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Universal Current-Mode Filters Based on OTA and MO-CCCA

Yi Li, Chunhua Wang, Baihui Zhu and Zhenhua Hu

Department of Communication Engineering, College of Computer Science and Electronic Engineering, Hunan University, Changsha, P. R. China

ABSTRACT

In this paper, a new universal current-mode filtering circuit with single input and multi-outputs
based on OTAs (operational transconductance amplifiers) is proposed. The circuit just consists of
two operational transconductance amplifiers, one current controlled current amplifier with multi-
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outputs (MO-CCCA), and two grounded capacitors. It can realize low-pass, band-pass, high-pass,
band-stop, and all-pass filters simultaneously. Its quality factor and natural frequency can be tuned
independently and the sensitivities are very low. Moreover, the non-ideal characteristic of the

proposed filter is analysed and simulated by PSPICE.

1. INTRODUCTION

Recently, the applications and advantages in the realiza-
tion of high performance current-mode active filters
have received considerable attentions. It is well known
that operational transconductance amplifiers (OTAs)
provide highly linear electronic tenability, very wide tun-
ing range of transconductance and frequency range. So,
OTA is a very good basic block to design high perfor-
mance current-mode filters.

A biquad filter is very useful block to realize high-order
filters. Some current-mode biquad filtering circuits based
on OTA have been reported. The filters may be divided
into subcategories considering the input and output
ports: (i) single input and single output (SISO) [1-3];
(ii) multi-inputs and single output (MISO) [4,5];
(iii) multi-inputs and multi-outputs (MIMO) [6-9];
(iv) single input and multi-outputs (SIMO) [10-21]. The
SISO filters can realize multi-function outputs by alter-
ing the connection way of the circuits, but altering the
connection way can only realize a filtering output at a
time. In [1], the SISO filter which employs 11 OTAs, 1
current controlled current differencing current con-
veyor, 4 grounded capacitors, and two resistors is pro-
posed. Although this filter possesses independent
tunability of w, and Q, the number of components is too
many to restrict its application. The MISO filters imply
that only one filter function can be realized at a time.
The MIMO filters can realize multifunction outputs
simultaneously, but they need input signal matching.
The SIMO filters can simultaneously realize second-
order low-pass, band-pass, high-pass, band-stop, and
all-pass filters at a time without altering the connection
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way of the circuits and without input signal matching, it
plays an important role in the fields of electronic mea-
surement, communication, auto control, and nerve net-
work. A good SIMO current-mode filter should enjoy
the following features:

(I) Capability of realizing the five filtering functions
(low-pass, band-pass, high-pass, band-stop, and
all-pass) and without any matching conditions or
component choice;

(II) Simple circuit structure (three active elements
and two grounded capacitors);

(IIT) Grounded capacitors;

(IV) Capability of realizing explicitly current outputs
without the need of any additional elements;

(V) Independent tunability of wy and Q.

Investigation on the recently proposed SIMO current-
mode OTA-based filters shows that none of these exhibit
the all the above features. A comparison of the features of
the recently reported filters is given in Table 1. The table
contains references which are from [10] to [26]. For exam-
ple, the filter proposed in [10] has the features (I), (III),
and (IV), but it does not satisfy features (II) and (V) since
it employs four active components. In [10], the quality fac-
tor and natural frequency cannot be adjusted indepen-
dently, and the band-stop and all-pass functions are
realized by adding low-pass signal, high-pass signal, and
band-pass signal, so strictly speaking, the filter cannot be
called SIMO filter. The filter in [11] satisfies all the above
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Table 1: Comparison of the performance parameters of
recently reported OTA based filters

Circuit reference () (I (D] (V) )
[10] Yes No Yes Yes No
[11] Yes Yes No Yes No
[12] Yes No Yes Yes Yes
[13] No No No Yes Yes
[14] Yes No Yes Yes No
[15] No No No Yes Yes
[16] Yes No No Yes Yes
[17] No Yes Yes Yes Yes
[18] No No No Yes Yes
[19] Yes No Yes Yes Yes
[20] Yes No Yes Yes Yes
[21] Yes No Yes Yes Yes
[22] Yes Yes Yes Yes Yes
[23] Yes No Yes Yes Yes
[24] Yes No Yes Yes Yes
[25] Yes No Yes Yes Yes
[26] No No Yes Yes No

features except features (IIT) and (V). Although the number
of components is low, the capacitors are not grounded
which are not suitable for IC integration, and the output of
high-pass could not provide high output impedance. In
addition, the band-stop and all-pass functions are realized
by adding other output signals with different function as
well. The filter in [12] could not get the feature (II), which
results in the complex structure, more power consumption,
and more area of chip. In [13], six kinds of the SIMO filters
which get the features (IV) and (V) have been proposed,
however, each filter could not realize the low-pass, band-
pass, high-pass, band-stop, and all-pass five filtering func-
tions, and have the problem of too many number of com-
ponents used in each filter. In [22], although the five
features are achieved, however, the natural frequency wj in

[22] is shown as y/1/(Rx1Rx2C; C,), because tuning range

of the parasitic resistance (Rx; and Rx,) of CCCII is small,

the tuning range of natural frequency wy is small. In [23],
the universal filter is formed by four active CCClIs which
cannot satisfy feature (II). In [24], the natural frequency wq
is written as /R, R,C; C, which is adjusted by passive ele-
ments, so it could not be adjusted flexibly by external bias
voltage or current. On the other hand, the filter contains
additional four resistors in [24], which means that it could
not achieve the feature (II). In [25], the filter employs addi-
tional one resistor. So, the work also could not gain the fea-
ture (II). In [26], although each of the filters only uses one
active component, it could realize only two kinds of func-
tions which are low-pass and band-pass. Through the con-
nection of low-pass and band-pass outputs, additional one
function which is high-pass could be got. In addition, its
natural frequency and quality factor could not be adjusted
independently. So, the filter in [26] could not get the fea-
tures (I), (IT), and (V).

In this paper, a new universal single-input multi-output
filtering circuit is proposed, which just three active compo-
nents (two OTAs and one MO-CCCA) and two grounded
capacitors are employed. It can realize low-pass, band-
pass, high-pass, band-stop, and all-pass filtering outputs
simultaneously without element matching condition. The
characteristic parameters w, and Q can be adjusted inde-
pendently by bias current of MO-CCCA. It satisfies all the
above five features. The sensitivities are very low.

2. THE CIRCUIT SYMBOL OF MO-CCCA AND ITS
REALIZATION CIRCUIT

Figure 1(a) denotes the symbol of MO-CCCA, where i
represents input, 0,-0,, are n outputs respectively, K is

Vop
Ms| M6| M7| M8
11’2 lh\
o
—p 2
MO-CCCA it Y T :l+_'_+t OMZ“:IP'{'EZS
. hl MI17 | MI18§
Oy p—I; M2 S
L. y A M1 M3 r
ol x ope MEARs L BN v
M16 M1qd M2
(),,'_l!m:
o> —
Vi e+l A +L b
®| R AT ROI
MOMI0 M11|M12 M13 [M14M1§  [M21|M22 M23
Vss ."T:l-;’l

(a)
Figure 1: (a) MO-CCCA symbol (b) MO-CCCA realization circuit

(b)
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current gain, Iy denotes bias DC current which can be
adjusted to change K. Figure 1(b) is the realization cir-
cuit [27]. I; denotes input signal; Iy, Iy, Ios, L4 are four
outputs, respectively. Transistors (M9, M10, M16) and
(M19, M21, M22) constitute two square root circuits
whose inputs are point A and point B, respectively. Due
to that M1-M3 form a basic current mirror and M24-
M27 form a cascade current mirror, the drain current of
M2 (namely input current of point A) is equal to Iy + I;
the drain current of M27 (namely input current of point
B) is equal to Iy - I;. The current source I, transistor
M20, and transistor M23 form bias circuit which pro-
vides bias voltage for M16 and M19. All MOS transistors
operate in saturation range. The current I; of M4 and
current I, of M18 are shown in (1) and (2), respectively
[28]:

I =21, + (Is + 1)/ (814) (1)

L =24+ (Is — I)*/(81,) )

If the channel size of M5-MS$ are all n times that of M4,
and the channel size of M17 are n times that of M18,
(W/L) s/ (W/L) s = (W/L) s/ (W/L) s = (W/L)yi7/ (W/
L)ma = (W/L)ms/ (W/L)sa = (W/L)va7/(W/L) s = 1, the
output currents can obtained in the following equation:

Io1 = Iop = Ios = Ios = (nlp/2I4)I; = KI; (3)

where K denotes current gain. It is clear from (3) that K
can be set by I.

3. PROPOSED CURRENT-MODE FILTERING
CIRCUIT AND ANALYSIS

The proposed circuit is shown in Figure 2 which con-
tains two OTAs, one MO-CCCA, and two grounded
capacitors. I, is input current signal, and Iy, I3, I3, Los

MO-CCCA
I +——
(] * I !
In 0, F—> ln
i K
05
04 > Jos _|_C|

T .

Figure 2: The proposed filtering circuit

I,5 represent five outputs, respectively. According to the
port characteristic of OTA, analysing Figure 2 yields fol-
lowing current transfer functions as (4)-(8):

Typ(s) = 2 = ECm Oz @)
Le Iy S*CiCy+ SCyGpK 4 G G

102 SCZGle
Tgp(S) = — = 5
e(S) Ly §*CiCy + SCGiK + Gt Gz )
I S2KC,C,
Tp(S) = — = 6
e (S) Iy $C G+ SCGmK + G G (©)
Ios S*C1Cy + G G
Tgs(S) =— =K 7
08 = =R GG+ SCGmK + GGy

Ios S*C1Cy — SC.Gt + Gt Gz
Tap(S) =—=K 8
ar(S) Ly, $2C,C, + SC,GmK + Gyt Gz ®)

It is clear from (4)-(8) that I,; is low-pass output, I, is
band-pass output, I,; is high-pass output, I, is band-
stop output, and I5 is all-pass output (K = 1). The natu-
ral frequency and quality factor are shown in the follow-

ing equation:
1 /CiGm
=== 9
Q=x\Vean ©)

From (9), it can be seen that adjusting G,,,1, G, simulta-
neously, we can adjust the parameter w, without disturb-
ing Q. The parameter Q can also be adjusted by K
without disturbing wy. Therefore, the biquad filter has
independently tuning capability for the characteristic
parameters wg and Q.

GmleZ
GG

Based on the sensitivities expression: S =
(x/y) x (dy/9x), according to (9), we can calculate the
sensitivities  which are  S¢° ;= -S¢ =1/2,
ngz_cl = _ngl.cz =1/2, S2= —1. It is clear that the
proposed filter circuits bear low sensitivities.

4. INFLUENCE OF PARASITIC ELEMENT
DISCUSSION

As is shown Figure 1(b), the MO-CCCA input stage is
formed by transistors M1 and M2 according to small-sig-
nal equivalent circuit of NMOS transistor [29]. Consider-
ing the small-signal characteristics in high frequency, the
whole small-signal equivalent circuit of MO-CCCA input
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Figure 3: The whole small-signal equivalent circuit of the MO-
CCCA input stage

stage is shown in Figure 3, where Ce 5, Coa1 o, and Cyq
are gate-source, gate-drain, and drain-source capacitors
of transistors M1,2 respectively, g,,,; »Vin are current source
controlled by vy, gas1, are drain-source conductance of
transistors M1,2. The small-signal equivalent circuit of
the MO-CCCA input stage (M1-M2) is shown in Figure 3
which can be transformed to Figure 4, here, C,’ =
Ce11tCortCust, G = Co, G5’ = C.

The current gain transfer function in Figure 4 can be
obtained as (10), the detailed deduction is shown in the
Appendix:

i gm2 — G’
iin S(CI/ + CZI) +gm1 + 1/rds1 (10)
&m2 — Sczl

~S(CV + G+ g+ s

The real MO-CCCA exhibits parallel equivalent parasitic
impedances at the output terminals, similarly, the real
OTA exhibits a parallel equivalent parasitic impedance
between every port and the ground. Considering the influ-
ence of the parasitic elements in OTA and MO-CCCA,
the proposed filter shown in Figure 2 can be transformed
to Figure 5, where Z, is impedance of C; and the parasitic
elements, and Z, is that of C, and the parasitic elements.

We define Ry,, Cy, as the parasitic resistor and capacitor
of the output terminal of MO-CCCA, R;;, C;; and R;,
C,; as the input terminal parasitic elements of the first
and the second OTAs, R;,, Ci» and R,,, C,, as the

Cf- i, ] 1 f{n
> 1B
C,'
. c,’ .
; B T T
EmVin Em2Vin Bue Rf,
o o—1

Figure 4: Small-signal equivalent circuit of the MO-CCCA input
stage

(o] * fon
afs)

Iin o, "l
—'—D—— i K

O.\
0, * los

Figure 5: Proposed filter including parasitic elements of the OTA
and MO-CCCA

parasitic elements of the two OTAs at the output termi-
nals. Assuming that min (G, G) >>
(C/+G +Cp+C1+C1+Cy+Cy), Gy >> (G+G),
we can get that

Z1 = (Roa//Ri1//Ra2) [ /(C1/ [ Co2/ [ C11/ [ C22)

~ (Rp2//Rx2)//Ci = R//C, :ﬁ (11)
Zy = (Ri2//Ra1)//(Ca/ /Cra/ /C1)
R12 (12)

~ R CG=——F"FT—
12// 2 1+ SC2R12

where R = Ry,//R,,. To derive the parameter «(s), MO-
CCCA associates with the first OTA should be consid-
ered. The input terminal of MO-CCCA is connected
with the output terminal of the first OTA, the small-sig-
nal equivalent circuit shown in Figure 4 can be trans-
formed to Figure 6, here, g4 is transformed to gyu//g12
and C,’ is transformed to C,’// C,, where g;, is output
conductance of the first OTA. According to (10), the fol-
lowing equation can be obtained:

afs) = Z - gm — $C
im S(C'//Cop + G ) + g1 + a1/ /€22
- gmz — 3Gy . &m —sC)
S(Co+Cf)+gm +8as1 SCoz + gm + gas1
(13)
cir'n_'__ { = ff'rr‘o_‘
G5!
C\//Cz Oy’
ng Vin g;a-: L
gm]vin gd.vf//gIE
[+ o—

Figure 6: Deduction of «(s)
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From Figure 5, the following functions can be obtained:

Iﬂ - K 212G Gz
i 212,G1 Gy + KaZ, Gy + 1 (14)
RRIZGmleZ
=Kog———
D(s)
Iﬂ - K aZ1Gp
Iin ZIZZGmleZ + KaZlel +1 (15)
RGm1<1 + $C2R12>
= Kua
D(s)
103 o K o
Lo Z1Z:GmiGpy + KaZ, Gy + 1 (16)
(1 —+ SC]R)(I + SC2R12)
= K«
D(s)
Iﬁ - K o+ aZIZZGmlGMZ
Ly 212G G + KaZy Gy + 1
Ko (1 4+ sCiR)(1 4+ sCyR12) + RR12G i G
D(s)
(17)

los _ erlzszlez —aZ Gml + o
I, 212,Gi1 Go + KaZ Gy + 1
(1 4+ sCiR)(1 + sCyR13) — RGpy (1 + sCyR13) + RR13Gpy G

Ios

e D)
(18)
where
D(S) = (1 + SClR)(l + 5C2R12)
—|—KO(RGm1(1 + SC2R22) + RRlszleZ (19)

= 52C1 CzRRlz + S[ClR + C2R12(1 + KO[RGml)]
+RR12Gm1 sz + K(XRGml +1

then, the natural frequency and quality factor can be
obtained as

/ Gml Gm2

= 1+ Ka/(R12Gyy,
wo e V14 Ka/(RiaGua) +

1/(RRIZ Gml GmZ)

(20)

[CiGma |1+ Kot/ (R12Gm2) + 1/(RR12Gm1 G2)
K CGm \| @+ 1/(KRGy1) + C/(KC,GpiR12)

(21)

It is clear that when considering influence of parasitic
elements, the natural angle frequency is higher than the

one in ideal condition, namely w," > wy. Assuming the
value of Ry, is chosen large enough, then w,’ = w,, and
the influence of non-ideal characteristics of OTA and
MO-CCCA can be ignored. When R;, and R are large
enough, (21) can be rewritten as

q = Qf \/SC22 + &m1 + gas1
gma — sC

If g1 = g2 and Cy, > Gy, it is clear that the quality fac-

tor is higher than that in the ideal condition.

(22)

5. PSPICE SIMULATION RESULTS

To verify the circuit shown in Figure 2, the low-pass,
band-pass, high-pass and band-stop, and all-pass filters
are simulated in PSPICE using the TSMC CMOS
0.5 um technology. For the simulations, the OTA circuit
used is shown in Figure 7 [30], where V, denotes non-
inverting (+) input, V_ is inverting (—) input; L1, Iyz, Io3
represent non-inverting outputs; Iy, Loy, Io3 are invert-
ing outputs; all drain channel sizes are W/L = 4 um/
2 pm. For MO-CCCA, the drain channel lengths of all
MOS are L = 2 um. The drain channel widths of M5,
M6, M7, M8, and M17 are W = 8 um and that of the
other MOS transistors are W = 4 um. So n is equal to 2
in (3). The supply voltages are Vpp = —Vss= 1.5 V. The
bias currents of OTA are I, = Iz, = 80 1A, and the bias
currents of MO-CCCA are I, = Ip; = 10 (A, the capaci-
tances are C; = 1 nF, C, = 2 nF (In the IC, the capacitor
of ~nF is a little large, which can be fabricated by the
combination of capacitance multipliers [31] and capaci-
tors in parallel). The simulation on OTA with a bias cur-
rent of 80 wA shows that G,, would be 111.7 uS. Then,
the natural frequency and quality factor can be calcu-
lated as f, = 12.58 KHz and Q = 0.707 according to (9).
Figure 8 shows the simulated frequency responses of the
proposed filter.

Figure 7: Realization circuit of OTA
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0 o e
-404
5
o
8
-804
=120 - . .
10Hz 100Hz 10KHz 1.0MHz 10MHz
¢LP @ BP4 BS ¥ HPOAP
Frequency

Figure 8: Frequency responses of the proposed filter

Figure 9 shows the simulated low-pass responses with f;,
(fo = wo/27)-tuning (i.e. fo = 48.8 KHz, 92.8 KHz, 125.8
KHz), while keeping Q = 0.707 invariant. In this case,
the bias currents were Ig; = Ig, = 10 uA (G, = 43.4 uS),
40 pA (G,, = 82.4 uS) and 80 uA (G,, = 111.7 uS), I, =
Ips = 10 A, respectively, the capacitances are C; = 0.1
nF, C, =0.2 nF.

Figure 10 shows the simulated band-pass responses with
Q-tuning (i.e. Q = 0.707, 1.0, 3.0) keeping f, = 125 KHz.
In this case, the capacitances are C; = 0.1 nF, C, =
0.2 nF, and the bias currents are Iz, = Iz, = 80 uA, I, =
10 1A, and Iy; = 10 A, 7.07 LA, 2.36 (LA, respectively.

The analysis of the parasitic elements influence is vali-
dated with simulations by PSPICE. The simulations were
done with variant I, and I, (e.g. Ip; = Ig, = 50 A, 80
1A), while keeping I, = I3, and 2C; = C, = 0.2 nF. Simu-
lations show that the transconductance of OTA with a
bias current of 50 wA would be 91.08 and 111.75 uS,
with a bias current of 80 A, so the natural frequency f;,

=
=
=
‘™
(G}
=60 T T T
1. 0KH: 10EH:z 100KHz 1. OMHz 108Hz
Frequency (Hz)-
O: fo=48.8 KHz V:fo=92.8 KHz 0: fo=125.8 KHz-

Figure 9: Simulated low-pass responses of the filter with fy-
tuning

0 /
/

=80 T T

10Hz 100Hz 10KH=z

Frequency

<:Q=1.0

]
s
(=

\&

1.0MHz 10MHz

Gain (dB)

v Q=0.707 o: Q=3.0-

Figure 10: Simulated band-pass responses of the filter with
Q-tuning

can be calculated as f, = 102.561 KHz, 125.826 KHz in
the ideal condition, respectively. Figure 11 shows the sim-
ulated frequency response compared with the ideal
results, Figure 11(a) shows the results with I; = I, = 50
WA, it can be seen that the simulated f; is turned to be
102.920 KHz, which is 359 Hz higher than the one in the

1.0

o
1

-
o
1

Gajn (dB).

—o— Simulat

-3.04,

100Kz
Frequency
(a)

Ideal.

—o— Simulat

l'.'IJIKHz
Frequency
(b)

Figure 11: Simulated frequency response compared with the
ideal results (a) /g1 = Igo = 10 wA; (b) Ig; = Iz, = 40 1A

200KHz
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Figure 12: Square waveforms transient response of the proposed
LP filter

ideal condition, in addition, Q is also higher than the ideal
one. Figure 11(b) shows the frequency response with I, =
Ip, = 80 pA, the simulated f; is 125.893 KHz, which is
slightly higher than the one in the ideal condition, more-
over, Q is also higher than the ideal one. Therefore, the
analysis on the parasitic elements influence is verified.

The time-domain response of proposed low-pass filter is
shown in Figure 12. The input I;, is square wave signal
(with amplitude of 20 ©A, the frequency of 1 MHz).
This result confirms that the switching delay time of the
filter is approximately 1 ns.

To test the large signal behaviour of the presented filter,
the circuit’s total harmonic distortion (THD) analysis is
made in Figure 13 (sinusoidal current at 1 MHz as input
signal). According to Figure 13, the circuit’s THD is less

12
®
86
3]

e —
0
0 10uA 20uA 30uA 40uA  s50ua
Iin

Figure 13: Total harmonic distortion of the filter
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-200 0.

—n— 55
— — “

—v— T

Vout (V]“'
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Figure 14: The change of V., with different corners (ss, tt,
and ff)

than 3% when current amplitude does not exceed
40 pA. Considering the effect of process voltage temper-
ature (PVT), we utilize the low-pass filter to simulate.
Figure 14 shows the change of V,,, (the voltage of port
I,;) which is produced with different corners (ss, tt, and
ff). In Figure 14, the temperature is changed from —20
to 120 °C, and the V, is changed by 35 mV.

6. CONCLUSION

The paper presents a new OTA-C current-mode second-
order filtering circuit with SIMO by introducing a MO-
CCCA. The circuit has the following merits: (1) it has
simple circuit structure which just contains three active
components and two grounded capacitors; (2) it can
simultaneously realize second-order low-pass, band-
pass, high-pass, band-stop, and all-pass filters; (3) the
natural frequency and the quality factor are indepen-
dently tunable; (4) all-passive elements are all grounded,
it is convenient to integrate; (5) it enjoys very low
sensitivities.
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APPENDIX

The small-signal equivalent circuit of MO-CCCA input

stage is shown in Figure 1(a), and it can be transformed
: _ 1 __ 1

to Figure 1(b), where Z; = o 7y = e

73 = é, then the following functions can be obtained:

lin = gmiVin + 11 + iy = gmi1 Z1 + 11 + iy (A1)
Vin = 2Z3 — iRy, (A2)
i2 = &m2Vin + i3 - iinl (A3)

iy = —ii/ R/ Z, (A4)
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Figure A1: Small-signal equivalent circuit of MO-CCCA input
stage

From the above equations, we can obtain

V4
i | (R + Z2) 2 4R
1., = ZZ (1 + Zlg 1)
" Z1(Z3gm — 1) "

Z3
o |(R+Z) o Ry
fin_ 2

Z3 (Z3gm2 — 1)

(A5)

+ Ry

For the sake of simple, R; is assumed to be very small, so
the current gain can be written as

i Z(Zgm = 1) (A6)
i,‘n Z3(1+Zlgm1ml ml) +Zl

Replacing Z;, Z, and Z; with their expressions, then

.in/ o — C !
l._ = 7 & 2/ ke (A7)
im (G + Cf) + gm + gus1
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