q_ are not possible [1]. The
topology [2] uses two CCClls, one MO-CCCA, and two
grounded capacitors. In [3], four MO-OTAs are used. It
has the following shortcomings: it does not possess
full cascadability, requires matching constraints for
UF realization, and independent control of o, and Q,
is not possible for the LP filter. In [4], an NSUF using
three differential voltage current conveyors (DVCCs)
and six passive elements without full cascadability is
presented. In [8], the LP, HP, and BP filter are realized
using one current follower transconductance amplifier
(CFTA). However, one output is obtained through a ca-
pacitor; hence its practical implementation needs ad-
ditional circuitry. A single current conveyor transcon-
ductance amplifier (CCTA) based NSUF is implemented
in [9]. Again, a universal filter is reported with three
DVCCs and six MOS resistors [10] without simultaneous
responses and electronic tunability. Two operational
transconductance amplifiers (OTAs) based NSUF circuit
is presented in [11]. Moreover, NSUF in [12], using four
Z-copy current follower transconductance amplifiers
(ZC-CFTAs), provides simultaneous responses. On the
other hand, NSUF using two Z-copy current inverter
transconductance amplifiers (ZC-CITAs) is implement-
ed in [13]. In [14], three MOCCClIs are used, but the
circuit does not provide full cascadability and ease of
orthogonality. Further, one voltage differencing gain
amplifier (VDGA) along with two resistors and capaci-
tors are used for implementing multifunctional filters
[15].In [16], a universal filter without independent tun-
ability is reported by employing two extra X current
conveyor transconductance amplifier and six passive
elements. Three/four second-generation current-con-
trolled conveyors (DOCCClIs/CCClIs) [17, 19, 21] and
three ZC-CFTAs [20] with minimal passive elements are
used to realize NSUFs with simultaneous responses.
In [18], a universal filter is reported consisting of one
dual-X current conveyor transconductance amplifier
(DXCCTA) with three passive elements. Furthermore,
an NSUF is reported in [22] using two OTAs and one
third-generation current conveyor (CClll) with three
passive elements. A universal filter [23] with two DVCCs
and five passive components is reported. In [24], a mul-
tifunction filter is realized using voltage differencing
dual X current conveyor with two grounded capacitors
and two grounded resistors. Moreover, two multiple-
output-operational floating conveyors (MOOFCs) with
four passive elements provide an NSUF [25] with no
simultaneous responses. A BJT-based universal filter is
realized in [26] with two grounded capacitors. Moreo-
ver, an NSUF using a single VDTA and three passive
components is reported in [27]. A universal filter is re-
alized in [28] without full cascadability and ease of in-
dependent tunability. The available shadow filters (SFs)
are reported [29-43]. The CDTA/VDTA based shadow
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filters [29] realize only LP and BP through the capaci-
tor with no full casacadability. Further, the shadow filter
topology [30] reports only BP response utilizing a ca-
pacitor, but without full cascadability and orthogonal
tuning of ®_and Q_. Moreover, shadow filter topology
[31] realizes multifunction filters (LP, BP, and HP) using
three CDTAs. However, the obtained BP and HP current
signal conducted through a series capacitor to ground
and hence extra circuitry is required to use these re-
sponses practically. It does not have the ease of cas-
cadability and orthogonal tunability. Four OFCCs with
five resistors and two capacitors implement a shadow
BP filter [32] with no electronic tuning. Similarly, a BP
filter with two CDTAs, one current amplifier (CA), and
two capacitors is implemented [33]. Another shadow
BP filter using four ECCIl and four passive elements is
reported [34] without full cascadability and electronic
tuning. In [35], two CM shadow filters are reported. The
first is a multifunction filter (LP, HP, and BP) using two
CC-CDCTAs and two grounded capacitors. However,
the obtained HP current signal conducted through a
series capacitor to ground, and hence extra circuitry is
required as of to use it practically. The second one is a
shadow UF (SUF) using three CC-CDCTA, one CCClIl, and
two capacitors, of which one is floating. This is probably
the first reported CM SUF. In [36, 43], VM shadow filters
are comprised with differential difference current con-
veyor with higher number of passive elements without
full cascadability. Op-amps are employed [37] to real-
ize multifunction VM shadow filter with limitations on
gain-bandwidth product and slew rate. Current feed-
back operational amplifiers (CFOAs) with higher num-
ber of passive elements are utilized to realize a multi-
functional VM filter without simultaneous responses in
[38] and single response filter in [39, 40]. In [41], three
operational transresistance amplifiers (OTRAs) with
eleven resistors and four capacitors are employed and
provide only low-pass and band-pass responses. A VM
shadow filter is realized in [42] using three voltage dif-
ferencing differential-difference amplifiers (VDDDAs).
To our best knowledge the work [42] reports the first
VM shadow universal filter.

This paper describes a realization of an improved re-
sistorless biquadratic current mode SUF. It uses two
modified active building blocks, namely current con-
veyor cascaded transconductance amplifier (CCCTA)
and extra-X current controlled conveyor transconduct-
ance amplifier (EX-CCCTA). The proposed shadow filter
possesses the following advantageous features: simul-
taneous realization of various filter responses with-
out alteration of the circuit, no component matching
constraints, use of only two ABBs and two grounded
capacitors, it is resistorless, fully cascadable, has low
sensitivity and low power consumption, provides the
possibility of orthogonally adjustment of the pole fre-

quency (o) and the quality factor Q) including elec-
tronic tuning of various parameters, and is suitable for
integrated circuit implementation. To distinguish the
similar mathematical and non-mathematical symbols
with reference to both the blocks, superscripts (1) and
(2) have been used all through the paper for the CC-

CTA and EX-CCCTA, respectively. Such as, M, ¢®

ml
and 1!” represent for CCCTA while M'”, ¢? and ¥
represent for EX-CCCTA.

This paper consists of six sections. Section 1 gives the
introduction, followed by Section 2, which describes
active building blocks. Section 3 discusses the pro-
posed universal shadow filter and its analysis. Section 4
gives the non-ideality analysis while the proposed cir-
cuit is compared to existing filters in section 5. Verifica-
tion through simulation and experimentation is given
in section 6 and section 7, respectively, followed by the
conclusion in section 8.

2 Active building blocks

In this section, two active building blocks, CCCTA and
EX-CCCTA, are being discussed. These building blocks
are used for UF realization.

2.1 Cll]'l'(’]lf conveyor cascaded transconductance

amplifier (CCCTA)

The second-generation current conveyor (CCll) is a well-
known current mode building block. The CClI structure
has two input terminals, X and Y, at low and high im-
pedance respectively, and one high impedance output
terminal, Z. In [44], a BJT based CCll is modified into a
current conveyor transconductance amplifier (CCTA) by
the addition of transconductance amplifier (TA) at the Z
terminal of CCll in series. This paper proposes a new vari-
ant of CCll, composed of CCTA followed by an additional
TA in cascade resulting in a current conveyor cascaded
transconductance amplifier (CCCTA). The symbol of the
proposed CCCTA is shown in Fig. 2, and its CMOS-based
internal structure is shown in Fig. 3. The first stage, CClI,
is composed ofMl(')- Mg(l), and after that, two TA stages,

formed by M](;) -M", are cascaded.

17 !

Iy oy
o——Y 0O, —OI
Ix CCCTA Ioz.
o—— X V4 O,—>°

llz

Figure 2: Symbol of CCCTA.
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Figure 3: The CMOS-based Internal structure of CCCTA

The port relationships for CCCTA are given as follows:

' Too o o oW
vl 10 0 0 off7V
=01 0 0 offpw 1)
M 100 gl 0 offpn

Where g:l) d gi‘i are the transconductances of the first
and second TA, respectively. They can be expressed as:

0 w

En = ‘uncox — 131
L
w

gl = \/ﬂnCm (—) 1,
L MO, w®

Where y, C_, W/L, I, and [, have their usual mean-
ing. The proposed CCCTA is designed in TSMC 180 nm
technology. The aspect ratios of transistors are given in
Table 1.

(2a)

(2b)

Table 1: The aspect ratio of MOS Transistors of CCCTA.

MOS W(um)/  |MOS W(pm)/

Transistors | L(um) Transistors | L(um)
MY 17.2/036 M 16.12/0.36
M  [196/036 MY |31.6/036
MY |36/036 MY 1108/0.36

The essential features of the CCCTA in Fig. 2 can be veri-
fied through simulation. The dc current and voltage
characteristics, 1" versus /% and V)f‘) versus VY(‘),are
shown in Fig. 4. The dc current characteristic is almost
linear for the range of -376 pA to 500 pA while the dc
voltage characteristic is linear for the range of -1.14 V
to 1.14 V. Fig. 5 shows the frequency response of cur-
rent gains, 1 /1%, 1071, and 1% /1" with a -3
dB bandW|dths bemg 1 4 GHz 45.7 MHz and 45.7 MHz,

54

respectively. It is observed from Fig. 5 (b) that the gains
I(()'l) /12) and ISZ) /1)((') overlap. Table 2 summarizes the
performance parameters of CCCTA.

@) 500
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-250 -
-500 v T T
-500 -250 (1)0 250 500
19 (1A)

04 00 04 08

@
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0.8

1.2
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Figure 4: The plot of dc characteristics (a) I, versus |, (b)
V, versus V..

2.2 Extra-X second generation current controlled

conveyor transconductance amplifier (EX-CCCTA)

Extra X- second generation current controlled con-
veyor (EX-CCCII) is one of the variants of CCCII, which
adds one more X terminal and, therefore, extra intrinsic
resistance at X terminal. This paper introduces a new
variant of CCClI, an extra-X second-generation current
controlled conveyor transconductance amplifier (EX-
CCCTA), in which two TAs are connected at two Z termi-
nals. The symbol of EX-CCCTA is shown in Fig. 6, and its
CMOS internal structure, as shown in Fig. 7, is modified
from ref. [45].
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Table 2: Performance parameters of CCCTA.

Parameters Values

Supply Voltage +15V

Power Consumption for Vie=-1V,

I, =1, =56 uA 3.6 mW

Parasitics at Y port (Ril), CS) ) 360 kQ, 2.73 fF

Parasitics at X port ( R(Xl)) 679 Q

Parasitics at Z port ( RS), C;') ) 438 MQ, 4.12 fF

- (1) (1)
Parasitics at O, port (R, C,)

o1’

2.54 MQ, 3.42 fF

Parasitics at O, port ( R, C))

23 MQ, 3.24 fF

Linear variation of 1;1) over IS) -376 pA to 500 pA

Linear variation of V;) over VY(I) -1.14Vto 1.14V

Bandwidth of 1" /1" 14 GHz

Bandwidth of I(()'l) /I)(;) 45.7 MHz

Bandwidth of 1(()‘2) /10 45.7 MHz

Iy
—_— I
b Y 01 L’
I —O0
— x, EX-CCCTA .
o 02
Tis o, | —»
X _p ——0
ot X, 7, 7z,

llm llzz

Figure 6: Symbol of EX-CCCTA.

The port relationships for EX-CCCTA are as follows:

"7 70 0 o o o o oln?]
7Ol R2 0 0 o o of 1Y)
VA1 11 0 R o0 o0 o oI
@1=o 1 0 0o 0 0 0l[r2] @A
@ 1o 0o 1 0 0 0oy
@010 0 0 g 0 0o}y
2] Looo o g 0 of[ye

R)(fl) and R)(fz) are the intrinsic resistances at the X, and
X, terminals, respectively. Parasitics at Y port are given

by (R, Ciz)). Similarly, g,(fl) and gffz) are the transcon-

Y

ductances of the first and second TA. Values of R)(f]) and
R" can be computed as:

2
!
W W 4
2, | [y A0 @
V21, L n

L
Thevalues ofRffl)and R)(f)are equalwhen\ L /,0=\"L /,»

2

and L Mf:) =\L M:z)

The analysis of the operational transconductance am-
plifier yields

® w

g = |1C | — 1, (5a)
L/, 0

B w

8, =, |4C | — 1, (5b)
L @ y®

@ _ p _
R)n - sz =
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Where p is the mobility, Cox is the oxide capacitance,
W/L is the aspect ratio and Iyl are the bias currents.
The proposed EX-CCCTA is designed in TSMC 180 nm
CMOS technology, the aspect ratios of transistors are
given in Table 3.

Table 3: The aspect ratio of EX-CCCTA of Fig. 7.

MOS W(um)/ MOS W(um)/

Transistors | L(um) Transistors | L(um)
M?  11.5/036 M2, 4.5/0.36
M?  |72/036 M2, 10.8/0.36

The basic architecture of EX-CCCTA is similar to CCCTA.
Hence, the simulated responses of EX-CCCTA are the
same as the responses of the CCCTA block.

3 Proposed shadow filter realization

The shadow filter implementation using two feedback
amplifiers, as given in Fig. 1 [6], is adopted in this pa-
per to improve the non-shadow filter performance. The
band pass and low pass responses of the non-shadow
filter are fed back to the input through amplifiers A,
and A, respectively. The shadow universal filter (SUF)
realization, in line with Fig. 1, is shown in Fig. 8. One of
the constituents of it is NSUF, shown inside the small
dotted lines. Hence, at first, we briefly discuss NSUF re-
alization, followed by the realization of SUF.

The proposed SIMO current mode (CM) second-order
NSUF using a single CCCTA and two grounded capaci-
tors is shown in Fig. 8 inside the small dotted lines.
Where ZS), Zsc),and Zégc are the Z" copies. The 01(2,
and Ol(gc are 01(1) copies, and similarly, 02(‘) copies are
represented. The current at terminals —O](z) and —02(2)
is 180 degree phase shifted over 01(2) and 02(2) termi-
nals, respectively. The proposed filter provides all the
standard UF responses such as low pass, band pass,
high pass, band-reject, and all pass simultaneously. It
has low input impedance and high output impedanc-

routine analysis of NSUF results in the pole frequency
and quality factor as:

Pole freq.=
(6)
Bandwidth = Em
Cl
— __ _ShadowFilter
[ NonShadow Filter _ |
| Tt L It
: 01 -0 Zeee -Oic Oce |
Tn—lb i CCCTA o :Hl—"InR
A £ c ]
I : s 0] Z: _:I_'IHP
I E z Oy Oy 0, : i > I p
L] (]
| E = J_ J_ I : | » Ipp
: C Cs i
I I I bl
R [ | I Lt ]
| y |
| S
| @ EX.CCCTA x, |—
| 0 @ |
I Y X Zye Zac fp— |
| | Y |
Lo e 0 e pe pm p e J

Figure 8: Proposed Shadow universal filter.

Equation (5) indicates that the pole frequency, qual-
ity factor, and bandwidth are electronically tunable by

bias currents because of gsl) and gsz . Moreover, pole
frequency can easily be tuned independently of qual-

ity factor by varying gfﬂll) = gfﬂlg =g, with bias currents.

However, the quality factor cannot be tuned indepen-
dently of pole frequency easily.

It is also observed from Fig. 8 that the proposed SUF
is realized with CCCTA based NSUF and EX-CCCTA. The
two current amplifiers A, and A, are implemented us-

ing one EX-CCCTA. The amplifier gains are expressed as
(€]

es, suitable for full cascading in the current mode. The A= gffl)Rizl) and A, = g,(fZ)R)(fz),where gizl) and g, are
F e """
Mia %;ln
—oZy 4 Zsc %
My I\fB
LM Ves

Figure 7: The CMOS-based internal structure of EX-CCCTA.
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the first and second transconductances of the second
analog building block (ABB), EX-CCCTA.

Thereafter, the routine analysis of the circuit of Fig. 8
results in the transfer functions as follows:

I o0

LP gm] gmz
- 7)
Iin D (S)
1, _sCagy "
1, D(s)
Ly _ s’CC, -
1, D(s)

2 o O
Ly _5CC+8,8, (10)
I D(s)
1, 5'CC -sCgl+g")

I D(s)

where,

D(s)=s’ CcC, +ng (1+A)+gsl)g:2(1+A2) (12)

The equations (7) - (11) show that all the standard re-
sponses of SUF such as low pass (LP), high pass (HP),
band pass (BP), band-reject (BR), and all pass (AP) have
been realized simultaneously.

The above transfer functions results in the following
gains:

1 1
1+ 4,

=1 (13)

Hp — “lap

The denominator of the above transfer functions re-
sults in the pole frequency (w ), quality factor (Q_) and
the bandwidth (BW) of the SUF given by:

g (1+4,)

wo = (14a)
CICZ
1
= (14b)
(1+4
(1)
1+ 4
BW = gml(—l (14¢c)
Cl
If g(l) gfl) g, and C, =C,=C, then the above equa-

tion can be rewritten as:

57

(1+4,)

- 1+4),0 =——~ (15a)
@, (1+4,) .0, (i+1)
BW:M (15b)

C

The sensitivity analysis of o, Q, and BW using (14) re-
sults in:

P
S =50y ST =T
(16)
S N’}
So=86==
e ke 21+ 4
A 1
SQ(Z) Sf(”z)_ : ’SCQ,,_SQ((;):_’
g R 4 g O e D
(17)
1( 4
SCQ =SQ<) = sSQ() Sf{;) = :
e ke {1+ 4
S =8 = ST =18 = -1 (18)
1 X1 1+ g,

Itis observed from equation (15) that Q,can be adjusted
mdependently ofw by electronically controlllng the val-
ue of A, with gml S|m|larly, w, can be adjusted indepen-
dently of Q, by electronlcally controlling g,. Also, BW
can be eIectromcaIIy controlled independently of w_ by
controlling A, with g( K Furthermore, BW can be tuned
|ndependently from Q_ via g, . It is also evident from
equation (13) that AP, BP, and BR gains can be electroni-
cally controlled with A, and A,. The sensitivities of all the
parameters are within unity in magnitude irrespective of
thevalue of A, and A,. Thus, the mostimportant achieve-
ment of SUF over NSUF is the ease of orthogonal adjust-
ment of pole frequency and quality factor.

4 Non-ideality analysis

Practically there will be effects of non-ideal transfer
gains and parasitics of active building blocks. The ef-
fects of these two types of non-idealities are discussed
in section 4.1 and 4.2.:

4.1 Non-ideal transfer gain of CCCTA
Considering the non-idealities of voltage, current and

transconductance gains of CCCTA, the port relation-
ship modifies as:
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M 7o 0 0 0o of[pv
vl 1A o 0 0 0ff 0
Wi=l o « 0 0f|rY| (9
0 1o o W o of|n
0] Lo o 0 Al of|ny]

While, the non-ideal port relationships of an EX-CCCTA
are:

7 To o o o 0o o 0][n?]
Ol 1Y RY 0 o 0 o0 ofl /%
vOL 1A o R 0o 0 0 of[/®
M=o & 0o o 0 0 0f|V?|o)
Ml lo 0oe® 0o o ool
5o 0 0yl 0 0 of|ry
Q) Lo 0o 0 0 %0 of|nY

Where ,B(") (i=1,2) is the voltage transfer gain between
Yand X terminals, & is the current transfer gain
between X and z" terminals, 7/I and }’2 are the
gains from Z" to OI() and 0]() to 02() terminals, re-
spectively. The above gain factors are ideally found
to be unity while practically they may slightly deviate
from unity. After considering the non-ideality the trans-
fer functions of Fig. 8 are obtained as:

I 0,0 0 ) () ) ()

P }/1 7/2 a a a gznlng (2‘])
I, D(s)

o _0 () () )
I, _ Cri'e a o g, (22)
I, D(s)
IHP s C a(i) 0:(2) 0:(2)

i B B W (23)
Ir‘n D(S)

m () (2) OB OBOBI0)

IBR alazaz (S2C1C2+71] }/21 gmllngZ) (24)
I D(s)
1, _a'a’a’(sCe -sCr'g) + 11 glel) 25)
I, D(s)
Where,
D(s)=s'CCale’ +sCaly al'al @+

Ay + 1) e e (o + 4,y
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Therefore, the pole frequency (w
tor (QO) are:

o) and the quality fac-

m, (1) (1) [OBNCONNE) (2)
77 ag) g (o + 4,7)

aZ CICZ
W0 (4D 4 442
o Cgly (o + 4,77)
0,=75 ) W00 0 (270)
(0‘1 + 47, ) Cgly o',

o, 0 O, (2)
ml]}/]l ]1 (0!2 +A72)

BW = 5
al Cl

(27¢)

From the Eq. (27), the effects due to non-idealities of
CCCTA and EX-CCCTA can be easily observed. For the
ideal cases, the current gains and transconductance
gains are unity and Eq. (27) reverts to Eq. (14).

4.2 Effects of parasitics

Fig. 9 shows the non-ideal equivalent circuit of CC-
CTA and EX-CCCTA with parasitics. Series resistance
at X terminal is of very low value while (C(l) [ R(l))
(C(l) [ R(l)) (C(‘) [ R(‘)) and (C(‘) [ R(l))are aty,z,0,,

and O, terminals, respectively. The values of R(l) R(‘)

0 ,and R,(,z) are high whereas O C(l) Cf)?, nd ng)
are Iow. The non-ideal circuit of the proposed shadow
filter is shown in Fig. 10 where impedances are:

Zl = L, =
ol z. ) (28)
2 7,
Where,
C=c+c’  C=C+C)

The routine analysis of Fig. 10 results in the following
TFs:

1 ()
i_ ml S m2 (29)
. D)
sC + (]) (1)
R 30
I D(s
C' 1 C' 1
S +
[HP Ril) R((711) (3 1 )
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~ (32)
1, D(s)
(33)
() ()
+(sC + R0 "+g'lg!
IAP
I, (s
Where
. 1 , 1
D(S)= SC +— ) C +T
R, R,
(34)

1
+(sC +F] Y1+ 4)

o1

+g" e (14 4,)+ E, + E,

Where,
, 1 . 1
SC1 +R7§) SC2 +R7(()ll) RXA]
E = p :
3
. 1 . 1
SCl +T C N0} R A
_ Rz Ron
E = .

From the Eq. (29) to (34), the effects of parasitics of CC-
CTA and EX-CCCTA on filters are observed. It may be
noticed that the effects of parasitic capacitances can be
neglected by choosing C, and C, much higher then C,
and C,,. Moreover, as the values of R, and R , are high,
of the order of few MQ, their effects are not significant
for a few tens of MHz. It may also be found that the
values of E, and E, are negligible in comparison to the
other terms in Eq. (34) for a wide frequency range.

5 Comparison with existing CM SIMO
Filters

As the proposed work is on CM SIMO UF, a fair compari-
son is carried out with available similar types of UFs. The
comparison of the available CM single-input-multiple-
output (SIMO) UF is given in Table 4. The filter topologies
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Z,

Figure 9: Non-ideal equivalent circuit of (a) CCCTA, (b)
EX-CCCTA.
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Figure 10: Non-ideal equivalent circuit of Fig. 8 with
parasitic impedances.

[1-4, 8-28] are non-shadow (NS) type, while [29-35] are
CM shadow (S) type. The filter topologies [8, 15, 24, 29-
34, 35 (Fig. 9)] are single/multi-functional filters.
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It is observed that topologies [1-4, 9-14, 16-23, 25-28,
35 (Fig. 10)] and proposed work are UFs. Whereas [26]
is a direct realization using BJTs and excessive numbers
of floating current sources. Its operating frequency is
low, 100 kHz, and power consumption is 4.93mW. More
than two analog building blocks (ABBs) are used in
most UFs [1-4, 10, 12, 14, 17, 19-22, 35 (Fig. 10)], while
the proposed shadow UF (SUF) uses two ABBs. Addi-
tionally, they suffer from one or more shortcomings
as indicated in Table 4. It may be noted that topology
[2]'s operating frequency is low, 39 kHz. Moreover, if the
technique, as discussed in the paper [2], is applied for
orthogonal tuning of ®_and Q, then the AP filter will
not work.

Furthermore, the UF topologies [11, 13, 16, 23, 25] use
two ABBs. The UF topologies [11, 13, 16, 23] do not pro-
vide orthogonal tuning of o and Q_ Additionally, [11]
has a low operating frequency and is not fully cascada-
ble, while [16] does not provide simultaneous respons-
es and independent tuning. The topology [23] uses
two capacitors and three resistors, of which two are
floating. Moreover, in [23], passive components match-
ing constraints are required for UF realization. Further,
unlike the proposed SUF, [23, 25] do not possess elec-
tronic tuning of o, and Q, and the full cascadability.

The UF topologies [9, 18, 27, 28] use one ABB compared
to the two ABBs by the proposed SUF. However, the
comparison Table 4 reveals that although these circuits
use one ABB, the obtained current signals for HP and
BP [9, 27] and that for HP [18, 28] conduct through
series capacitors to ground, and hence they require
significant additional circuitry for practical realization.
As a consequence, for simultaneous realization, they
need additional circuitry. As discussed in [18], the HP
current can be made available from a high impedance
terminal with one additional current conveyor and
converting the corresponding grounded capacitor to a
floating one. Moreover, [9, 18, 27, 28] are not cascad-
able without a buffer. Also, the power consumption is
high in [27].

The power consumption of most of the available UFs
is higher than the proposed work except [23, 35]. It
is also noted that the operating frequency of 10 MHz
and above is reported in [4, 10, 18, 21, 35], and the pro-
posed work.

The above discussion establishes that the proposed
SUF has advantage over all other UFs. Moreover, when
we compare the proposed shadow filter with its own
family (i.e., with available shadow filters), it is found that
report of only one CM SUF [35 (Fig. 10)] is available. The
proposed SUF is better than [35 (Fig. 10)] in terms of the
number of ABBs used and also the fact that all capaci-
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tors are grounded compared to one floating capacitor
in [35 (Fig. 10)]. Thus, in comparison to [35 (Fig. 10)], the
proposed SUF consumes less space and is suitable for
integrated circuit implementation.

6 Simulation results of the proposed
SUF

The validation of the proposed circuit is performed
with Cadence Virtuoso Spectre in TSMC 180 nm CMOS
technology parameters. The layout of the SUF from Fig.
8 is shown in Fig. 11, which occupies an area of 110.35
pm x 73.6 um. The supply voltages for CCCTA and EX-
CCCTA are = 1.5 V. The bias voltage V/,, is -1V and bias
currents are |, =/, = 56 uA for CCCTA whereas bias cur-
rents for EX-CCCTA are /|, =100 pAand |, =1 =56 pA.
The aspect ratio of transistors is given in Table 1 and Ta-
ble 3 for CCCTA and EX-CCCTA respectively. The calcu-
lated frequency of 20.02 MHz, quality factor of 0.95 and
bandwidth of 21.07 MHz are obtained for C,=C,=1 pf
from Eq. (15). The filter gain responses such as LP, HP, BP,
and BR for both the pre-layout and post-layout simula-
tions are shown in Fig. 12 (a). Fig. 12 (b) shows the pre-
layout and post-layout time response of the BP output
for the input current of 50 yA, 20 MHz. Simultaneously,
the gain and phase responses of the AP filter are shown
in Fig. 13. The pole frequencies of the proposed filter
for the pre-layout and post-layout are obtained as 20.2
MHz and 19.9 MHz, respectively. The deviation of post-
layout pole frequency from pre-layout frequency is pri-
marily due to parasitic capacitances.

it Bnnnnm il

Figure 11: Layout of the proposed shadow universal
filter (SUF) of Fig. 8.

The tunability of f by bias currents /,, = /., of CCCTA
is shown in Fig. 14 for the SUF. The pre-layout simu-
lated frequencies are obtained as fo = 20.1 MHz, 37.6
MHz, and 53.5 MHz while the post-layout frequencies
are obtained as fo = 19.8 MHz, 37.01 MHz, and 53 MHz
by varying the values of I, =1, to 56 uA, 200 pA, and
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Table 4: Comparative Study of available CM SIMO filters.

= (@) =
oy Z‘ g o 2 0 =g o)
o|m N =5 [e) U OO <39 c
< = uo > zZ TEC o o= v
S o c > = 3 % SE X £ c 5 =
3 g 23 | 3| &3f |[8sel 5| £% E | s
S = S g g 3 sgg| £ € = = L
2 3 T £ 3 g2 £82 2 = g =
o > v 3 a 282 cEQ ) S ® = %
= - =2 S =& =% £ s o S zZ
. © Q 5 O it 20 vS® 0 4 ] =
w S Q a S = 8 e G 028 9 € ¢ g 5
o z 3 £ 2 cox @ SRe| m S S (@) wn
1. 4 CFTA +3 2C/Yes Yes UF/ No No Yes No NA 0.153 NS
2 CCqll,
2. 1 MO-CCCA +1.5 2C/Yes Yes UF/ Yes Yes Yes No NA 0.039 NS
3, 4 MO-OTA +2 | 2C/Yes | No UF/ Yes Yes | Yes | YesforUF 1 \a | 0238 | Ns
(Fig. 4) realization
4, 3DVCC +25 | 4R, 2C/Yes | No UF/ Yes No | No | YesforUF | wa | 205 | Ns
realization
8. 1 CFTA +0.75| 2C/Yes No | LP, HP* BP/Yes No Yes No 0.6 8 NS
9. 1 CCTA +2 | 2R,2C/Yes | No UF*/ No Yes Yes No NA 1 NS
10. | 3DVEGOMOS 1151 2c/ves | Yes UF/ No Yes | No | YesforUF i wa | 16 | Ns
Resistor realization
11. 2 0TA NA 2C/Yes No UF/ Yes No Yes No NA 0.015 NS
12. 4 7C-CFTA +3 2C/Yes Yes UF/ Yes Yes Yes No 12.2 0.159 NS
13. 2 ZC-CITA NA 2C/Yes Yes UF/ Yes No Yes No NA 1.026 NS
14. 3 MOCCClI +1.5 | 1R,2C/Yes | No UF/ Yes No Yes No NA 0.158 NS
15. 1VDGA +1 2R,2C/No | No | LP, HP* BP*/Yes No Yes No 1.49 1.59 NS
16. 2 EXCCTA +1.25| 4R, 2C/Yes | Yes UF/ No No Yes No NA 7.62 NS
3 DOCCCII (Fig.2) | £2.5 2C/Yes Yes UF/ Yes No Yes No 19.9 0.318 NS
17. 4 CCCll (Fig. 3) +2.5 2C/Yes Yes UF/ Yes No Yes No NA NA NS
3 CCClI (Fig. 4) +2.5 2C/Yes Yes UF/ Yes No Yes No NA NA NS
18. 1 DXCCTA +1.25| 1R, 2C/Yes | No UF*/ Yes No Yes No NA 40 NS
19. 3 CCCl +3 2C/ Yes Yes UF/ Yes Yes Yes No NA 0.127 NS
20. 3 ZC-CFTA +1.5 2C/ Yes Yes UF/ Yes Yes Yes No NA 1.157 NS
21. 3 CCcl +3 2C/ Yes Yes UF/ Yes Yes Yes No 32 10 NS
2. f (c)gﬁi +1 | 1R 2C/Yes | Yes UF/ Yes Yes | Yes No NA 1 NS
23. 2DVCC +0.75| 3R, 2C/No | No UF/ Yes No | No | YesforUF | g | 318 | Ns
realization
24, 1VD-DXCC +1.25| 2R, 2C/Yes | Yes LP, HP, BP/ Yes No Yes No 2.23 2.79 NS
25. 2 MO-OFC +0.75| 2R, 2C/Yes | No UF/ No Yes No No NA 1.5 NS
26. BJT based +2.7 2C/ Yes NA UF/ Yes NA Yes No 493 0.1 NS
27. 1VDTA +1 1R, 2C/Yes | No UF*/ No Yes Yes No 19 7 NS
28. 1 EXCCTA +0.9 | 1R, 2C/Yes | No UF*/ No No Yes No NA 2.204 NS
29. 2 CDTA, 1TA +1.8 | 1R,2C/Yes | No LP*, BP/ Yes Yes Yes No 21.2 9.95 S
2VDTA +1.8 2C/ Yes No LP, BP*/ Yes Yes Yes No 17.4 5.625 S
30. 2 CDTA +1.8 | 2R, 2C,No | No BP*/ Yes No No No 7.79 4 S
31. 3 CDTA +0.9 | 1R, 2C,Yes | No | LP HP* BP*/Yes No Yes No 5.9 15.1 S
32. 4 OFCC +1.5 | 5R,2C, Yes | Yes BP/ Yes Yes No No NA 1.59 S
33. 2 CDTA, 1CA +0.9 2C/ Yes Yes BP/ Yes Yes Yes No NA 1 S
34, 4 ECCI +0.9 | 2R,2C/No | No BP/ Yes No No No NA 19.05 S
2 CC-CDCTA (Fig.9)| £1.25| 2C/Yes No | LP, HP* BP/Yes Yes Yes No 1.5 79.8 S
3.3 CC'%EQC%; 250 20/No | Yes UF/ Yes Yes | Yes No 223 | 798 | s
Prop.| 1 CCCTA, 1 EX-
Work CCCTA +1.25| 2C/Yes Yes UF/ Yes Yes Yes No 4.1 20.02 S

*Indicates the obtained current signal for the respective response conducts through a grounded capacitor and/or resistor, hence
additional circuitry is required for practical application; NA: Not available; PC: Power Consumption; Full Cascadability: Cascadable
both at the input and output, S: Shadow; NS: Non-shadow; CA: Current amplifier
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Figure 12: Simulated results (a) gain responses of the
SUF for HP, LP, BP, and BR (b) time response of BP out-
put..
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Figure 13: Simulated results of gain and phase re-
sponse for the all-pass (AP) filter

400 pA, respectively. Whereas the calculated values of
frequencies are 20.02 MHz, 37.8 MHz, and 53.49 MHz
with a deviation of 1.09%, 2%, and 0.9%, respectively in
comparison with post-layout frequencies, for the fixed
quality factor. Similarly, the pre-layout simulated band-
widths are 19.7 MHz, 36.86 MHz, and 52.4 MHz vis-a-vis
the calculated bandwidths of 20.02 MHz, 37.8 MHz, and
53.49 MHz, respectively. While the post-layout band-
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widths are 19.22 MHz, 35.93 MHz, and 51.45 MHz with
a deviation of 3.9%, 4.9%, and 3.8%, respectively.

10
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-40 Igy =Ipy =400 pA’
'50 ] L) L)
100k 1M 10M 100M 1G
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Figure 14: Simulated results of tuning of f_ by varying
bias currents (I, &1g,) of CCCTA for fixed Q.

Furthermore, as given in Eq. (15), f0 can also be tuned
along with BW without changing the quality factor by
varying C.=C =C. The pre-layout simulated responses
are shown in Fig. 15, resulting in fo =20.1,9.9,and 2.48
MHz for the capacitor value of C=C,= 1 pF, 2 pF, and 8
pF, respectively while the post-layout frequencies are
19.62, 9.75, and 2.45 MHz, respectively. In contrast, the
calculated results are obtained as 20.02, 10.01, and 2.5
MHz with a deviation of 1.9%, 2.5%, and 2%, respec-
tively, for a fixed calculated quality factor of 1. Similarly,
the pre-layout simulated bandwidths are 19.7 MHz, 9.7
MHz, and 2.45 MHz and the post-layout bandwidths
are 19.23 MHz, 9.6 MHz, and 2.43 MHz for the calcu-
lated bandwidths of 20.02 MHz, 10.01 MHz 2.5 MHz,
respectively, with a deviation of 3.9%, 4%, and 2.8%.
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Figure 15: Simulated results of tuning of f_ by varying
capacitance value C for fixed Q.
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The tuning of the quality factor (Q,) with A (e, g
or I, of EX-CCCTA) without changing f , as per Eq. (15),
is validated in Fig. 16 for band pass response. The re-
sponses are obtained by varying bias current I, = 56,
200, and 400 pA of EX-CCCTA. The corresponding pre-
layout simulated quality factors are obtained as Q_ =
1.58, 1.27, 0.96, the post-layout quality factors are ob-
tained as Q_= 1.6, 1.3,0.97 vis-a-vis calculated values as
1.55, 1.25, 0.95 with a deviation of 3.2%, 4%, and 2.1%
respectively.

20

.......... Post_layout
Pre-layout

Gain (dB)
R
e e

A
i

'60 T ] L)
100k i i0M  100M 1G

Frequency (Hz)

Figure 16: Simulated results of tuning of Q_ by varying
A, with I, of EX-CCCTA for fixed f...

The tuning of the f_and Q_ without disturbing BW by
varying A, (i.e,, gffz) or [, of EX-CCCTA) is verified in Fig.
17. For the bias currents I, =56, 200, 400 pA, the pre-
layout simulated frequencies resulted in 19.8, 21.3, and
23.52 MHz while, the post-layout frequencies are 19.5,
20.9, and 23.2 MHz vis-a-vis the calculated frequencies
of 20.02, 21.55, 23.55 MHz with a respective deviation
of 2.5%, 3%, and 1.9%. Similarly, the pre-layout simu-
lated quality factors are obtained as 0.94, 1.014, and
1.1 while the post-layout quality factors are 0.93, 1.01,
and 1.09 for the calculated quality factors of 0.95, 1.022,
and 1.117 with a deviation of 2.4%, 1.1%, 1.8%. The pre-
layout and post-layout simulated BW was 21 MHz and
20.9, respectively vis-a-vis calculated BW of 21.07 MHz.

The measure of %THD (Total Harmonic Distortion) for
the HP and LP responses as a function of the input sig-
nalis givenin Fig. 18. Itis observed that %THD is low up
to 1 mA. The intermodulation distortion (IMD) for the
BP filter is simulated using the sinusoidal input signal
of 100 pA, 10 MHz with an addition of parasitic sinu-

Table 5: IMD results for the band pass filter.

soidal signal of 10 YA for the respective frequencies as
given in Table 5. The output noise of the BP filter has
also been studied, as shown in Fig. 19. The pre-layout
and post-layout noise of the shadow filter is 21 aA%/
Hz and 21.4 aA%/Hz at 1 Hz, and after that, it decays ex-
ponentially. Eq. (35) gives the calculation of dynamic
range, where the graphical integration of the squared
spectrum is obtained from Fig. 19 and the maximum
linear swing of the output (I, ), approximately 180
MA and 176 pA, are obtained from Fig. 20 for the pre-
layout and the post-layout respectively. The resulted
pre-layout and post-layout dynamic ranges are 75.6 dB
and 71.5 dB, respectively.

OL, max

Dynamic Range = 20* log |

(35)
\/ Int.of squared spectrum
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Figure 17: Simulated results of tuning of f, and Q, by
varying A, with |, of EX-CCCTA.
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Figure 18: %THD Variation of HP and LP filter.
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Figure 20: Transfer linearity test for BP output signal.

7 Conclusions

This paper started with presenting two new active
building blocks, CCCTA and EX-CCCTA, which are the
modified versions of CCTA and EX-CCCII, respectively.
The proposed SUF uses only two grounded capacitors
and no resistor. It is free from any matching constraints.
All the standard responses such as LP, BP, HP, BR, and AP
are obtained simultaneously without altering the SUF
circuit. It provides the possibility to orthogonally adjust
the pole frequency and the quality factor in compari-
son to NSUF. Moreover, the electronic tuning of filter’s
various parameters can be performed conveniently. In-
put and output impedances are low and high, respec-
tively, which makes the filter fully cascadable. Power
consumption is found to be low compared to most of
the filters in available literature. The theoretical results
were verified with post layout simulation in Cadence
Virtuoso using TSMC 180 nm technology.
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