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ABSTRACT

Shadow filter is a second order filter in which an external amplifier is placed in the
feedback path and the characteristics of such a filter are tuned by adjusting the gain (G)
of the external amplifier. New voltage-mode electronically tunable band pass, notch,
high pass and low pass shadow filters are proposed. The filters are built around the
operational transconductance amplifier (OTA). OTA provides an electronic tuning
capability of its transconductance gain by adjusting its bias current or voltage and is
implemented by using the CMOS technology. The circuits implemented by using the
OTA does not require a resistor which is ideal for any of the integrated circuit
Implementation. In every case one or more than one parameters of the filters can be
electronically controlled by adjusting the gain of an external amplifier built around the
operational transconductance amplifier. The proposed circuit has utilized the MISO
configuration, avoiding the external summing amplifier for implementing the shadow
filter. For realizing the filter functions, there is no need of the component-matching
conditions. The proposed shadow filter is simulated using SPICE simulator with 0.35

pum CMOS process from TSMC to confirm the presented theory.
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CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

This is a digital age and everything around uses extensively digital components such as
digital computers, digital communications, digital broadcasting. Though digital system has
many advantages over analog systems but there is need to interface these with the real analog
world. For example, the digital signal processing offers advantage only if it’s processing
takes place on bandlimited signals if unwanted aliasing effects are not to be introduced. After
processing the signals are returned to the real analog world after passing to the reconstruction
filter. Both bandlimited and reconstruction filters are the analog filters, which operates in
continuous time. Any system that interfaces with the real world will found use of continuous
time filters [1].

There was a time when analog filters were used to process analog signals in real time,
compared to digital which performs filtering operations on digital representation of samples
of signals, often not in real time. Then in 1970s sampled data filters were introduced.
Sampled data filters did not work with digital representations of sampled signals but operate
on the samples themselves. The best example of this approach is switched capacitor filter
which uses switches along with the capacitors and active devices for filtering operation.
These filters are discontinuous in time due to switching which takes place in these circuits. So
continuous band limited and reconstruction filters were needed as a result [1]. Due to the
advantages for integrated circuit realization provided by the switched capacitor filters much
research was done in 1970s, 1980s on them. But when capacitor filters failed to provide all
the solutions traditional approaches started getting attention and the name continuous time

filter was coined to distinguish them from their digital and sampled data counterparts.

The classic LCR filters which uses inductors, capacitors and resistors are much in use but
these filters are not suitable for implementation of the ubiquitous integrated circuits because
no satisfactory method for making inductors on chip has been found [1]. This is the reason
that the active continuous time filters have found so much attention over the years. The active
filters provide an opportunity to integrate complex filters on chip and also do not have the

problem that bulky, lossy and expensive filters have.




Active filters have been around for some time to overcome the disadvantages of the passive
filters. The Sallen and Key is active RC filter and is popular and are in existence for more
than 40 years. It uses voltage amplifier, resistors, and capacitors. But research on active filters
continues for all the time and thousands of research papers have been published on the same
over the years. There are so many reasons for this but in particular two reasons are of note.
First due to changes in the technology there is need of new approach so the cheap and easily
available OP-AMP replaced their discrete circuits’ counterparts. So it became possible to
realize the filter circuits using large numbers of OP-AMPs and we get new improved
architecture. In the same way development of operational transconductance amplifier also
called as OTA led to new filter configurations. Second, the demand on filter circuit has
become more stringent as the world of electronics and communications have advanced. The
OTA is an important basic building block that is used in many analog circuits with linear
input-output  characteristics.  The operational trans-conductance amplifier (OTA) is
an amplifier which produces an output current with differential input voltage. Thus, it can be
concluded that it is a voltage controlled current source (VCCS). The OTA uses an additional
input current known as amplifier bias current, denoted by I,,.to control the amplifier's trans-
conductance. This property makes OTA useful for electronic control of amplifier gain. The
OTA has high impedance differential input stage like operational amplifier and thus it can be
used with negative feedback. The OTA is easily available, low price device and it is having
all the attractive features of an OP-AMP. As OTA is a programmable device and has only
one high-impedance node, this makes OTA an important device in high frequency and
programmable building block. The circuits implemented by using OTA do not require
resistor which is ideal for any of the integrated circuit implementation. A variety of papers
have been reported on electronically tunable universal filters [2-4] using OTAs in last few
decades. The continuous increase in the operating frequency of modern circuits reflects on in
need of active filters which can operate on these higher frequencies in an area where OTA
active filters outshines its active RC counterpart. The OTA-based filter consumes very low

power since it can be biased in weak inversion.

Active band pass filter based on OTA using simple CMOS current mirrors is presented in
[5]. It uses an active inductor that is made from OTA circuits [6]. The OTA based AP filters
without resistor connection have been introduced in [7]. This paper also includes fully
tunable all-pass (AP) filter design and its application. First order all-pass filter using OTAs

with single/dual outputs and grounded capacitors has been put forward [8]. A new




electronically tunable voltage-mode first-order all pass filter using only three single-ended
operational transconductance amplifiers (OTAs) and one grounded capacitor is presented in
[9], which is highly suitable for integrated circuit implementation. The OTA-C approach is
one of the most successful design methods for continuous-time integrated filter design at high
frequencies. The term OTA-C filters was first used in [10] in terms of C-OTA filters.
Another important OTA-C filter is presented in [11], where versatile filter functions were
achieved by switches. A novel, multifunction, universal high frequency biquadratic filter
using dual output OTA is presented [12]. By programming the input nodes, different types of
second order filters are realized in [12]. Digitally programmable OTA-based integrators and
differentiators have been presented in [13]. Novel voltage attenuation technique based on the
network of nonlinear OTAs for Gm reduction which can extend the input linear range of the
OTA, and achieve very low Gm and lower noise is presented in [14]. Digital programmable
balanced OTA employing three linearization techniques which are the source degeneration,
double differential pair (DDP) and the adaptive biasing has been presented in [15].A new
approach to implement a multiphase sinusoidal oscillator using loop-back of n-cascaded
high-pass filters form has been presented in [16]. Gain and frequency response of high-pass

filter can be independently tuned through the particular bias current.

A new method for electronic tuning of the filter parameters has been implemented in a
recently proposed family of second-order filters [17] known as the shadow filters. In this type
of filters an external amplifier is needed in the feedback path and the characteristics of such a
filter are tuned by adjusting the gain (A) of the external amplifier. The concept of shadow
filter is becoming very popular [17]-[27]. This is because of its ability of modifying the
various parameters of the filters; for example the bandwidth, over a wide range by only
adjusting the gain from outside of the filter and without creating disturbance of any active
and passive component of the filter. However the hop between the two continuous center
frequencies will become very fast. The theory of shadow filter can be applied to voltage-
mode or the current-mode circuits. The shadow filter has been implemented by using various
blocks like second generation current controlled conveyor (CCCIIl), operational
transresistance amplifier (OTRA), differential difference current conveyor (DDCC) etc but it
has not been implemented using OTA. A new OTA based voltage mode shadow filter has
been proposed in this thesis. This proposed shadow filter has the advantage that for realizing
the filter functions, there is no need of component-matching conditions and it also eliminates

the need of summing amplifier which is required in current mode shadow filters.




1.2. OBJECTIVE

In the view of the discussion provided above, the thesis has focused on the following
objectives for making voltage-mode OTA-based shadow filter:

» Study and characterization of OTA
» Study and implementation of OTA based applications
* Development of OTA based shadow filter structure

All simulations are done through PSPICE simulators with 0.35 um CMOS process from
TMSC.

1.3. ORGANIZATION OF THESIS

Chapter 1: Presents the brief introduction of the filters and their importance for the
operation of various electronic circuits. This chapter also discusses the motivation and
objective of the work undertaken.

Chapter 2: Presents brief introduction of OTA and it is also studied and simulated. It is also
characterized for DC, AC and transient responses and various performance parameters are
extracted through simulations.

Chapter 3: Some existing applications of OTA are implemented and verified. The
applications include differentiator, integrator, divider, multiplier and multi-input single-
output voltage-mode Universal filter.

Chapter 4: An extensive survey of shadow filters literature and its structure and survey of
various multi-input ingle-output voltage-mode universal filters using OTAs.

Chapter 5: A new structure of single-feedback shadow filter is proposed and also various
configurations of single-feedback shadow filters like band pass shadow filter, high pass
shadow filter and band pass shadow filter are also implemented and simulated to verify the
simulation results with the theoretical values. The filter responses are simulated to validate
the workability of the proposed filter.

Chapter 6: A new structure of two-feedback shadow filter is proposed. A new two-
feedback multi-input single-output voltage-mode shadow notch filter is also proposed,
implemented and simulated to verify the simulation results with the theoretical values. The

filter responses are simulated to validate the workability of the proposed filter




Chapter 7: This chapter summarizes the work presented in this thesis and also the future
work has been discussed.




CHAPTER 2

OPERATIONAL TRANSCONDUCTANCE AMPLIFIER

This Chapter describes preliminaries related to the OTA. The OTA symbol, terminal
characteristics are presented first and are followed by its characterization. The present work

uses OTA as an active block for developing different filter circuits.

2.1. THE OTA

The operational transconductance amplifier (OTA) is an amplifier which produces an
output current with differential input voltage. Thus it behaves as a voltage controlled current
source (VCCS). In OTA there is an additional input current known as amplifier bias current,
denoted by I,,.to control the amplifier's transconductance. This property makes OTA useful
for electronic control of amplifier gain. OTA is easily available, low price device and it is
having all the attractive features of an .operational amplifier. OTA is a programmable
device and has only one high-impedance node, this makes OTA an important device in high
frequency and programmable building block. Thus, the implementation of various analog

circuits using only OTA as standard cell will be easily constructed from easily available
cells, and also will simplify the design and the layout. OTA provides an electronic tuning
capability of its transconductance gain by adjusting its bias current or voltage and can be
implemented” by using both bipolar and CMQOS technologies. The circuit implemented by
using the OTA does not .require a resistor which is ideal for any of the integrated circuit

implementation.

In an ideal OTA, the output current is a linear function of the differential input voltage, and

it is expressed by an equation:
Toue = (V1 = V2). " (2.1)

Where V1 is the voltage at the non-inverting input, V2 is the voltage at the inverting input
and gm is the transconductance of the amplifier. The symbol of an operational

transconductance amplifier is shown in Fig.2.1.




Fig.2.1. OTA Symbol

2.2. OTA CHARACTERIZATION

The CMOS implementation of the OTA is shown in Fig.2.2 [36] which consists of four
transistors. M; — M, are the NMOS transistors and M; — M, are the PMOS transistors as
shown in Fig.2.2. The transistors M; — M, are matched and .operate in saturation region and

transistors M; — M, .are also perfectly matched, the transconductance (g,,).can be expressed

gm = o () s 22)

Where I,,. is.the biasing current,.u is the .carrier mobility, Cox. is the gate. Oxide

.as

capacitance per unit area, W and L .are the channel width and length respectively of the
transistors M1, M2, M3 and M4. VDD and VSS are the supply voltages. The OTA circuit
in Fig.2.2 is simulated with 0.35 pm CMOS process from TSMC. The aspect ratio of
transistors is W/L=10pum/1pum for PMOS devices and W/L=5um/1um for NMOS devices.
The biasing currents of the OTA is fixed at 100pA and the power supplies are given as Vpp
and Vss= 1.65 V.
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Fig.2.2. CMOS implementation of OTA

The OTA circuit in Fig.2.2 is simulated with Voltage V; sweeping from -1V to 1V with
V, equal to OV.

2.2.1. DC RESPONSE

The DC characteristics in Fig.2.3 shows a linear relationship between output current and
input differential voltage (V; —V,) for -0.5V to +0.5V and having transconductance of

232.6mS.

128uA

8BuA—

{201.000m,48.913u)

LBuA—

—BunA—

Output Current

~HauA (-201.000m,-45.280u)

—8B8uf-

V2=0

—128un T T T T
-1.8U —-a.5u au a.su 1.8U

(V1-v2)

Fig.2.3. DC characteristics of OTA




The DC characteristics in Fig.2.4 shows a linear relationship between output current and
input differential voltage (V; — V) for -0.5V to 0.5V for the three different curves (Vo= -
0.25V, V2 =0V, V2 = 0.25V) and all three having transconductance of 232.6mS.

128uA

8BuA

4 BuA+

V2 =-0.25V

- BuA
V2 =0.25V

Output Current

—4BuA

-8 Bun

-120uA T
-1.80 -8.50 au a.5u 1.80

(Vi-v2)

Fig.2.4. DC characteristics of OTA for three different value of V2

2.2.2. AC RESPONSE

The AC characteristic shown in Fig.2.5 shows that OTA work well up to frequency of

80MHz because there is no roll off due to internal capacitances up to 80MHz.

The input condition for the AC response is given as V2 is grounded and V1 is provided with

an AC source of 0.5V with its frequency sweeping from 300 KHz to 3GHz.
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Fig.2.5. AC characteristics of OTA

2.2.3. TRANSIENT RESPONSE

The input condition for the transient response of Fig 2.6 is given as V- is grounded and V1 is
provided with an Sinusoidal source of 0.2 V amplitude with its frequency 1KHz and
simulated for time 0 ms to 5 ms. The input condition for the transient response of Fig 2.7 is
given as V1 is grounded and V2 is provided with an Sinusoidal source of 0.2 V amplitude with

its frequency 1KHz and simulated for time 0 ms to 5 ms.

288my
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-]
(=
L

—-288mnu -
Time
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Fig.2.6. Transient response of OTA with input at V1
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Fig.2.7. Transient response of OTA with input at V>

2.3. SUMMARY

This Chapter presents “brief introduction of OTA and it is also studied and simulated. It is also
characterized for DC, AC and transient responses and various performance parameters are extracted

through SPICE simulations.
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CHAPTER 3

OTA BASED APPLICATIONS

In this Chapter some basic circuit applications of OTA such as integrator, differentiator,
divider, multiplier and MISO Universal filter are studied. The workings of these circuits have
been validated through SPICE simulation. The theoretical and the observed results are found

to be in close agreement hence verifying the functionality of OTA based applications.

3.1. DIFFERENTIATOR

3.1.1. CIRCUIT REALIAZATION

A differentiator is a circuit whose output is directly proportional to the rate of change of its
input with respect to time. Differentiator generates square waveform for the triangular input
waveform and for the input sine wave it produces cosine wave as an output. It is generally
used in wave shaping circuits for detecting the high frequency component in any input signal.
Differentiators are very important part in electronic analog computers and analog Pl

controllers. They are also used in frequency modulators as rate-of-change detectors.

Figure 3.1 shows the OTA-based differentiator. The equations of Fig. 3.1 are given below

L = gmlvin(t)r I, = —Ym, Ve L =-1 3.1
From the above three equations

Ve = T (8) (3.2)
mp
v,
and 1, = g, Vairs (1), s = CF (33)

Where |y, 12 and I3 are output currents of OTAz, OTA2 and OTAgz respectively. Vc is the
voltage across capacitor. No current will flow into the input terminals of either OTA because
all having very high input impedances. Combining all these equation we get (3.4). Which is
the equation of the differentiator

s d d
Vaigr () = P [0 (O] = Kaig. = [Vin (0] (34)

Im29m3 dt

12
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Where v;,(t) is input applied to the OTA: and kg = -2 s the differentiator

Im29ma3

coefficient and gmz, gmzand gms denotes the transconductance of an OTA1, OTA; and OTA3

respectively.

OTA2

umm-—ﬁ i -+ OTA3

2.1Fig3.1 OTA based differentiator

3.1.2.SIMULATION RESULTS

The differentiator circuit of Fig.3.1 using three OTAs is simulated using 0.35um
technology. The aspect ratio of transistors in all OTAs of Fig.3.1 are W/L=10um/1um for
PMOS devices and W/L=5pum/1um for NMOS devices. The circuit is simulated for two
different functions, one is for ramp function shown in Fig.3.2 and other is for sinusoidal
function in Fig.3.3 resulting in step function and cosine function”respectively. The “x axis in
Fig.3.2 is the time axis taken from Oms to 1ms and two graphs are plotted at y axis (with
respect to time) one is ramp input and other is step output clearly showing that the output

function is the differentiation of the input function.

13
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Fig.3.2. Step output for ramp input of OTA based differentiator

The x axis in Fig.3.4 is the time axis taken from Oms to 5ms and two graphs are plotted at y
axis (with respect to time) one is sine input and other is cosine output clearly showing that

the output function is the differentiation of the input function.
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Fig.3.3. Cosine output for Sine input of OTA based differentiator

3.2. INTEGRATOR

3.2.1 CIRCUIT REALIAZATION

An integrator is a circuit whose output signal is directly proportional to the time integral of

its input signal. Integrator acts as a low pass filter and generates sawtooth waveform for the

square input waveform. Integrators are generally used in analogue-to-digital converters,

ramp generators and also wave shaping applications.

Figure 3.4 shows the OTA-based integrator. Here v;,, (t) is applied to the inverting terminal

of the operational transconductance amplifier.

From Fig. 3.4 the equation of output current I, is given as

I, = gmVin(t)

(3.5)
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A Aoyt (t)
I, = C—dt

(3.6)

Combining the (3.5) and (3.6) the output of the integrator using operational transconductance

amplifier is expressed as

g
1Jout(t) = Tmfvin (t)dt = kint vin(t) dt

Where k;,,; = ng is the integrator coefficient.

Vin(t)—
-Vout(t)

Fig.3.4 OTA based integrator

3.2.2. SIMULATION RESULTS

(3.7)

The integrator circuit of Fig.3.4 using single OTA is simulated using 0.35um technology.

The circuit is simulated for sinusoidal function in Fig.3.5 resulting in cosine function

208muy

au -

Input Voltage

—28amuU

T
2 _08ms 2.5Sms

as a.5ns 1.8ms 1.5ns
Time
288muU
a
[=Ts]
=
2 eu -
=
=
=%
=
=
[=]
—2 08mU -
o'
s 8._5ns 1.8ms 1.5nms 2 _8ms 2_5S5ms
Time

Fig.3.5. Cosine output for Sine input of OTA based Integrator
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3.3. MULTIPLIER

3.3.1. CIRCUIT REALIZATION

Multiplier is an important nonlinear building block that is useful in wide range of

applications such as telecommunication, control, instrumentation and signal processing.

Recently the OTA has emerged as an alternate analog building block with linear input output

characteristics. OTA provides an electronic tuning capability of its transconductance gain by

adjusting its bias current or voltage and can be implemented by using both bipolar and

CMOS technologies. Moreover, OTA-based circuits require no resistor which is idea .for

integrated circuit implementation. The circuit of OTA based multiplier is shown in Fig.3.6.

The inputs v;,,; (t) and v;,,, (t)are applied to the OTA 1 and OTAZ respectively and v, is the

output of OTAL. The equations of Fig. 3.6 are given below

Vo, = =R G, Vin, (t)

I'==R gm,gm,Vin,

Imy @ \Tvias,

9m, @ \/@

lyias, = Gm,Vin, (£)

Iyias, = g3Vin, (t)

I' = =R \/gm,Gm; Vin, (©)- Vin, (£)

The output of the multiplier is taken from OTA4 and is expressed as

I = _Uinl(t)vinz (t)kmul

Where k,,,,,;; i1s multiplier coefficient.

(3.8)

(3.9)

(3.10)
(3.11)

(3.12)

(3.13)
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% R |‘ ~
< | T
= L Ibias1 DTAET _
‘[ + Vin2(t)

Fig.3.6. OTA based multiplier circuit

4.3.2. SIMULATION RESULTS

The OTA based multiplier circuit in Fig.3.6 consists of four OTAs and is simulated using

0.35um technology. The aspect ratio of transistors in all

OTAs of Fig.3.6 are

W/L=10pm/1pym for PMOS devices and W/L=5um/lum for NMOS devices. The two

voltages applied arev,; and v, where v, is taken on x axis which sweeps from -100mv to

+100mv and v, is taken as Omv,-25mv and -50mv for which the output is taken on y axis.

The dc characteristics of OTA based multiplier is shown in Fig.3.7.
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-18uf -
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-100my -5 8my Gl 5 6mU 160my
V1 (voltage)
Fig.3.7. DC characteristics of OTA based multiplier
3.4. DIVIDER

3.41CIRCUIT REALIZATION

Divider is an important nonlinear building block that is useful in wide range .of applications
such as telecommunication, control, instrumentation and signal processing. Fig. 3.8 shows the

OTA-based divider. The output of the divider is expressed as

_ Uinl(t)
Vain () = .0 Kaiv (3.14)

Where Kj;,, is the divider coefficient.
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OTA1
Vin1(t) —

\_J

OTA2
Vdiv(t)

Multiplier

Vin2(t)

Fig.3.8 OTA based divider

3.41SIMULATION RESULTS

The divider circuit is implemented using two OTAs and a multiplier of Fig.3.6 that is the

integral part of the divider circuit. The divider circuit of Fig.3.8 is simulated using 0.35um

technology. The Fig 3.9 shows the divider function as%where V,sweeps from 0 to 100mv
2

and V1 is taken as -50mv Omv and 50mv.

8 8mu
v1/v2
o \
ﬂ\
——— V1 = 50mVv
W
o1
=
=] Vi1=0mv
- au
=
=
=%
=
=
(=]
L V1 =-50mV
/ﬂ-’.———-——_—
— L @mU -
—88muU T T T T T
28mJ L AmU 6 8mU 80mU 188muU

au

V2 (voltage)

Fig.3.9. Divider output showing V1/VV2 (V2: 0 to 100mv for V1: -50mv,0mv, 50mv)
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3.5. MULTI INPUT SINGLE OUTPUT UNIVERSAL FILTER

3.5.1 CIRCUIT REALIZATION

Depending on the number of the inputs provided and output obtained on the terminals,
filters are classified into two classes: (i) single-input multiple-output (SIMO) [37]-[41] and
(i) multiple-input single-output (MISO) [37]-[48].The MISO filters provide variety of
circuit characteristics with different input connections. In comparison with the SIMO
filters, the MISO filters can result in reducing the number of active elements used and to
realize a large variety of filter functions. MISO Universal filter provides low pass, band-pass,
high-pass, band-stop and all pass filters in a single topology. Figure 3.10 represents a three-
input one-output voltage mode electronically tunable voltage-mode universal biquadratic
filter with three inputs and one output using five simple OTAs, two grounded capacitors and
one MOS resistor[36]. The natural frequency and the quality factor of this filter can be
controlled orthogonally and electronically by adjusting the bias currents. If v;,,, v;,zand

Vin3 are the input signal voltages, the output voltage v,,,; of Fig.3.10 can be expressed as

Vo= (526162R1 + R19m19m2)Vin1 — (SC2R19m3)Vinz — (R19m19m2)Vin3

(3.15)
? 52C1 C3 + SCiR1Gma9m3s + Im19m2
Vinl
L +
_|_
ama £m3 Vo
— § R1
C o —
1 oTAq OTA3
Vin2
OTAs

Fig.3.10. MISO Universal filter
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From the Fig.3.10 low pass, high pass, band pass and band stop filters can be obtained as

Low pass: Vipy = VsigVinz = Vinzg =0 (3.16)
Band pass: Vin, = Vsig Vint = Vips =0 (3.17)
Band stop: Vipz = Viig Vint = Vinz =0 (3.18)
High pass: Vin1 = Ving = Vsig,Vinz = 0 (3.19)

The natural frequency (0) and the quality factor (Q) of this MISO filter can be expressed as

gmlgmz
= ’ 2
1 Co9m1
Q = ’ 3.21
R19m3 | C19m2 ( )

3.5.2. SIMULATION RESULTS

The four configurations Low pass, Band pass, Band stop and High pass are implemented
and simulated using 0.35um CMOS technology by feeding the three inputs as explained in
(3.6) to (3.9).The aspect ratio of transistors in all OTAs of Fig.3.10 are W/L=10um/1um for
PMOS devices and W/L=5um/1um for NMOS devices. The biasing currents for OTA4 and
OTA: are fixed as 20pA and the power supplies are given as Vpp and Vss= 1.65 V. Capacitor
Cy and C, are of 10pF and the biasing currents lapci= labco= S0UA, lancz=37pA. The AC
characteristics of all configurations are plotted using frequency log axis from 30 KHz to 30

MHz showing Low pass, High pass, Band pass and Band stop filters.

In Fig.3.11 the x-axis is the frequency axis where frequency is taken from 30 KHz to 30 MHz
on log scale. The plots indicate the gain at y-axis of a low pass filter.
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Fig.3.11. Frequency response of low pass filter configuration
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Fig.3.12. Frequency response of high pass filter configuration
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In Fig.3.12 the x-axis is the frequency axis where frequency is taken from 30 KHz to 30 MHz
on log scale. The plots indicate the gain at y-axis of a high pass filter.

- ll' -
(2.9715M,.6.0397)
’ﬁ
- E_
a
= (1.43BEM,-8.9893) (6.1598M,-8.9925)
2
=3
- 1 E -
~2 -
AN
T T T Al
J00KHz 1. 0HHz 3. 0HHz 10HHz kK =z
Frequency

Fig.3.13. Frequency response of band pass filter configuration

In Fig.3.13 the x-axis is the frequency axis where frequency is taken from 30 KHz to 30 MHz
on log scale. The plots indicate the gain at y-axis of a band pass filter.
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Fig.3.14. Frequency response of band stop filter configuration

The x-axis is the frequency axis where frequency is taken from 30 KHz to 30 MHz on log
scale. The plots indicate the gain at y-axis of a band stop filter.

3.6. SUMMARY

In this chapter some existing applications of OTA are implemented and verified through SPICE

simulator. The applications include differentiator, integrator, divider, multiplier and multi-input single

output voltage-mode Universal filter.
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CHAPTER 4

LITERATURE SURVEY OF SHADOW FILTER

4.1. INTRODUCTION

The characteristics of a filter for example characteristic frequency, quality factor and
bandwidth can be modified either by altering the values of the passive components that are
utilized in designing the filter or by adjusting active block trans-conductance electronically
New method for electronic tuning of the filter parameters has been implemented in a
recently proposed family of second-order filters [17] known as the shadow filters. Here an
external amplifier is placed in the feedback path and its gain (G) is varied to change the filter
characteristics. This concept is popularly known as shadow filter and is gaining research
interest [17]-[27]. In these filters, the filter characteristics zero to infinity while in practice
from very low to very high. This is because of its ability of modifying the various parameters
of the filters; for example the bandwidth, over a wide range by only adjusting the gain using
amplifier. A fast hop between the two continuous center frequencies may be achieved. The
theory of shadow filter can be applied to voltage- mode or the current-mode circuits.
Various terminologies have been used to realize the shadow filters in the past. In this chapter

the terminologies related to shadow filter are reviewed.

4.2. AVAILABLE TOPOLOGIES OF SHADOW FILTER

The generalized block diagram of second order shadow filter is shown in Fig.4.1 [28] in
which inputs and outputs are in the form of voltage. So it is called to be working in voltage
mode. H(s) is a band-pass transfer function while Hai(s) is a low-pass transfer function, both
being of second order with the same denominator and the characteristics of the modified
transfer function H’(s) = Vo/Vin retains the band-pass characteristics but with constant

centre frequency, variable Q, and constant value of the product of centre frequency and Q.

26




Vo = Vi H(S) = Vin H'(S)

Vin - Vi
,f_l_ . >
N Basic Second Order
Filter Vi Hl(S}

Fig.4.1. Second order voltage mode shadow filter

The feedback in the Fig.4.1 can be taken from any output s or a combination of them. Thus
H(s) and H1(s) are of the forms.

d+es+fs?

H(s) = W (4.1)
__ a+bs+cs?
H,(s) = sz+(%)+woz (4'2)
By analysis of Fig. 1, we get
I _ H(s)

H'(s) = 1-GH, (s) (4.3)
From (4.1), (4.2) and (4.3) we get

HI(S) — 2d’+e'5+f152 (44)

!
s +(%)s+wro2

Where (&, ¢’,f,) = (d,e, f)/(1— Gc)

wo' = J(wo?—Ga)/(1—Ac) ; Q' = J(1-Gc)/wo?—Ga)/(wo— GhQ)
The topology of shadow filters in Fig.4.1 does not provide orthogonal tuning of filter

characteristics. This limitation is overcome by placing two parallel amplifiers in feedback

loop and thus providing orthogonal tuning which is shown in  Fig.4.2. In this topology two
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outputs at the same time are feedback to the input but it uses the summer amplifier in its
circuit. In Fig 4.2 [15] the outputs VLP and VBP are feedback to the input.

GL ‘
VE |, VP
Fa In »
W DyvIn
t\—:’? Basic Second Order VHP .
Filter v "
BP
GB.VEBP

Fig.4.2.Voltage mode shadow filter with two feedback

Topologies shown in Fig.4.1 and Fig.4.2 uses additional summer amplifier in its circuit to
overcome this drawback a new topology which eliminates the need of the summer in the
shadow filter circuit is shown in Fig.4.3 which is in the form of multiple input single output
[29]. Figure 4.3 shows the one feedback multiple input single output voltage mode shadow
filter.

Vin1
Vinz

Second order filter Vo

Vin3

]
<]

Fig.4.3.multi input single output one feedback shadow filter
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Shadow filter topology shown in Fig.4.3 uses single feedback therefore a single parameter
of shadow filter either frequency or bandwidth can be controlled at a time. A new topology in
which both the center frequency and bandwidth can be controlled at the same time by using

two feedback amplifiers with gain G1 and G2 [29] is shown in Fig.4.4.

Vin1

Vinz
" Second order filter

Vin3

Vo

/o\ /2\

Fig.4.4. Multi input single output two feedback shadow filter

A topology shown in Fig.4.1 in which inputs and outputs are in the form of voltage but at

new topology is also possible in which the inputs and outputs are in the form of current and is

named as current mode second order shadow filter is shown in Fig.4.5.

IBpP

»
>

Band Pass output

ILp

i

Low Pass output

IE -
£ mylin
7 Basic Second Order
Filter
G.Ip
’

Fig.4.5. Second order current mode shadow filter
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A topology shown in Fig.4.2 in which inputs and outputs are in the form of voltage and two
outputs at the same time are feedback to the input. Relative to this topology at new topology
is also possible in which the inputs and outputs are in the form of current and two outputs in
the form of current at the same time are feedback to the input and is named as current mode
second order shadow filter with two feedbacks is shown in Fig.4.6. In Fig 4.6 [18] the
outputs ILP and IBP are feedback to the input.

Gi e GL ‘
Low Pass output
IE L 2 lin X
> | I
\—:’? Basic Second Order .
Filter T HR
Band Pass output
Gy lep >
" lep
ol

Fig.4.6. Second order current mode shadow filter with two feedback

4.3. CLASSIFICATION OF SHADOW FILTERS

Shadow filters are also classified as class-1, class n-1 and class n. In [19] the shadow filter
generalization to nth class has been introduced in which shadow filters are extended to class n
filters where n is positive integer. Figure 4.7 shows the Class n-1 shadow filter, the low pass
output of which is amplified by a factor (1 - G) in order to get the gain back to its initial value

(unity). Fig.4.8 shows the class n shadow filter its centre frequency is given by f,G, =

foGn(n — 1)m = f,G(1 - G)O.S
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In class n shadow filter the gain of the band pass output remains unchanged while the gain of
the low pass output is divided by (1 - G).

VBP
Vin
7 (n-1) class Filter
VLp
Fig.4.7.Class n-1 shadow filter
VE . Vep
— Vin -
——
¥ (n-1) class Filter
Vip
—
G.Vie

.
N

Fig.4.8.Class n shadow filter

4.4, AVAILABLE LITERATURE

Available literature shows that various active blocks have been used for the implementation
of shadow filters. In [17] the implementation of second generation current controlled
conveyor (CCCII) based current-mode shadow filter has been presented. The circuits have
utilized four CCCII blocks and are used for realizing a band pass filter having variable center
frequency and quality factor but keeping the bandwidth constant. The CCCII has also been

used in [27] to realize a band pass shadow filter. In [18] the idea of [17] has been extended
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to control the bandwidth and the quality factor keeping the center frequency constant. In
[18] a Z-copy of current inverter trans-conductance amplifier (ZCCITA) based current-mode
band pass filter has been presented. The circuit has used the two ZC-CITA blocks and also
two current amplifiers. The idea of [17] was extended in [19] in which a CCCIl based
shadow filter generalization to class-n. In [20] the idea of [1] was further extended to keep
constant the center frequency and varying the quality factor but no practical implementation

was shown in [20]. Practical applications of CCCII based shadow filters were proposed in
[21-24]. Shadow filters utilizing the current difference transconductance amplifier (CDTA)
and the voltage difference transconductance amplifier (VDTA) were proposed in [25] and
[26] but these are not easily available 1Cs. In [29] new voltage-mode shadow filters have
been presented and it has utilized easily available current-feedback operational-amplifier

(CFOA). The circuits have been implemented in voltage mode, and not in the current-mode
as presented in [17-19], [21-27]. In [30] a new shadow filter is presented using operational
transresistance amplifier (OTRA). In which an amplifier is added externally in the feedback
path of the filter and by controlling the gain of an amplifier the characteristics of this filter is
tuned and depending on the value of gain of the external amplifier the filter characteristics are
varied from low values to the high values. New Voltage mode shadow band pass filter is
presented in [31] using current-feedback operational-amplifier (CFOA) and the parameters of
the filter are controlled by varying the gain of external amplifier. In [32] new voltage-mode
shadow filters using low-voltage low-power differential difference current conveyor (DDCC)
has been realized. A new topology for realization of shadow band pass filter using the
current-feedback operational amplifier (CFOA) has been presented in [33]. The proposed
circuit has utilized the CFOAs, avoiding the external summing amplifier for implementing
the shadow band pass filter with controlled center frequency. In [34] a new frequency agile
filter has been presented with 3 dB bandwidth of 14 MHz for a wideband LNA, which
provides 9.5 dB selectivity at 40 MHz frequency offset and the band gain is also reduced due
to the switch on time of mixer switches. In [35] a new frequency agile filter for analog signal
processing has been presented by using MOS only technique. As compared to the other
building blocks, in analog this filter is realized using the MOS transistors only and the
parasitic capacitances of the MOS transistors are used avoiding the use of the classical
capacitors providing the advantages of improved frequency range and the low power

consumption.
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4.5. SUMMARY

In this chapter gives the brief introduction of shadow filter. Various available topologies of

the shadow filter are discussed. The classification of shadow filter based on the class has also
been provided, also an extensive survey of shadow filters has been provided.
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CHAPTERS

SINGLE FEEDBACK SHADOW FILTER

The shadow filters can have single feedback or two feedback structures. In this Chapter new
structure of single-feedback shadow filter is proposed and the various configurations of
single-feedback shadow filters like band pass shadow filter, high pass shadow filter, low pass
filter and notch filter shadow filter are also implemented. The present work uses OTA as an

active block for developing these shadow filters circuits.

5.1. PROPOSED OTA SHADOW FILTER USING SINGLE FEEDBACK

The block diagram of the proposed single feedback shadow filter structure is shown in
Fig.5.1. The proposed shadow filter in Fig.5.1 does not require additional summing circuit in
contrast to the shadow filter [17] as it is built with three inputs one output second-order filter

[36] instead of one input two outputs second-order filter [17].
The second-order filter transfer function presented in [29] can be expressed as

_ T1(S)Vin1 - Tz(S)Vinz - Ts(S)Vins

Vo 5
a,s<+a;s+ay

(5.1)

With V,,,3 = GV,where G is positive real number, then the transfer function of the structure of
Fig.5.1 can be expressed as
T ($)Vin1 — T2($)Vinz

= 5.2
°  ays?+a;s+ay+ GTs(s) (5:2)
Vin1
'I.Jl'.

n? Second order filter Vo

Vin3

<
N

Fig.5.1 Single feedback shadow filter structure
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5.2.PROPOSED BANDPASS SHADOW FILTER WITH

CONTROLLABLE CENTER FREQUENCY
5.2.1. CIRCUIT REALIZATION

Figure 5.2 shows a proposed shadow band pass filter. It is obtained by modifying the
topology given in [36]. In Fig.5.2 the external voltage amplifier with gain G is built around

the circuit of Fig.3.10 from V, to V;,,swith input signal applied to V;,, and V;,; grounded.

The transfer function for Fig. 5.2 is computed as

Ry
(C_1 gm3s) Vsig
Vo = 2 R1igm29ms Imi19mz Rigmi19mz (53)
s® + s + +G———
Cy C1C; C1C;

Where G = gmeR>

Equation (5.3) is the transfer function of a Band Pass filter with center frequency and

Bandwidth given by

_ |9m19m2
w, = j—cl 3 (1+ GR,) (5.4)
R
BW = 1Im29m3 (5.5)
G,

Equation (5.4) shows that the center frequency of band pass filter can be controlled by the

gain G of the external amplifier and the bandwidth remains constant.
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Vsig
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Fig.5.2. OTA- based voltage-mode shadow band pass filter

5.2.2.SIMULATION RESULTS

The SPICE schematics of OTA based voltage mode shadow band pass filter is shown in
Fig.5.3.The shadow band pass filter is verified through SPICE simulators using the circuit of
Fig.5.3 with 0.35 pum CMOS process from TSMC. The aspect ratio of transistors in all OTAs
of Fig.5.3 are W/L=10um/1um for PMOS devices and W/L=5pum/1um for NMOS devices.
The power supplies are given as Vpp= -Vss= 1.65 V. Capacitor C; and C; are of 10pF and the
biasing currents labci= labc2= S50PA, lancs=37LA. The biasing currents for OTA4 and OTAs are
fixed as 20pA. Other circuit components are taken as C1 = C, = 10pF, R1 = 10kQ, R2 = 5kQ.
Figure 5.4 shows simulated frequency response where the four traces represent four
different values of gain (G, 2G, 4G, 8G). It can be clearly seen that the center frequency is
varying with gain G of the feedback amplifier having value 3.6 MHz for gain G, 4.13 MHz
for gain 2G, 4.88MHz for gain 4G and 5.8 MHz for gain 8G.
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Fig.5.4. Frequency responses of shadow band pass filter with controllable center frequency
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5.3. HIGH PASS FILTER WITH CONTROLLABLE BANDWIDTH

5.3.1. CIRCUIT REALIZATION

Figure 5.5 shows a proposed shadow high pass filter obtained by modifying Fig.3.10 of [36].
In Fig.5.5 the external voltage amplifier is built around the circuit of Fig.3.10 from V, to V;,,,

having gain G and input signal applied to both V;,;and V;,5.

Vit = Vsig
Vina = GVp
Ving = Vsig

Where G = gn6R>

k B
L —f' + Vo
+ gma + eme -
B g2 — 2R
EmM1 1 )
Veig — OTA4 OTA3 1
OTA1 OTA2 1 =
OTAs
_I_
gmé
Rz -
OTAs

Fig.5.5. OTA-based voltage-mode shadow high pass filter

With the above modifications applied the transfer function of (3.5) can be expressed as
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s?R,V;
v, = 1 st (5.6)

R R
52 + S( 19m29m3 +G 1gm3) + Imi19Imz
) C1 C1C;

Where G = gmeR>

Equation (5.6) is the transfer function of a high pass filter with center frequency and

Bandwidth given by

_ Imi19m2
wy = ’ C.C, (5.7)

R R
BW = 19m29m3 4G 19m3 (5.8)
C, Cy

Equation (5.8) shows that bandwidth of high pass filter is controlled by the gain G of the

external amplifier and the center frequency remains constant.

5.3.2. SIMULATION RESULTS

The SPICE schematics of OTA based high pass filter is shown in Fig.5.6. The high pass
shadow filters is verified through SPICE simulators using the circuits of Fig.5.6 with 0.35 pum
CMOS process from TSMC. The aspect ratio of transistors in all OTAs of Fig.5.6 are
W/L=10um/1um for PMOS devices and W/L=5um/1um for NMOS devices. The biasing
currents for OTA4 and OTAs are fixed as 20pA and the power supplies are given as Vpp= -
Vss= 1.65 V. Capacitor C; and C; are of 10pF and the biasing currents lapci= lanc2= S50UA,
labca=37HA. Figure 5.9 shows the gain of the shadow high pass filter of Fig.5.6 with C; = C;
= 10pF, Ry = 10kQ, Rz = 5kQ and for gain =G, 2G, 4G, 8G. The four traces of Fig.5.7 are for
the four different values of gain (G, 2G, 4G, 8G). It can be clearly seen that the bandwidth of
shadow high pass filter is varying with gain G of the feedback amplifier
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Fig.5.7. Frequency response of shadow high pass filter with controllable bandwidth
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The x-axis is the frequency axis where frequency is taken from 300 KHz to 30 MHz on log
scale. The plots indicate the gain at y-axis of a high pass filter which shows that the
bandwidth of shadow high pass filter is electronically controlled by varying the gain
parameter G of the feedback amplifier having valuel11.25 MHz for gain G, 8.98 MHz for gain
2G, 7.51MHz for gain 4G and 4.98 MHz for gain 8G.

5.4 LOW PASS FILTER WITH CONTROLLABLE BANDWIDTH

5.4.1. CIRCUIT REALIZATION

Figure 5.8 shows a proposed shadow low pass filter obtained by modifying Fig.3.10 of [36].
In Fig.5.8 the external voltage amplifier is built around the circuit of Fig.3.10 from V, to V;,,»

having gain G and input signal applied to V;,,5 and V;,; grounded.

Vini =0
Vina = GVp
Wmszlém

Where G = gn6R>

(

k1

|

+
—_gml C1
|~

Vsig
OTA1

Fig.5.8. OTA-based voltage-mode shadow low pass filter
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With the above modifications applied the transfer function of (3.5) can be expressed as

Igmi19m2
Rl Vsig
C1Cy

Vo = (5.9)

R R
52 + S( 19m29m3 +G 1.9m3) + Imi9gmz
Cy Cy C1C,

Where G = g,6R,
Equation (5.9) is the transfer function of a low pass filter with center frequency and

Bandwidth given by

Im19m2
= ’ 5.10
R R
BW = 19m29m3 +G 19m3 (5.11)

Ca Gy
Equation (5.11) shows that bandwidth of high pass filter is controlled by the gain G of the

external amplifier and the center frequency remains constant.

5.4.2. SIMULATION RESULTS

The Low pass shadow filters is verified through SPICE simulators using the circuits of Fig.
5.9 with 0.35 um CMOS process from TSMC. The aspect ratio of transistors in all OTAs of
Fig.5.8 are W/L=10pum/1um for PMOS devices and W/L=5um/1um for NMOS devices. The
biasing currents for OTA4 and OTAs are fixed as 20pA and the power supplies are given as
Vop= -Vss= 1.65 V. Capacitor C; and C; are of 10pF and the biasing currents lapc1= lance=
50pA, lancs=37pA. Figure 5.10 shows the gain of the shadow low pass filter obtained from
Fig.5.9 with C; = C; = 10pF, R1 = 10kQ, Rz = 5kQ and for gain G, 2G, 4G, 8G.
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Fig.5.10. SPICE schematic of OT A-based shadow lowpass filter

The four traces of Fig.5.11 are for the four different values of gain (G, 2G, 4G, 8G). It can
be clearly seen that the bandwidth of shadow lowpass filter is varying with gain G of the
feedback amplifier.
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Fig.5.11 Frequency response of shadow low pass filter with controllable bandwidth
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The x-axis is the frequency axis where frequency is taken from 100 KHz to 10 MHz on log
scale. The plots indicate the gain at y-axis of a low pass filter which shows that the bandwidth
of shadow low pass filter is electronically controlled by varying the gain parameter G of the
feedback amplifier having value 647.50 KHz for gain G, 845.5 KHz for gain 2G, 1.21 MHz
for gain 4G and 1.78 MHz for gain 8G.

5.5.NOTCHFILTER WITH CONTROLLABLE BANDWIDTH

5.5.1. CIRCUIT REALIZATION

Figure 5.12 shows a proposed shadow low pass filter obtained by modifying Fig.3.10. In
Fig.5.12 the external voltage amplifier is built around the circuit of Fig.3.10 from V, to

Vin2 having gain G and input signal applied to V;,,; and V;,,; grounded.

Vini = Vsig
Vina = GVp
Ving =0

Where G = g6R>

With the above modifications applied the transfer function of (3.5) can be expressed as

2 4 9migmz )\
Vo = e T (5.12)
o s2 4+ S(ngngm3 +GR19m3) + (9m1gmz) :
G C1 C1C;

Equation (5.12) is the transfer function of a shadow notch filter with Bandwidth given by

RiGm29m3 LG Ri9ms
G, G

Im19mz2
= 5.14
W, ’ .G, (5.14)

Equation (5.13) shows that bandwidth of notch filter is controlled by the gain G of the

BW =

(5.13)

external amplifier and the center frequency remains constant.
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Fig.5.12. OTA-based voltage-mode shadow notch filter with controllable bandwidth

5.5.2. SIMULATION RESULTS

The shadow notch filter is verified through SPICE simulation using the circuit of Fig.5.13
with 0.35 um CMOS process from TSMC. The aspect ratio of transistors in all OTAs of
Fig.5.12 are W/L=10pum/1um for PMOS devices and W/L=5um/1um for NMOS devices.
The biasing currents for OTA4 and OTAs are fixed as 20pA and the power supplies are given
as Vpp= -Vss= 1.65 V. Capacitor C; and C; are of 10pF and the biasing currents lanc1= labc2=
50pA, lancz=37HA. The results shown in Fig.5.14 shows the gain of the shadow notch filter
obtained from Fig.5.13 with C1 = C2 = 10pF, R1 = 10kQ, R2 = 5kQ, R3 = 5kQ and gain =G,
2G, 4G, 8G for controllable bandwidth.
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In Fig.5.14. the x-axis is the frequency axis where frequency is taken from 300 KHz to 30
MHz on log scale. The plots indicate the gain at y-axis of a notch filter which shows that the
bandwidth of shadow filter is electronically controlled by varying the gain parameter of
feedback amplifier. Figure 5.14 clearly indicates that the BW for gain G is 5.26 MHz and
increases with gain having BW 9.2 MHz for gain 8G.

5.6.SUMMARY

In this chapter a new structure of single feedback shadow filter is proposed and also various
configurations of single-feedback shadow filters like band pass shadow filter, high pass
shadow filter, band pass shadow filter and notch filter are also implemented and simulated to
verify the simulation results with the theoretical values. The filter responses are simulated to

validate the workability of the proposed filter.

47




CHAPTER 6

TWO FEEDBACK SHADOW FILTER

The shadow filters can have single feedback or two feedback structures. In this Chapter the
two feedback shadow filter structure has been implemented and also shadow notch filter with
controllable center frequency and bandwidth is implemented and simulated. The present

work uses OTA as an active block for developing the shadow filter circuit.

6.1. PROPOSED OTA SHADOW FILTER USING TWO FEEDBACK

The Block diagram of the two feedback shadow filter structure is shown in Fig.6.1. The
shadow filter in Fig.6.1 contrast to the shadow filter presented in [17] does not require
summing circuit and also this second-order shadow filter has three inputs and one output
rather than one input and two outputs as in [17]. The second-order filter transfer function
presented in [29] can be expressed as

Vo= T1(S)Vin1 — T2()Vinz — T3(5)Vins
° a,s? + a;s + a,

6.1)

With Vi, = G,V, and V;,,3 = G,V, where G1 and G are positive real numbers, then the

transfer function of the structure of Fig.6.1 can be expressed as

Vo= T1($)Vima
°  ays?+a;s+ag+ G,TL(s) + G T5(s)

(6.2)

The Equation (6.2) clearly indicates that by changing the transfer function T,(s), T,(s)
and T;(s) the structure of the filter can be modified to the desired filter such as LPF, BPF
and HPF. The center frequency the gain and the bandwidth of the modified filter structure
shown in Fig.6.1 can be electronically controlled just by changing external parameters G, and

G,without changing any of the components of second order itself.
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Fig.6.1. Two feedback Shadow filter structure

o

Let T;(s) = s?+b,, T,(s) = by;sand T;(s) = b,, then (6.2) after rearranging can be

rewritten as

(52 + by)Vins

o= a,s? + a;s + ay + Gybys + G1b, (63)
The (6.3) can be rearranged as
s+ b,)V;
( 0) inl (64)

V. =
° ays?+ (a; + Gyby)s + (ag + G1by)

Where coefficients a,, a,, a,, by, by, b, are constants.

Equation (6.4) shows the transfer function of a second-order band stop voltage-mode filter

whose center frequency and bandwidth is given by
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w, = a—z (65)
+ G,b
BW = mla—m (6.6)
2

Equation (6.5-6.6) shows that the center frequency can be electronically controlled by
adjusting the gain G, of the external voltage amplifier of Fig.6.1 without disturbing the
bandwidth and the bandwidth can be electronically controlled by adjusting the gain G,of the
external voltage amplifier without disturbing the center frequency. Hence center frequency
and bandwidth can be independently controlled.

6.2. PROPOSED NOTCH FILTER WITH CONTROLLABLE CENTER
FREQUENCY AND BANDWIDTH

6.2.1. CIRCUIT REALIZATION

OTA based shadow notch filter obtained by modifying Fig.3.10 of [36] is shown in Fig.6.2.
In Fig.6.2 the two external voltage amplifiers are built around the circuit of Fig.3.10 from V

to V;,,, having gain G1 and V, to V;,,3having gain G, and input signal applied to V;,;.

Vini = Vsig
Vinz = G1V,
Vins = G2V,

Where G1 is the gain of amplifier consisting OTA6 and G2 is the gain of amplifier consisting
OTA7.
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Fig.6.2. OTA-based voltage-mode shadow notch filter
With the above modifications applied the transfer function of (3.5) can be expressed as

Rl (Sz + gmlgmz) Vsig
v, = GG 6.7)
o 2 R19m29ms R19ms3 Im19m2 R1gm19mz )
s4 + s + Gl + + GZ
C; G GG GG

Where Gl = gm6R2
Gz = gm7R3

Equation (6.7) is the transfer function of a shadow notch filter with center frequency and Bandwidth

given by

+G, (6.8)

w. = Im19mz2 Ri9m19m2
? (16 C,G;

R R
BW = 19m29m3 4G, 19m3 (6.9)
G, Gy
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Equation (6.8) and (6.9) shows that the center frequency and the bandwidth of notch filter

are controlled by the gain G, and G, of the external amplifier respectively.

6.2.2. SIMULATION RESULTS

The shadow notch filter is verified through SPICE simulators using the circuit of Fig.6.3
with 0.35 pum CMOS process from TSMC. The aspect ratio of transistors in all OTAs of
Fig.6.2 are W/L=10pum/1pum for PMOS devices and W/L=5pm/1um for NMOS devices. The

biasing currents for OTA4 and OTAs are fixed as 204A and the power supplies are given as

Vop and Vss= 1.65 V. Capacitor C; and C» are of 10pF and the biasing currents lapci= labc2=
50UA, lancz=37HA. The results shown in Fig.6.4 and Fig.6.5 shows the gain of the shadow
notch filter obtained with C1 = C2 = 10pF, R1 = 10kQ, R2 = 5kQ, R3 = 5kQ and gain =G,
2G1, 4G4, 8G; for controllable bandwidth and gain =G», 2G;, 4G, 8G. for controllable
frequency. The four traces of Fig.6.4 are for the four different values of gain (G, 2G1, 4Gy,
8Gy). It can be clearly seen that the bandwith is varying with gain G: of the feedback
amplifier. The four traces of Fig.6.5 are for the four different values of gain (G2, 2G», 4Gy,
8Gy). It can be clearly seen that the center frequency is varying with gain G2 of the

feedback amplifier .

e S
Wig®

o

Fig.6.3.SPICE schematic of OTA-based voltage-mode shadow notch filter with two feedback
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Fig.6.4. Frequency response of shadow notch filter with controllable bandwidth

In Fig.6.4 the x-axis is the frequency axis where frequency is taken from 300 KHz to 30
MHz on log scale. The plots indicate the gain at y-axis of a notch filter which shows that the
bandwidth of shadow notch filter is electronically controlled by varying the gain parameter
G, of feedback amplifier having OTAs. Figure 6.4 clearly indicates that the BW for gain Gy is
5.26 MHz and increases with gain having BW 9.2 MHZ for gain 8Gs.
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Fig.6.5. Frequency response of shadow notch filter with controllable center frequency

In Fig.6.5 the x-axis is the frequency axis where frequency is taken from 300 KHz to 30
MHz on log scale. The plots indicate the gain at y-axis of a notch filter which shows that the
centre frequency of shadow notch filter is electronically controlled by varying the gain

parameter G, of feedback amplifier having OTAz.

Figure 6.5 clearly indicates that the centre frequency for gain G; is 2.89 MHz, for gain 2G; is
3.31 MHz, for gain 4G is 3.75 MHz and 4.1 MHZ for gain 8G..

6.3. SUMMARY

In this chapter a new structure of two feedback shadow filter is proposed and also shadow
notch filter with controllable center frequency and bandwidth is implemented and simulated.

The filter responses are simulated to validate the workability of the proposed filter.
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CHAPTER Y

CONCLUSION AND FUTURE WORK

This thesis presents realization of a new OTA based voltage mode shadow filter. In the
introductory Chapter a brief on evolution of filters and their importance in electronic circuits
has been presented which leads to motivation for the work undertaken. Detailed objective of
the work is presented thereafter. The OTA block is realized and characterized in Chapter 2
through SPICE simulations. OTA based applications are realized and simulated in Chapter3
from which it can be concluded that the OTA provides an electronic tuning capability of its
trans-conductance gain by adjusting its bias current or voltage and can be implemented by
using both bipolar and CMOS technologies also the circuits implemented by using the OTA
does not require a resistor which is ideal for any of the integrated circuit implementation. A
review of existing literature on design of shadow filter has been presented in Chapter 4.New
single feedback voltage mode shadow filter has been proposed in Chapter 5.New voltage-
mode implementations of the shadow band pass, high pass, and low pass filters have been
presented. In Chapter 6 new two feedback voltage mode shadow filter has been proposed and
also new two feedback shadow notch filter implementation have been presented. The

proposed voltage mode shadow filter has the following advantages. i) MISO configuration is
used which does not require additional summing amplifier. ii) The parameters of this filter
can be electronically controlled by adjusting the gains of the external amplifiers easily. iii)
While realizing the filter responses, we require no component-matching and also no inverting

inputs are required. For validating the responses of proposed filter, it is simulated using 0.35
pm CMOS process from TSMC and the results agree with the theoretical values. The future
work includes the generalization of OTA based shadow filter so that any multiple input single

output filters can easily converted to the shadow filter without using the summing circuits.
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