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Abstract: The circuit realization of lossless and lossy integrators using active devices like opamp and OTA have been
discussed. The realization of integrator in single ended and fully differential configurations is considered. The voltage-
mode and current-mode integrators reported in the literature have been considered. The realization of OTA-based
transadmittance type integrator has been considered. The OTA based integrator circuits have been simulated in PSPICE
using a behavioral macro-model of the OTA as well with a practical CMOS OTA circuit. The amplitude and phase
response plots obtained for OTA based integrators are presented.
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I. INTRODUCTION

Continuous-time (CT) or analog filters [1]-[20] are the
most important analogue blocks in integrated signal-
processing systems, especially in applications where the
filters interface with the outside world. In the recent years,
the use of continuous-time filters using active devices like
opamp, operational transconductance amplifier (OTA) and
current feedback operational amplifier (CFOA) has drawn
more interest.

Integrators, summer/ subtractor (summing or
difference amplifier) and scaling amplifiers are the
important building blocks used in the design of
continuous-time filters. The integrators are the important
building blocks used in the design of continuous-time
filter structures. There are two types of integrators i.e.,
ideal or lossless and lossy integrator. The ideal or lossless
integrators alone are used in CT filter structures like
Kerwin-Huelsman-Newcomb (KHN) biquad [1], [2], [5]-
[8], two-integrator loop feedback configuration [1]-[3],
[5]-[7],  multiple integrator loop feedback (MILF)
configuration [1]-[2], [5]-[7]. The two-integrator loop
filters are a very popular category for second-order filter
realization, as they offer low sensitivity to component
values and permit realization of several transfer functions.
Both lossless and lossy integrators are used in CT filter
structures like Tow-Thomas biquad [1], [2], [5]-[7], [9]-
[10], Akerberg-Mossberg biquad [1], [2], [5]-[7], [11]-

Several different approaches are developed over years
for synthesis of analog filter structures. The active-RC
filters [1], [2], [5] - [7] largely superseded the classical
LCR filters in the low and medium frequency range with
the availability of op-amp. Most of the active-RC filter
circuits use typical opamp-RC integrators to realize first-
order and second-order (biquad) sections. These first-order
and second-order sections are cascaded to design high-
order filters. The different types of opamp based active-
RC integrators are discussed in section II.

The Opamp-MOSFET-C filters [2], [5] use MOSFET
as a voltage controlled resistor biased in the ohmic region,
with the resistance being adjustable by the gate bias
voltage. Thus, the MOSFET-C filters can be constructed
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by replacing resistors in active-RC filters by their
corresponding MOSFET. This approach is affected by
inherent nonlinearity of the MOS transistors that must be
cancelled. The fully differential Opamp-MOSFET-C filter
circuits are described in literature [12] which can remove
the even-order non-linear distortion. The MOSFET-C
filters, however, need complicated frequency control
tuning loops to adjust the critical frequencies of the filters
by dynamically changing the resistance of the MOS
transistors. These do not, however, exhibit the excellent
linearity of the active-RC filters. The Opamp-MOSFET-C
integrators are discussed in section Il1.

In OTA-C-Opamp filters [4], [5] the resistor used in
opamp-RC filters is replaced by an OTA. These filters are
not affected by the parasitic capacitance that is present at
the output terminal of the OTAs. However, these filters
consume more power than active-RC filters. The OTA-C-
Opamp integrators are presented in section 1V.

In active R filters [13]-[15] the opamp is considered as
an integrator. Hence, using two such integrators and only
resistors, second-order active filters are constructed. The
pole-Qs of active R biquads are dependent on resistor
ratios and/ or ratios of bandwidths of two opamps. The
pole-frequency, on the other hand, is dependent on the
absolute values of bandwidths of opamps and resistor
ratios. The demerit is that the pole-frequency is dependent
on the actual bandwidth of the opamp, which usually is
affected by power supply voltage and temperature.

Currently, the continuous-time (CT) filter designs use
devices other than op-amps such as OTAs. The two
attractive features of OTA are the controllability of
transconductance by changing the dc bias current and the
ability to work at higher frequencies. It is shown that the
grounded and floating type resistors [2]-[7] can be
simulated using OTAs. The grounded and floating
inductances can be realized using OTAs and one grounded
capacitor [2]-[7]. By replacing resistors and inductors with
the simulated OTA circuits, the fully integrable and fully
programmable high-frequency active filters that use only
OTAs and capacitors are realized.

The OTA-C approach, where in only OTAs and
capacitors are used, is shown to be useful for realizing

74



Vol. 3, Issue 9, September 2015

voltage-mode [3]-[7] and current-mode [4]-[7], [16]-[27]
filters. From last two decades, there is growing interest in
Current-Mode Signal Processing (CMSP) because of its
advantages like increased band-width and reduced power
supply requirements. The single output OTAs (SO-OTA)
are popularly used for realizing voltage-mode filters. The
dual output OTAs (DO-OTA) are employed to realize the
current-mode active filters having current-input current-
output (CICO) transfer functions. Both transimpedance/
transadmittance OTA-C filters [29], [30] are considered in
literature.  The voltage-mode, current-mode and
transadmittance type OTA-based integrators are discussed
in section V.

The transconductor and transresistor circuits are used
during voltage-to-current or current-to-voltage interfacing,
during which it is also possible to perform signal
processing (like integrator) at the same time, so that the
circuit performance is enhanced. The OTA based
transadmittance type filters are reported, which act as
interface filter circuits connecting voltage-mode circuits
and current-mode circuits. One of the most important
application areas of the transadmittance filters are in the
receiver baseband (BB) blocks of modern radio systems.

The active-RC integrator using feed
compensated op-amp is discussed in section VI.

The PSPICE simulation results of OTA based
integrator circuits obtained using a behavioral macro-
model of the OTA as well with a practical CMOS OTA
circuit are presented in section VII. The concluding
remarks are given in section VIII.

forward

Il. ACTIVE-RC INTEGRATORS

A. Inverting type integrator

R2
AN
Rl Cl Rl Cl
Vo Vo
(@) (b)

Fig. 1 Single ended inverting type op-amp based voltage-mode

integrators (a) lossless (b) lossy

The single ended inverting type opamp based voltage-
mode lossless and lossy integrators are shown in Fig. 1
(a)-(b), the transfer function of which are shown to be

v, 1 .
V. sRG, (1.1a)

__ R 1 1.1b
V. R, (1+5sR,C)) (1.1b)

The circuit in Fig. 1(a) is also called as Miller
integrator because the capacitor is used in the feedback
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path. The pole-frequency or unity-gain frequency of the
op-amp based Miller integrator in Fig. 1(a) is given by
1

Wy (1.1¢0)

“R,C,
The dc gain and pole-frequency of the opamp based
lossy integrator in Fig. 1(b) are shown to be

Vo RZ
V. (o) R,
1
Wy = (1.1d)
RyCy
RZ
C1 NP
— |
Ry R G
Vi +— Vo+ Vi R L Vo+
\/i - —AAA VO. Vi - M_.j> VO_
Rl Rl } } Cl
¢ L s
RZ
(@) (b)

Fig. 2 Fully differential inverting type op-amp based voltage-mode
integrators (a) lossless (b) lossy

The transfer function of fully differential opamp based
voltage-mode lossless and lossy integrators in Fig. 2(a)-(b)
are shown to be

V2t =V, 1 (110)
= — .le
AR Ay sR,C;
V2t =V~ R 1
= A (1.1f)
Vi - Vi R1 (1 + SR2C1)

B. Non-inverting type integrator

Due to negative sign in (1.1a), the opamp based Miller
integrator is also said to be an inverting integrator. The
non-inverting integrator can be obtained by connecting the
output of Miller integrator to unity gain inverting amplifier
as shown in Fig. 3.

¢
|7 G=-1 R
Ry
\/i — AN - R |
% -
+ I‘ k
+

Fig. 3 Opamp based non-inverting integrator realized by cascading

Miller integrator and unity gain inverting amplifier.

The Deboo integrator is one of the popularly used non-
inverting type integrators. The conceptual implementation
of non-inverting type Deboo integrator using passive
components is shown in Fig. 4 (a). The opamp based
negative impedance circuit is shown in Fig. 4 (b).
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Fig. 4 (a) Conceptual implementation of non-inverting type integrator (b)
Opamp based negative impedance circuit (c) Opamp based Deboo

integrator

The opamp based Deboo integrator is shown in Fig. 4
(c). The Deboo circuit consists of three parts: the input
resistor, the integrating capacitor, and the rest of the circuit
- which is equivalent to a negative resistor connected to
ground. By routine analysis, the transfer function of
Deboo integrator is shown to be

v, 1

- 2.1
V.~ sRC (213)

CZ
|
I

Ry
NAA +
© e
=+

Fig. 5 An alternate type of opamp based non-inverting integrator

|
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An alternate type of opamp based non-inverting
integrator is shown in Fig. 5, the transfer function of
which is shown to be

Vo 1 (1+sR,Cy)

Vi sR;Cy (1+sR1Cq)

(2.1b)

From (2.1b), it follows that under the condition
R,C; = R,C, the circuit acts as a non-inverting integrator.

I1l. OPAMP-MOSFET-C INTEGRATORS

The Opamp-MOSFET-C ideal integrator in a single
ended configuration is shown in Fig. 6, the transfer

function of which is shown to be
V, 1

Vi

Here MOSFET is biased in ohmic region and is used

as a voltage controlled resistor, the resistance of which is
shown to be

2.2
srgsC (2.23)

Igs = 1/{Bn(vc = Vin — Vi)} (Z-Zb)

Fig. 6 Opamp-MOSFET-C ideal single ended integrator

IV. OTA-C-OPAMP INTEGRATORS

The single ended OTA-C-Opamp ideal integrator
circuit is shown in Fig. 7, the transfer function of which is
shown to be

_&m

= (2.3)

Fig. 7 OTA-C-Opamp single ended integrator

The OTA-C-Opamp integrator consists of an OTA and
an opamp with a feedback capacitor. Here the OTA is used
as a voltage-to- current converter.

V. OTA BASED INTEGRATORS

An ideal OTA is a differential-input voltage-controlled
current source (VCCS), with infinite input and output
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impedances and a tunable transconductance. The symbols
of SO-OTA (single-output OTA), DO-OTA (dual-output
OTA) and MO-OTA (multiple-output OTA) are presented
in Fig. 8. The output current of DO-OTA is given by
I3 =15 = gn(Vit = V) (2.42)
where I}, 17 are dual output currents, g, is the
transconductance of the OTA, V;* and V,” denote non-
inverting and inverting input voltages of the DO-OTA
respectively.

The two attractive features of OTA are (a)
controllability of transconductance by changing the dc bias
current and (b) ability to work at higher frequencies.

+

Vvt — v, * e v, * { a*
1+ °

0 . .

V- v, - o v o-
°

Fig. 8 Circuit symbol of SO-OTA, DO-OTA and MO-OTA

A. OTA-C voltage-mode integrators

The single ended inverting type OTA-C voltage-mode
lossless integrator is shown in Fig. 9 (a), the transfer
function of which is shown to be

Vo _ _8m
Vi sC

The pole-frequency or unity-gain frequency of the ideal
integrator in Fig. 9 (a) is

(2.4b)

8m1
(1)0 =

C

Connecting OTA simulated resistor of value 1/g.,,
across capacitor C, we get an OTA-C voltage-mode lossy
integrator in Fig. 9 (b), the transfer function of which is
shown to be

(2.40)

Vo Sm1
—_—= —— 2.4d
Vi (gmz + SC) ( )

The dc gain and pole-frequency of the lossy integrator in
Fig. 9 (b) are shown to be

Vo . 8m1
- (0) = ——
Vl gmz
0y = gcﬁ (2.4¢)

@

(b)

Fig. 9 Single ended inverting type OTA-C voltage-mode integrators (a)
lossless (b) lossy
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The non-inverting type OTA-C integrator can be
realized by applying input to non-inverting input terminal
of OTA g, and grounding inverting input terminal in Fig.

9 (3)-(b).

(b)

Fig. 10 Fully differential inverting type OTA-C voltage-mode integrators
using floating capacitors (a) lossless (b) lossy

j 2C
Vi+ g] + L Vo+
ml
Vo —{r T %
I 2C
N T
(@) (b)

Fig. 11 Fully differential inverting type OTA-C voltage-mode integrators
using grounded capacitors (a) lossless (b) lossy

The transfer function of fully differential OTA-C
voltage-mode lossless and lossy integrators in Fig. 10 (a)-
(b) and Fig. 11 (a)-(b) are shown to be

vt—-v -~
o "% _ Sm (2.40)
Vi _Vi sC
V,t—v,”
O+ O_ I gml (24g)
Vit =V (8mz2 t0)

B. OTA-C current-mode integrators

The single ended inverting type OTA-C current-mode
lossless and lossy integrators are shown in Fig. 12 (a)-(b),
the transfer function of which are respectively shown to be

Io gml

o _om 2.5

I sC (2:53)
Io gml

P (2.5b)

@) (b)

Fig. 12 Single ended inverting type OTA-C current-mode integrators (a)
lossless (b) lossy
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(b)

Fig. 13 Fully differential inverting type OTA-C current-mode integrators
using floating capacitors (a) lossless (b) lossy

. I2(:

o b
|.+AL. + I+ |+ -+ + |+
7 7 7 7
! Im ° ! I I °
T |+ "

= ijc

@ (b)

Fig. 14 Fully differential inverting type OTA-C current-mode integrators
using grounded capacitors (a) lossless (b) lossy

The fully differential inverting type OTA-C current-
mode lossless and lossy integrators using floating/
grounded capacitors are shown in Fig. 13 (a)-(b) and Fig.
14 (a)-(b) respectively.

C. OTA-C transadmittance type integrators

The lossless and lossy OTA-C transadmittance-mode
integrators shown in Fig. 15 (a)-(b) are obtained from
voltage-mode integrator circuits using an additional OTA
to convert output voltage to current. The single ended
lossy OTA-C transadmittance type integrator needs three
SO-OTAs and one grounded capacitor. The proposed
lossy OTA-C transadmittance type integrator shown in
Fig. 15 (c) [derived from Fig. 15 (b)] requires one DO-
OTA, one SO-OTA and one grounded capacitor.

(b)

©

Fig. 15 Single ended inverting type OTA-C transadmittance-mode (a)
lossless integrator, (b) lossy integrator using 3 OTAs, and (c) simplified
lossy integrator derived from (b)

The transfer function of single ended OTA-C
transadmittance type integrators in Fig. 15 (a)-(c) are
respectively shown to be

I_o - _ 8m1-8m2

v sC (2.50)
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8m1-8ms3

I,

N 2.5d

Vi (ng + SC) ( )

Io 8m1-8m2

—-—=— 2.5e

Vi (gmz + SC) ( )
VI. ACTIVE-RC INTEGRATOR USING FEED

FORWARD COMPENSATED OP-AMP

uTH

(b)

Fig. 16 (a) Feed-forward compensated opamp schematic and (b)
simplified small-signal equivalent circuit of the op-amp

For high-frequency applications, active-RC filters can
be derived from opamp-RC filters, by replacing the opamp
with a three-OTA-based cell based on feed-forward
compensation scheme. These cells use one feed-forward
parallel path [31]-[33] and do not need a compensation
capacitor. The compensation technique employed in these
is known in literature as NCFF (no capacitor feed-forward)
technique.

Fig. 16 (a) shows the circuit schematic of the opamp
using feed-forward compensation technique, in which My,
and My, are the transconductors of the first and second
stages, while the feed-forward path is composed of My ,.
The Rg, are local common-mode feedback (CMFB)
resistors. The simplified small-signal equivalent circuit of
this op-amp is shown in Fig. 16 (b). The two-stage opamp
topology is selected so as to drive resistive loads. The
opamp transfer function contains two poles and a LHP zero
created by the feed-forward path. The compensation
method involves aligning the pole of the second stage and
LHP zero as close as possible. This topology ensures
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reduced chip area since the technique does not require large
compensation capacitance, when compared to its Miller
compensated counterparts.
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R
Vi * Vo*
\4 \/0‘
R
—
Im3
+ -
i
I
A
C

Fig. 17 Active-RC integrator using feed forward compensated opamp

Fig. 17 shows active-RC integrator using feed-forward
compensated op-amp [21], [31]-[33], the ideal transfer
function of which is shown to be

\'A 1

=—— 2.
V,  sRC (2.6)

VII. SIMULATION RESULTS

The single ended OTA-C voltage-mode lossless and
lossy integrator circuits in Fig. 9 (a)-(b) have been
simulated using PSPICE simulator using the design details
given in Table | [17]-[27]. The voltage-mode lossless and
lossy OTA-C integrator circuits were also simulated using
behavioral voltage controlled current source (VCCS)
model of OTA (i.e., ideal transconductor with infinite R,
and zero C, ) to obtain the ideal characteristics. The
schematic circuit of SO-OTA analog block used in the
simulation of above mentioned voltage-mode integrator
circuits is presented in Fig. 18.

I
|

MSp JMlp sz\% M4p

3n 4n

V.

ss ——

Fig. 18 CMOS schematic circuit of SO-OTA
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TABLE I SIMULATION DETAILS

Model parameters used Level 3 0.5um MOSIS

Device dimensions for NMOS transistor

W =4 pum, L=2pum

Device dimensions for PMOS transistor

Supply voltages Vg = +2V, Vs = -2V

DOI 10.17148/1JIREEICE.2015.3915

Vi+ + [ Io
9@ { V" - Vir} Se, T ¢
Vi_ R > 0 0
-
(@)
Vi+ + [ Io
@O Vit - Vi
. 90 { }
(b)

Fig. 19 (a) Non-ideal and (b) Ideal VCCS model of SO-OTA

The SO-OTA based voltage-mode lossless integrator
circuit in Fig. 9 (a) has been simulated using gm; =
539 uS (Ipjasy = 10 pA ), C=8.578 pF designed for
unity-gain or pole frequency of 1 MHz and the resulting
amplitude and phase responses are shown in Fig. 20 (a)-

(b).

d
B 1884

58.9dB

1.6kHz,55.9dB

_18 T
1.8Hz 188Hz
v 2 DB{U{V0}/U{in}}

T T T
18KHz 1.8HHz 188MHz

Frequency

(a)

286d

179.92d

1KHz ,98d
186d -

ERCTI WU ]

ad+

LI - NS

-508d T
1.0Hz 100Hz
v & P{U(U0)/U(in))

T T T
18KHz 1.0HHz 1080HHz

Frequency

(b)
V ....using behavioral OTA, A __ using Tsukutani OTA

Fig. 20 Amplitude and phase response of single ended OTA-C voltage-
mode lossless integrator circuit in Fig. 9 (a)
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The voltage-mode lossy OTA-C integrator circuit in
Fig. 9 (b) has been simulated using gpni,=
53.9 uS (Ipjas12 = 10 pA), C=8.578 pF designed for
unity dc gain and pole frequency of 1 MHz, and the
resulting amplitude response is shown in Fig. 21.

28

d
B

1MHz -3 .81dB

1.8089HHz,-3dB

59

_g9g T
1.6Hz 1801z
v 2 DB{U{Uo}/U{in}}

T T T
18KHz 1.0rHz 180rHz

Frequency

V ....using behavioral OTA, A __ using Tsukutani OTA

Fig. 21 Amplitude response of single ended OTA-C voltage-mode lossy
integrator circuit in Fig. 9 (b)

From the plots presented in Fig. 20 and Fig. 21 it is
evident that the simulation results are in good agreement
with theory.

VIIl. CONCLUSION

In this paper, the circuit realization of inverting and
non-inverting types of lossless and lossy integrators using
active devices like opamp and OTA has been extensively
covered. The voltage-mode, current-mode and
transadmittance type integrators using OTA have been
discussed.  The single ended and fully differential
integrator circuits have been discussed thoroughly. The
summary of integrators used in various filter structures
like Opamp active-RC, active R, Opamp-MOSFET-C,
OTA-C-Opamp, OTA-C, active-RC integrator using feed
forward compensated op-amp etc. have been discussed.
The OTA based integrator circuits have been simulated in
PSPICE using a behavioral macro-model of the OTA as
well with a practical CMOS OTA circuit. The amplitude
and phase response plots obtained for OTA based
integrators are in good agreement with theory.
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