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Abstract

The present work deals with the design of low pass filters such as 3rd order Gm-C filter, a duty cycle
controlled low pass and a complex band pass filter that can be operated for high frequency appli-
cations. The linearity and power consumption of a CMOS Gm-C filter are studied and optimized.
Firstly, a doubly terminated 3rd order low-pass Gm-C filter is designed. The cut-off frequency is
varied through capacitor and transconductance (Gm) of Operational transconductance amplifier
(OTA). A high linearity is achieved by using cross-coupled differential pair OTA. The 3rd order
Gm-C low-pass filter uses gyrators to implement inductor and a highly linear cross-coupled differ-
ential pair OTA to implement the resistor. The power consumption is 16.44 mW with 1.8 V supply.
Secondly, a duty cycle controlled reconfigurable low pass filter is designed. Variable Gm is achieved
using a variable duty cycle clock pulse. Thirdly, a complex band-pass filter is designed on the basis
of a low pass filter using the linear frequency transformation technique. The bandwidth, center
frequency, and quality factor are made variable by using a variable duty cycle clock pulse. Low
pass filter with a bandwidth of 0.3MHz to 30MHz is achieved. By using frequency transformation
technique complex band pass filter with center frequency of 1.2MHz is achieved. Variable duty cycle

clock pulse is obtained using the counter, an equalizer and delay flip flops.
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Chapter 1

Introduction

1.1  Filters and Filter theory

Filters are the major building block that process signals based on their frequencies. These filters
are basically designed to separate signals of interest and to attenuate the unwanted noises (or) fre-
quencies that are received by the receivers. These filters are used for various applications depending
on the type of usage. In application like data conversion, filters are used to eliminate the effects
of signal distortion in A/D systems as they are used in reconstruction of signal at the output of
D/A, eliminating the high frequency components, such as its sampling frequency and its harmonics,
therefore smoothing the waveform. Several hundred filters are developed for various practical appli-
cations in order to meet the need of end-users. Despite several kind of filters, many of them can be
explained by a few characteristics. The most important characteristic is the frequency range of the
pass band. A filters pass band is the range of frequency over which an incoming signal is passed.The
signal frequencies lying outside the pass band are usually attenuated. Most of the filters fall into
any one of the categories based on their overall shape of pass band such as,
i) Low pass Filter which pass low frequency signals by blocking high frequency signals, where the
excessive phase shift might cause oscillations;
ii) High pass filters which pass high-frequency signals by blocking DC and low frequency signals.
Their pass band ranges from a corner frequency to infinity;
iii) Band pass filters which pass only the signals between two frequencies by blocking the lower
and higher signals. The signals between DC and low frequencies are blocked as signals from high
frequencies to infinity. The pass band of this kind of filters is characterized as having the bandwidth
which is symmetric around center frequency;
iv) Band stop filters (or notch) block signals occurring between two given frequencies, FL and FH.
Their pass band is split into a low-side (DC to low frequency) and a high side (High frequency to
infinity).

An ideal filter will have an amplitude which is of unity for the frequencies of interest (pass band)
and zero for others (stop band). The frequency at which the response changes from passband to
stopband is referred as cutoff frequency. An idealized response of the most common filters are shown

in Figure 1.1
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Figure 1.1: Ideal Response of Common Filter

1.2 Motivation

Modern communication industries need an integrated filter design that can operate in the range of
10 to 100 megahertz and in gigahertz. Various designs of on-chip low-pass analog filters are available
in recent years for band-Limiting to achieve noise reduction and also for equalizing the gain or delay.
Such filters includes i) MEMS resonators, ii) Simple RC filters, iii) Switched-capacitor (SC) filters,
iv) Spiral inductor-capacitor tanks and v) Transconductance-C filters. These low pass analog filters
are designed for a constant delay over a wide range of frequency and also to supply gain equalization
to compensate for losses in the transmission channel. The following section precisely discuss about

the available filters and its limitations.

1.2.1 MEMS resonators

MEMS resonators can provide a quality factor of about 100 but requires an additional MEMS

processing for its fabrication and also requires high voltage for their operation.

1.2.2 Simple RC filters

The Simple RC filters can be operated, has to undergo the variation of resistors and capacitors.
Therefore each resistor has to be tuned after their fabrication. It has the limitation of operating
at high frequency. The problem arises with low frequency Op amp based active RC filter is due to
its integrated capacitor limitation (up to around 30pF). Frequency parameters set by RC product
results in the design of large values of resistors. Larger values consume too much silicon area on

circuit chip resulting in call for huge resistors design ultimately causing noise[1].



1.2.3 Switched capacitor

The SC filters can solve the variation of resistors and capacitors of simple RC filters as their filter
parameters largely depend on the capacitor ratios that can be controlled in complementary metal
oxide semiconductor (CMOS) processes. It is widely employed and uses RC method but avoids
the usage of resistors which is hard to implement in metal oxide semiconductor (MOS) Technology
with greater accuracy. It needs clock frequency generation circuits, anti-aliasing filter at the input,
and smoothing filter at the output. These front-end and back-end filters are usually realized using
second-order active RC filters with high tolerance polysilicon resistors and MOS capacitors. This
overhead as well as the other problems mentioned regarding SC filters led to investigations on
Operational Transconductance Amplifier(OTA)-C filters. However, these filters are not suitable for
the frequencies greater than 10 MHz due to the requirement of unity-gain frequency of Op amp for
the fast settling[2].

1.2.4 Spiral inductor-capacitor tanks

Spiral inductor - Capacitor tanks are suitable for high frequencies which lies in the GHz range. The
resistance of the inductors dominates the reactance of inductance. Moreover, a lot of chip area is

required for the large inductors and the large capacitors.

1.2.5 Transconductance-C (or) Gm-C filter

Gm-C can operate in a wide range of frequencies from several hundred of KHz to more than 100
MHz. It avoids operational amplifiers (Voltage-Controlled Voltage sources) and obtains the gain from
transconductance amplifiers (Iout = gm Vin). The design of gm-C filters uses only transconductance
amplifiers and capacitors which is why the name is termed as the transconductance-C (or Gm-C).
Frequency parameters are set by gm/C ratios which makes transconductance value even at smaller
level readily obtained with normal processing and biasing. The limit of the operation frequency of
these filters is the amount of excess phase which depends on the speed of response of the filters.
Unlike the spiral inductors, the quality factor of gm-C filters can be adjusted by controlling the
output impedance even at lower frequencies[2]. Band pass filters are commonly used in (wireless)
transmitters and receivers. The main function of this filter in transmitters is to limit the bandwidth
of the output signal to band allocated for transmission. A band pass filter allows signals within a
selected range of frequencies to be heard or decoded in receivers, by preventing signals at unwanted
frequencies. A band pass filter can also optimize the signal-to-noise ratio and sensitivity of the
receiver. An ideal band pass filter will have a completely flat pass band with no gain or attenuation
throughout and will completely attenuate all frequencies outside the passband. It is impossible
to have an ideal band pass filter in practice. In real, the filter does not completely attenuate all
frequencies which is not desired. There is a filter roll-off expressed in dB per octave or decade of
frequencies known to be attenuated than being rejected. In the design, the roll-off is made as narrow
as to allow the filter to perform as nearly as its intended design. This is achieved at the expense of
pass band or stop band. A band pass filter can be characterized by Q factor. It is the inverse of the
fractional bandwidth. A high Q filter will have narrow pass band and a low Q filter will have wide
pass band. The present work deals with the design of a low pass filters (Gm-C based) and a complex

band pass filter based on a low pass filter which can be operated for high frequency applications.



1.3 Major objectives of the thesis

Main objective of the thesis is to design the Gm-C low pass filter and complex band pass filter for
high frequency application. Our aim is to design highly linear OTA. The aim of the design is to

achieve variable bandwidth using transconductance and capacitor.

1.4 Thesis organization

The detail of the work is put in the chapters as shown below which is explained completely in later

stages.

Chapter 1 : In this chapter introduction describing the motivation behind the work, literature

survey, objectives and contributions of the present work.
Chapter 2 : Describes basics of implementation of the second order gm-c biquad filter.
chapter 3 : Design of 3rd order low pass Gm-C filter.
Chapter 4 : Design of Duty cycle controlled clock pulse low pass and complex band pass filter.

Chapter 5 : Presents the conclusion of the thesis as well as future directions of this work.



Chapter 2

Research Background

2.1 Transconductance and its behavior

The transconductance is the most important building blocks in analog and mixed mode circuits
which includes multipliers [3 and 4], continuous-time gm-C filters [5 and 6], voltage controlled
oscillators and continuous-time sigma-delta modulators. In order to understand the behavior of
transconductance cell, it is essential to find the transconductance parameters of the model. The
model is restricted to MOS technology in which the analog integrated filters should be able to reside
together with digital circuits on the same integrated circuit. In saturation region, MOS transistor

is governed by the following equation (2.1)
I = JunConlVos — Vin)? (2.1)
The models output current is the total drain current
io = iD (2.2)
The dc bias current Ip and the ac current ip(t) Total current is
io = Ip +ip(t) (2.3)

The input voltage
vy = Vas + V:gs(t) (24)

is the total gate to source voltage, is the carrier mobility, Cox is the oxide capacitance per unit
area of the channel which will have typical value 1.5 F/ m2 and Vt is the threshold voltage. gm can
be adjusted by the width-to-length ratio, W/L, and is proportional to the square root of the bias

current Ip.



2.2 Tranconductance linearization

The main idea is to convert the input voltage into output current with a linear transformation
factor. The passive devices are replaced by active devices that owes to power and area consideration
with high tradeoff of non-ideal performance of system. The foremost non-ideal characteristics of the
transconductor are the limited linear input range, limited output impedance, finite bandwidth and
finite signal-to-noise ratio. The linear performance is of great issue in the design of transconductance
cell. As the feature size of CMOS technology scales down along with supply voltage, bandwidth,
the dynamic range, and power consumption will be limited under specific linearity. There are many
techniques implemented to reduce the variation of gm of differential pairs towards the variation of
Vid. These technique includes i.) Source degeneration, ii.) 2. Cross-coupling. iii.) Compensation

using unbalanced differential pairs and iv.) Active biasing.

2.3 A Second Order Block design
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Figure 2.1: Passive RLC circuit

The present study deals with the second order block design as it starts from the passive RLC
circuit shown in Figure 2.1. The transconductance C implementation is recognized as shown in
Figure2.2. The present study deals with second order block design as it starts from the passive
RLC circuit and a source transformation was performed to get circuit as shown in Figure 2.1. The
transconductance C implementation is recognized as shown in Figure 2.2

Vo is obtained from V5 by integration Eq(2.4), At Vg we have low pass output. The differential
version of Low pass filter is shown in Figure 2.2. Which is obtained from Figure 2.1. Gy,jconverts
the input voltage to a current, Gy,o represents resistor R, the capacitor C; is unchanged and Gyy3
and Gy form a gyrator, which together with the capacitor Co implements the inductor L = C2 /
(Gm3Gm4).The circuit can then be analyzed and for simplicity we use the one to one correspondence

with the passive prototype (Eq 2.1), and obtain the transfer function of low pass filter as given in
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Figure 2.2: Second Order Biquad Filter
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Eq(2.6) represents the low pass filter transfer function[1].
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Chapter 3

Design of Gm-C Low Pass Filter

3.1 Transfer Function of Low pass Filter

T (S) 2Gm2
T 8CLCCy | $2CL(C14C3) | s(Ci4C2)C (3.1)
GZ’LLQ ‘4t émLz =+ ijz =+ 2G
R=1/G=1/Gm (3.2)
R1 L
—VVV '
Vin®)) G = R R2

Figure 3.1: Design of the low pass passive prototype 3rd order low pass filter

3.1.1 Implementation of Resistor and Inductor using OTA

I + +
Vi Gm _
v -
1 ' '

Vi Ve

Figure 3.2: Implementation of Resistor using OTA Grounded resistor,Floating Resistor and Differ-
ential

1
Ip = 3k (Vos = Vin)? (3-3)



Figure 3.3: Implementation of Inductor using Gyrator
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Figure 3.4: A Floating inductor realized using capacitor embedded between two gyrator
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Figure 3.5: Differential realization of floating inductor



3.2 Implementation of Gm-C Low Pass Filter

Common-mode feedback (CMFB) circuits are required to stabilize common-mode voltages. The
CMFB used has an advantage of inherent common-mode voltage available in the OTA, where the
source degeneration resistors in the OTA act also as a common-mode detector [7] Thus, for two
OTAs connected in cascade, the detected in the second OTA is used to control the common-mode
voltage of the first OTA through (gate voltage of M4) in the first OTA. It is implemented with seven
OTAs and three common-mode feedback circuits, as shown in Figure 3.6. Most of the OTAs have
a similar transconductance value for this implementation, but the input OTAs transconductance is
about twice that of the rest of the OTAs to keep a unity dc gain of the filter[8].

]CMFB| CMFB

~—
—t - +o 4] t - ~t I N
S y ¢ )——‘ Y VO P Y N

|

I o CMFB | [+

Figure 3.6: Block Diagram for the implementation of Gm-C Low Pass Filter.

3.3 Operational Transconductance amplifier (OTA) for Gm-
C Low Pass Filter

Active-RC filters have very high linearity and low-noise performances. However, they consume high
power and large silicon area and are only suitable for modest operating frequencies (10 MHz). This is
because high loop gain at high frequencies requires opamps with very large gain bandwidth product.
Transconductance-C ( Gm-C) filters, on the other hand, have relative lower power consumption
and small areas and are suitable for high-frequency operation, but high linearity is hard to achieve
because they operate in open-loop. Continual efforts have been made to improve the linearity of
Gm-C filters. The cross-coupled differential pairs with source degeneration shown in Figure 3.6
have been used to achieve high linearity and high-frequency operation. For this OTA structure, all
transistors operate in the saturation region. The drain current of a MOS transistor is approximated
as shown in equation 3.4. Source degeneration resistors R1=R2=0, the low-frequency differential
output current of a differential pair is given in the equation (3.6) and expanding the equation 2
in a Taylor series and considering only the first terms, we will get equation (3.7). The analysis
can be extended to the case of two cross-coupled differential pair, the differential output current
(with R1=R2=0) becomes as shown in equation (3.8). On adding the source degeneration resistors

R1,R2 and mobility degradation effects R1, R 2 as shown in literature [9], it can be shown that the

10



differential output current can be approximated as expressed in equation (3.8). The low frequency
Small- transconductance Gm for the coupled differential pairs with source degeneration yield is
shown in equation (3.9). To provide independent transconductance control while maintaining good
linearity, a current division approach is used as described in [10] and [11]. The bias tail currents
I and Iy are fixed and optimized for best linearity and the current. Division factor adjusts the
OTA’s transconductance. The division factor a is given by = (rml/2)/((rml/2)+rm2) where rml
and rm?2 are the resistance values of the triode region operating transistors[10] . The factor a can

be controlled adjusting the voltages Vi and Va.

vdd
o II‘lM“ Il‘_J v2 MP 1 I‘_’II MP 1 L'll
ve T _L‘u’l | MP 1 K2 |_LV1 —l g
7L . TF . TT
M7 M6 M7
o__“: s MS :"_ﬁvsz
WBZ
o— — Vo+
Vo-
X Vi Vit
?I: M3VI+°—”: M :"—o l °_1 M2 jl—" :I|_°v33
R1 R1 R2 R2
b1 LA ALY P b2} LW 4 b2
Vo
Vi Ve Vo Vo
ol el N e T e
VSs

Figure 3.7: Cross Coupled Differential with Source Degeneration OTA

3.4 Set of Equation

1
Ip = 5lg(sz — Vin)? (3.4)

2
iod = /2kIpvgt |1 — ( Yd )

2 Vdsat

2
Vd
= gm 1 —
Jmbd (2Vdsat )

11



2
iod:\/leDvd 1—( Yd )

2Vdsat
3.6
Vd 2 ( )
=9gm 1-—
gt (2Vdsat>
| 9Im 3
7 3.7
A (37)
7 — Im1 o 9m2 v
out 1+ er 14 Nr2 d (3 8)
1 ( gmi1 Gm2 ) U3 .
— B ( 3
s Vvdiatl(l ™ er)g ‘/(1283.1:2(]‘ + NTQ)S
Gm = gm1 _ gm2
14Ny 1+ Npo
2 gm1 _ Gm2 (3'9)
HD3 = % Vfiiatl(l""JZ::l)g' V§:;2(1+NT2)3
1+N,1  1+N.2

In the above equations, Ip is the drain current, Vgg is the gate to source voltage, Vi is the

threshold voltage, and k is the transconductance parameter. Vg is the differential input voltage.

3.4.1 Common Mode Feedback

—r

output

vine 1 o~ —

VCM Vin-

— N

Vb1l Vb1

Figure 3.8: Common mode Feedback
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3.5 Gm Linear Plot

14 - M30: 0.0 3.3069m

{m)
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Figure 3.9: Gm linear plot

3.6 Frequency Response

Gain(dB)
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Figure 3.10: Frequency Response of Low Pass Filter with cut off frequency 12MHz,17MHz and
32MHz with variable capacitor

Table 3.1: PERFORMANCE OF THE FILTER

Parameter Value
Technology UMC 180nm
Supply Voltage 1.8V
Filter Type 3rd order
Cut Off Frequency 12M-32MHz

Power consumption(OTA) 16.44mW
Power consumption of filter  15.876mW
CMRR 55dB

PSRR 54dB

13



Chapter 4

Duty Cycle Controlled Low Pass
and Complex Band Pass Filter
Design

4.1 Software Defined Radio Architecture

The Software defined radio (SDR) receiver architecture with tunable function block is shown in
Figure 4.1. The signal received through an antenna interface is amplified by a low-noise amplifier
(LNA) and is directly down-converted to the baseband or IF by a quadrature mixer. The following
analog filter attenuates adjacent interferers and the programmable gain amplifier (PGA) controls a

signal level for the ADC with a limited dynamic range[12].

[

Antenna
Switches

|

DBB

Figure 4.1: Software Defined Radio Transreceiver
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4.2  Design of Duty Cycle Controlled Reconfigurable Low
Pass and Complex Band Pass Filter

The filter control pulses are produced by a variable duty-cycle pulse generator, which basically oper-
ates as a frequency divider, with small overhead in area and power. The design is carried out in three
steps. First a low-pass ladder prototype is represented. Then, replacing the inductors and resistors
in the prototype with transconductors and capacitors, a fully-balanced low-pass filter containing only
transconductors and capacitors is derived. Finally, using linear frequency transformation as shown
in Fig.4.3 by transconductor pairs, the desired complex filter is derived from the low-pass filter. We
replace the inductor L and resistor R in the prototype with transconductors and capacitors to get an
active low-pass filter It can be calculated that the equivalent value of the differential inductor. We
use frequency transformation to derive the structure of a complex band-pass filter based on Gm-C

technique.
Gmru

W, =~ (4.1)

4.2.1 Complex Band Pass Filter Implementation from Low Pass Filter

H (W) H (w—wo)
-We We

Wo-We Wo  Wo+We

Figure 4.2: Linear Frequency Transformation
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— i
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Figure 4.3: Frequency Transformation Circuit
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Input Output
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Figure 4.5: Transmission Gate

4.2.2 Set of equation

1, 0<t<T
phi (t) = o
0, otherwise

(n+1)TcoLx
Qsig = / Gmovi, (1) dx

nTcLk

jw Ty
eJwlon 71 | B
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T(s)=-— G .
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Q :\/ GmgGm4 \/g (4_8)

Gm3

Unity gain frequency depends upon transconductance of the amplifier and load capacitor. Load
capacitor = 1pF . If unity gain frequency is getting varied then we can say transconductance of the
amplifier is getting varied. Gm0=296u

Time

Figure 4.6: Variable Transconductance using duty cycle control (Gm0=296u ,load=1pF)

Gain (dB)

M7. 14,4682MHz 0,048
5

\

Frequency (Hz)

Figure 4.7: Variable Transconductance concept using Duty Cycle Clock Pulse

The DT LPFs are designed based on a second-order filter with independently controlled transcon-
ductors, where the filter characteristics can be tuned by only changing the duty cycle of the control
pulses. A concept of the proposed transconductor is shown in Fig. 4.6. The DT transconductor
consists of a transconductor core and two switches. A single-ended version is depicted for simplicity.
The switching of SW1 and SW2 is controlled by a clock pulse 1 and its inverse , respectively. The
waveforms of the input voltage and the output current are also shown in Fig.4.6 as an example,

When is high-level and SW1 is on-state, the output current of the transconductor core is fed into

17



the following stage. When 1 becomes low-level and SW1 is off-state, SW2 turns on and the output
current of the transconductor core flows to the ground[13]. The clock pulse 1 be equation (4.2) of
inverter based gm where is a hypothetical complex sinusoid of frequency as an input voltage signal.
The transconductance gain of the DT transconductor is time variant. It is Gmo when 1 is high-level,
and zero otherwise, where Gmo is the transconductance gain of the core. Then, the signal charge
transferred to the following stage during n-th sampling period can be expressed as in equation (4.3).
Where Vin (t) is a hypothetical complex sinusoid of frequency as an input voltage signal[12]. By
using the time-averaged signal current, a time-averaged effective transconductance gain becomes as
expressed in Equation(4.4). Under the condition that the input frequency is low enough compared
to the clock frequency, (4.3) can be approximated as expressed in equation (4.4) Equation (4.4)
denotes that can be controlled by the ratio of Tox to Tork, that is the duty-cycle of the clock
pulse. Since the DT transconductor operates like a switching mixer, noise folding will occur; the
wideband noises, such as a thermal noise, are mixed by the sampling clock and down-converted
to the baseband. As for flicker noise, which contributes in a low frequency, it does not experience
noise folding. It does not depend on the duty-cycle too. Furthermore, the flicker noise level itself is
low, because a large-sized transconductor core can be used even if a small transconductance gain is
required in a narrow bandwidth filter mode[13]. Thus, only thermal noise is analyzed here. Provided
that the input-referred thermal noise voltage of the transconductor core in the frequency range f is

expressed in equation (4.5).
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Figure 4.8: Block Diagram of low pass and complex band pass Filter
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4.4 Outputs

4.4.1 Frequency Response of Low Pass Filter

N

Figure 4.16: Frequency Response of Low Pass Filter with Cut off Frequency .35M-51MHZ
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4.4.2 Frequency Response of Complex Band Pass Filter
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Figure 4.17: Frequency Response of Complex Band Pass Filter with Center Frequency of 1.2MHz
and Bandwidth .6M-1.2MHz
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4.4.3 5 bit counter output
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Figure 4.19: counter output
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Figure 4.22: LSB of counter
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4.4.4 Variable Duty Cycle Clock Pulses
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Figure 4.23: Variable Duty Cycle

0.00004

0.0
0.00000

0.00002
Time (sec)

Figure 4.24: Variable Duty Cycle
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Figure 4.25: Variable Duty Cycle

Table 4.1: PERFORMANCE OF THE FILTER

Parameter Value
Technology UMC 180nm
Supply Voltage 18V
Filter Type 4th order
Cut Off Frequency .35MHz-51.16MHz
Center Frequency 1.2MHz
Bandwidth .6MHz-1.2MHz
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Chapter 5

Conclusion and The Future Work

Gm-C filters are capable of operating at high frequency. However, designing operational transcon-
ductance amplifier is challenging. In this research, design of Gm-C low pass filter , duty cycle
controlled low pass filter and complex band pass filter design. In order to optimize the performance
of the Gm-C filter, linearization techniques are investigated and proposed. Another shortcoming
of Gm-C filters is the wide variation of center frequency and @Q due to process variations. This
requires the Gm-C filter to be tunable over a wide range. The Gm-C low pass filter is designed with
cross coupled differential pair OTA. The 4th order duty cycle controlled Gm-C low pass filter and
complex band pass filter is designed .The transconductance is designed using Inverter.Designing Gm
was challenging by using duty cycle control clock pulse. Variable duty cycle clock pulse was achieved
using counter, equalizer, delay FF.

As linearity of OTA is very important parameter while designing of the filter in low power, so
there is lot of scope to design low power highly linear OTA. Different methods are possible to tune

the cut off frequency of the filter.
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