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ABSTRACT

KEYWORDS: Low power; Low voltage; Continuous-timeg,&c filter; Cochlea
architecture; Fixed-transconductance bias; Design degte
Transmission line parameters; ABCD parameters.

This research work presents continuous-time Glow-pass filters in 0.18m stan-
dard CMOS process for operation on 0.5V supply. The filteesaugk-driven transcon-
ductors as their building blocks. Two filters are designechiaate the proposed ideas.
One is a fourth order low-pass filter offering Butterwortlspense with a bandwidth
of 1 MHz. This filter uses standard cascade of biquad ardhitec The second filter
uses Cochlea architecture and offers a second order Buott#rvesponse with 500 kHz

bandwidth.

Of the two filters, the fourth order filter is realized on silicand fabricated us-
ing 0.18um standard CMOS technology from United Microelectronicgpgooation
(UMC). Measurement results reveal that, the filter is povifezient consuming a power
of 56.4uW from 0.5V supply while offering a dynamic range of 45 dB. Tigure of
merit (FOM), computed in terms of energy, is found to be 0135%hen compared
with similar low voltage filters realized on silicon, the pased filter has the lowest

FOM.

The Cochlea low-pass filter is a proof of concept realizatidhis filter also uses
0.18um n-well standard CMOS process from UMC. Simulation ressifisw that the
filter consumes a power of 20V operating on 0.5V supply offering a dynamic range

of 51 dB. Simulated FOM is found to be 0.225fJ.

A bias circuit to fix the bulk-transconductance / gate-tcamsluctance of the tran-

sistor in the transconductor is proposed based on constar@nt generating circuit.



This circuit helps to fix the gate/bulk transconductance thasconductor operating
on 0.5V power supply. A mathematical analysis has been pteden support of the
simulation results. The absolute maximum bulk-transcetahce deviation from nom-
inal value for the proposed scheme is found to be less tha#@at +10 % change
in supply voltage from nominal 0.5V, at room temperature fmdchll process corners.
The absolute maximum deviation in transconductance ishess10 % for the proposed
circuit across the process, supply voltage and temperasuiations. The two conven-
tional circuits, on the other hand, are found to offer ab®olaximum deviation of

about 25.8 % and 35.96 %.

In the last part of this research, a two-port transmissina-(ABCD) parameter
based modeling technique has been presented. This teehampurately models a
class of filters in presence of non-idealities of the trangdcmtor such as finite out-
put resistance and parasitic capacitance. In the propgg@dach, the filter model is
derived/obtained only through CAD simulations as compavitd that of conventional
state-space method which is based on small-signal eqoiveileuit of the filter. The

technique has been demonstrated using the second ordde&ditter.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Emerging market for implantable medical electronics, lese micro-sensors and new
generation portable multimedia devices demands lowesepoansumption for various
reasons like long battery life, cooling requirements, @tiniization etc. (Lopez-Morillo
et al., 2012). Powering such devices by battery is quite titcive, when the devices
are deployed to operate in remote locations, due to assdatftarge replenishing and
battery replacement issues. Also, the advances in bagemblogy is not at par with
the demand and growth of computation and communicatiomtdolyy. Alternative
energy sources are becoming need of the hour to power sudtedevSome exam-
ples are scavenging energy from non-conventional souikesoélar cells, fuel cells,
vibration-to-electric, RF inductive coupling, wirelessvger transmission etc. To inte-
grate these alternative power sources, the DC supply wlteay have to kept at a low
value (Raghunathan et al., 2005; Min-Allah et al., 2007;|&%ani and Conrad, 2008;
Chang et al., 2010). In the near future, it is not uncommorxfeet DC voltage bus

beingat 0.5V.

Growing semiconductor technology has allowed for contusuceduction in the
feature size of the semiconductor devices. Voltage scalasgciated with the reduced
device size have gained popularity with improved power igificy, speed and device
density, specially in digital circuits (Pouwelse et al.03D As an example, perfor-
mance improvement achieved with scaling of the devicesasvehin Fig. 1.1 (Bohr,
2009). The figure highlights the increase in the transistont made possible by the

technology growth over the years..
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Figure 1.1: Scaling of transistors and improvement in thedistor count over the years
(Bohr, 2009).

Continuous technology scaling has improved the performam¢erms of reduced
power and reduced cost per transistor (Chang et al., 20b@)Iolv power requirements
of digital systems without trading speed, have motivatediticlustry to move towards
low voltage operation and similarly for major hand held aretinal applications (Ra-
jput and S.S.Jamuar, 2002; Yan and Sanchez-Sinencio, .260@&her, the increasing
use of mobile electronic products has motivated the ingitistvards reducing the power

for analog and mixed signal circuits too (Allen et al., 1995)

In a typical system on-chip (SoC), analog and RF front endteadong with the
digital circuit and integrated to consume power efficiefByock and Rajamani, 2003).
Unlike digital design, where the trade-off is mainly on twar@meters such as speed
and power, the analog design has multidimensional desagietoffs (Razavi, 1999).
Tuning to these trade-offs is challenging at low voltagez(Bnd Vittoz, 1996). This
poses a huge demand for low-voltage analog circuit desigtaindard digital CMOS

technology.

Scaling dimensions in CMOS technology also demand pragmatiscaling in sup-



ply voltage as well (Mead, 1994). An expected trend in sgabhtransistor dimen-

sion (gate length) and the supply voltage as predicted byntikeenational Technology
Roadmap for Semiconductors (ITRS) in 2012 is shown in FR(ITRS, 2012). It can

be seen that a continuous scaling in supply volatge is eggentd may reach to 0.5V
by the year 2020. In analog circuits, the low voltage operats bound to degrade
the circuit performance, in particular the dynamic range landwidth. The main bot-
tleneck for analog circuit design in standard CMOS techgiel® is that the threshold
voltage of transistors do not scale with supply voltage ¢hpson, 1998; Bohr, 2009).

This can also be observed from the ITRS data as plotted irLFg.

A07E z z z z - - = 30
S : : : : —4— Threshold Voltag
o 0.7 —©— Supply Voltage
8 | ¢ Gate Length o5 =
S : - ; £
> 0.65f : : : {1 £
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Q L : ), - : : : : : . =
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% : : ¢ ()]
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Figure 1.2: Supply voltage, threshold voltage and traosstaling then, now and ex-
pected in future (ITRS, 2012).

There are a few solutions that exist to overcome the linotetiposed by threshold
voltage. One solution to combat this issue is to switch owarano-technology with
low threshold voltage devices (Tang et al., 2006). Howewés,requires the designers
to move to new technology. But, some of the issues in thesmtdagies like channel

length modulation effect, drain induced barrier effectarteling can be of concern.



These may increase the market turn-over time and cost. Anstilution would be to
operate all the device in subthreshold region (Tai et aDg2@or low power. This calls
for availability of accurate models for the devices op@@in sub-threshold; therefore,
a careful design is necessary. Floating gate MOSFETs canbalsised, where one
can tune the threshold voltage for low voltage analog appba, but at the expense of

increased cost.

Bulk-driven technique is found to be useful for low voltageldow power analog
circuit design (Guzinski et al., 1987). Here, the signalppleed to the bulk terminal
of MOSFET and biasing is done through the gate terminal ofdéngce. \oltage at
the bulk terminal modulates the current flow through thedistor. Advantage of bulk
driven device over gate driven device is that it is possiblédave both positive and
negative bias voltaged/gs) for the device. With a small forward bias applied to the
source-body junction, the threshold voltage of the MOSF&T lee lowered. However,
it is to be noted that the gain achieved is very low, sincetitésbulk-transconductance
(gmp) of the device responsible for the gain and not the gatedmarductanceg,). This

can pose some limitations on the achievable gain-bandpidithuct.

This research explores the bulk-driven technique for ze®di transconductors for
low voltage applications operating on 0.5V supply. The aesle uses Transconductor-
Capacitor (G-C) filters as test-vehicle to validate the proposed ideiis. ihteresting
to note that, very few filters are found to be reported in ttexditure for 0.5V operation
and all of them have active-RC architecture, the first beapgprted in 2005 (Chatterjee
et al., 2005). Active-RC filters offer higher dynamic rangken compared to &C
filters for a given power. However, the filter bandwidth isilied by the realizable gain-
bandwidth of the operational transconductance amplifi@Ajdor the given power. If,
the dynamic range requirement is relaxeg,-G filters can be designed to offer higher
bandwidth for the same power. Accordingly, a fourth ordgrGButterworth low-pass

filter has been designed in this research to offer a bandvafiihMHz operating on



0.5V supply. The filter is designed in 0.8 standard CMOS process and has the
highest bandwidth among similar filters operating on 0.5poréed in the literature.
The filter has been realized on silicon. The post-silicotresults show that filter has a
dynamic range of 45 dB and is energy efficient with lowest ggof-merit (FOM). The

test results stand as testimony to the design techniques$ed in this research.

Another issue addressed in this work is the design of biasitirequired to fix the
transconductance at 0.5V supply operation against progeiage and temperature
(PVT) variations. Itis important to fix the transconductewot the transconductor since
the characteristic (bandwidth) of the filter depends on thesconductance. Transcon-
ductance of bulk driven devices are about 4 to 5 times smidéer that of gate driven
device. A small change in the bulk transconductance canrigedo large percentage
change in the over all transconductance of the transcooduBtesigning circuits to
fix the transconductance with in the tolerable limits is trajing at lower voltages
down to 0.5V. Few major issues in designing fixed-transcotahce bias circuit at

low-voltages are listed as follows:

» Lower voltage headroom prevents the use of cascode steuctubias circuits.
» Short channel devices when operated at low voltage, doofiotf square law.

» Small variations in supply voltage can result in large &&oin in the transconduc-
tance.

In this research, a bias circuit has been proposed that firggate-transconductance/
bulk-transconductance of a transistor (in the transcodueagainst PVT variations.
Comparison has also been made with the conventional @reoihighlight the effi-
ciency of the proposed circuit in fixing the transconducéanMathematical analysis

has been given in support of the proposed circuit.

In addition, a second-order Cochlea filter which usgs@architecture is designed
as itis found to have low power consumption. Such filters areraonly found their use

in Silicon Cochlea. Low power requirement, moderate badtiwirequirement of gain
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enhancement at band-edde-tuning) of silicon Cochlea make this filter architecture
well suited (Lyon and Mead, 1988). Design of such filters awenfl to be interesting,
useful for humankind and same is explored at 0.5V. The dasigalidated through
simulation results for the maximum bandwidth which is acaide. The filter can be

easily tuned for the desirgg, one of the important requirements of silicon Cochlea.

In the last part of this work, a method to model the filter basedwo-port ABCD
parameters has been proposed. The proposed method helgssigaer to model a
class of transistor level filters accurately. The model caarived through simulations
without much of designers attention. The accurate modgisheldesign centering the
filter in presence of parasitics. The process of re-tuniegdsponse of a filter for the
desired bandwidth in presence of parasitics is calledesign centeringand this is
normally done with the aid of approximate model of trangistwel filter. In this work
an attempt is made to highlight the limitations of the conirally used state-space
based approach for modeling the filter. The cochlea filterdeen used as the test

vehicle to validate the proposed technique.

1.2 PRIOR WORK

The technique of body biasing is found to be useful for lovtage digital circuits
(Von Arnim et al., 2005; Narendra et al., 2004; Tschanz eRfI02; Chen et al., 1996).
For analog circuits, though the bulk driven MOS transistonaept was proposed in
1987 (Guzinski et al., 1987), it was not so popular among tegers. Of late, lack
of sufficient head room in low voltage circuits has motivatieel analog designers to
move towards bulk-driven circuits. Bulk driven technighese been used for designing
analog circuits like transconductors, OTAs, filters, phias&ed loops (PLLS) etc. at

supply voltages below 1V (Chatterjee et al., 2005; VlasX4?2).

The first integrated continuous-time active filter presémseof Gy,-C type (Mould-



ing and Wilson, 1978). In the last three decades, differechrtiiques have been ex-
plored to design and implement efficient integrated comusdtime filters. A sum-
mary of different architectures for OTA and filters with siegnded and differential
input/output can be found in (Geiger and Sanchez-Sinerd€i85; Sanchez-Sinencio
and Silva-Martinez, 2000). For filters operating on vol&gethe range 2-5V, dynamic
range and bandwidth were of prime concern (Tsividis, 19%le And Allstot, 1996;
Laxminidhi et al., 2009). Later, due to increase in demandbttery operated SoC
designs and with low voltage designs gaining their impaapower consumption has
begun to become one of the prime concerns; for example, tAs @d filters presented
in (Rosenfeld et al., 2004, Blalock et al., 1998; Haga et26105; Raikos and Vlassis,
2010).

Improved performance associated with technology nodergchas boosted the
interest and importance in low-voltage analog designgjquéarly body driven tech-
niques at 0.5V (Chatterjee et al., 2005; Vlassis, 2012; 6xa#t al., 2012). With the
trade-off between power dissipation and frequency of dparéRazavi, 1998), the aim
of minimizing the power consumption has put restrictionsi@maximum speed which
is achievable. With lower power consumption, pushing thedeadth of the filter to

limits is a major challenge. In this research work, an atteisymade in this direction.

Quite a significant research has been carried out on inegjcaintinuous time filters
operating on supply voltages above 1V; to say 1.8V and 3.3wWever, there are only
a few filters found in literature that are operated on sub-Ihé first significant work on
integrated continuous time filter operating on 0.5V was @nésd in (Chatterjee et al.,
2005). It is a fifth-order elliptic low-pass active-RC filter 0.18um CMOS process
with triple-well NMOS devices. The filter has a cut-off frespcy of 135 kHz with
power dissipation of 1.1 mW. The OTAs used in this filter areeghriven. The use of
triple-well process enabled the control over transisteghold voltage for both NMOS

and PMOS transistors through body bias tuning. Such tunlioggawith additional



circuits used to achieve necessary performance are foundrease the complexity of

OTA.

In a similar work presented in (Trakimas and Sonkusale, p@Butterworth low-
pass filter was designed for 10 kHz bandwidth in QuaBtechnology node operating on
0.5 V. However, the paper emphasizes only the OTA designdatalls of the filter are

not revealed; they are not found in literature either.

A G-C filter with bulk driven inputs presented in (Grech et a02) operates on
0.9V power supply which uses Cochlea architecture in n-@®OS process. Another
Gm-C biquad filter presented in (Carrillo et al., 2008) is desigjin 0.35um technology
to operate on 1V power supply. It offers bandwidth of 17.5 Kdia power of 4pW
with a dynamic range of 63.7dB. A 1.5V, 10 kHz bandwidth, OTAewpass filter
is presented in (Carrillo et al., 2010). The filter designed®i35um n-well CMOS
process uses folded cascode OTA. A 3MHz OTA-C low-pass fifteiso presented
in (Carrillo et al., 2011) that uses bulk-driven techniqiesigned in 0.35m n-well

CMOS process, this filter operates on 1.2 V.

In (Zhang and El-Masry, 2007), a filter operating on 1.8V isigeed in 0.1§im
process. This filter has been considered here since it uslesnput transistors. The
filter is a third order elliptic filter having a 3 dB bandwidthbMHz, dynamic range of

45 dB and consuming 4.07 m\W of power.

In all the bulk-driven 1V / sub-1V filters, the use of large ex#ngth of Jum or

above is found to be common. The reasons for this are thenfoltp

» Pseudo differential architecture, used to mitigate heemain issue for transcon-
ductors/ OTAs, make the transconductor vulnerable to ntisines. Large sized
transistors are used to minimize the mismatch.

» Large gate-length increases the output resistance ofdahsistor and hence, the
dc gain of the transconductor/OTAs.

» Large gate area (widtk length) also helps in reducingflnhoise offered by the
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transistors (Razavi, 2004) which otherwise, can be a saamficontributor to the
output noise of the filter when the bandwidth is comparabl&/ftooise corner-
frequency.

However, increase in transistor size results in increagaiasitics. This puts lim-
itation on the maximum realizable bandwidth. Note thats tisi in addition to the
limitation posed by the use of bulk-transconductance wiscémaller than the gate-
transconductance. Therefore, sub-1V designs in thetitexaare found to have band-

width of only few tens of kilo hertz.

This research focuses on the design of continuous-timesfittaving bandwidth of
few hundreds of kilo hertz to 1 MHz, but still operating on ¥.5-or high frequency
filters, Gy-C architecture is considered to be best suited becauseadén-loop nature

and the same has been used in this research.

Transconductors play a major role in deciding the chareties of a G,-C fil-
ter, since the filter bandwidth is directly proportional teettransconductance of the
transconductor. Therefore, it is important for the desigimeensure that transcon-
ductance of the transconductor remains within the limit®s& process, voltage and
temperature (PVT) variations. In literature, there are apt® of circuits available
that fix the transconductance of gate driven transistoesr{tbiger, 1990; Zele and All-
stot, 1996). But the performance of these circuits fail feothe desired performance
against variations in supply voltage. Also, channel lemgtdulation effect is found to
aggravate the situation specially with short channel é=/idAn improved circuit was
proposed in (Pavan, 2004) which mitigated all the problefits @redecessor circuits.
These circuits, though designed to fix the gate-transcdaduoe @), can be used for
bulk-driven transconductors since the bulk-transcorahust () is directly propor-
tional to gate- transconductance. However, it is importargheck the adaptability of
the available circuits in the regime of 0.5V operation. Tirewt in (Pavan, 2004),

is complex and is found not suitable for low voltage operasmce it demands stack-



ing of several transistors between supply rails. The discpiresented in (Steininger,
1990; Zele and Allstot, 1996) are explored in this researchae also found to have
limitations. As an outcome of this research, a new bias sehleas been proposed
for 0.5V transconductors and is found to offer superior @enance compared to its

counterparts.

1.3 ORGANIZATION OF THE THESIS

The rest of the thesis is organized as follows,

» Chapter 2 - Design of a fourth-order continuous-timg G low-pass Butterworth
filter operating on 0.5V supply has been discussed in thiptelhaThe chapter,
also details about layout considerations along with thégtlesentering process
followed.

» Chapter 3 - This chapter discusses and brings out the tionigof conventional
bias circuits used to fix the transconductance when opgratir0.5V supply. A
fixed bias circuit is proposed in this chapter along with giedl justifications.

» Chapter 4 - The filter circuit design presented in Chaptsifabricated on silicon.
The results of the fabricated chip has been detailed in trapter. The chapter
also discusses the test-buffer circuit and the printedititmard (PCB) designed
for characterizing the chip. A comparison of the filter isoafsade with similar
low-voltage filters found in literature.

» Chapter5 - A second order Cochlea low-pass filter havingeBwbrth response
is designed as a proof of concept of realizing filters in staddCMOS process
operating on 0.5 V. Simulated performance of the filter ispréed and compared
with similar designs found in the literature.

» Chapter 6 - This chapter proposes a two-port ABCD paranieised approach
for accurately modeling and design centering a class ofdilté& second-order
Cochlea filter with bulk driven transconductors is used asuehicle for validat-
ing the proposed method.

» Chapter 7- Conclusions and future directions are predente
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CHAPTER 2

DESIGN OF LOW VOLTAGE

TRANSCONDUCTOR-CAPACITOR FILTER

The main focus of the research, as outlined in Chapter 1 gislésign of G,-C filters
for low voltage applications. A fourth order=C filter is chosen as the test vehicle to
validate a few of the ideas proposed in this research. Tleeiidesigned in 0.1 n-
well CMOS process from UMC technologies and chosen to haveBuorth response
with a 3-dB bandwidth of 1 MHz. This chapter presents the detepdesign of the

filter. The specifications of the filter are summarized below.

Filter response type : Butterworth

Filter order () 4
3-dB bandwidth {p) : 1 MHz

Realization : Cascade of biquads

Architecture : Gy-C

Supply voltage\{pp) : 0.5V
Technology : 0.18m standard CMOS process from UMC

2.1 FILTER ARCHITECTURE

There are two approaches, namefscade approachanddirect approach, that are

being used extensively by analog engineers for implemethigher-order continuous-
time filters (Tsividis, 1994). Higher order filters are remuai when the stop band char-
acteristics of the lower order filters are not sufficienthaghenough to reject the unde-

sired frequency band for a given application. In first apphpdnigher order filters are



realized by cascading second order filter sections and aofustr section (for realiz-
ing odd-order filter). Each second order filter section impmats a complex conjugate
pole pair of the transfer function and the first order sectealizes the real pole of the
transfer function (in case the filter is of odd order). Thipm@ach is relatively easy in
terms of filter realization and tuning. Each section can bedundependently for the
pole frequency and the quality factor of the complex conjegales to be realized. The
second approach, also knownl4s ladder approach, the filter is realized as a passive
RLC filter. The RLC circuit is then converted to active circtinat is free of inductors.
This is more complicated when compared to the former approBat this approach
results in lower sensitivities of the pass band frequensgaase to individual element

values.

In this work, cascade approach has been used due to its sityph second order

filter is characterized by the transfer function shown ifl)2.
Vout _ 1
Vin s\2 1/s
— | +=(—+1
o Q\wo

whereuwy, is the pole frequency ar@ is the quality factor. The transfer function is then

(2.1)

realized using @-C integrators. A systematic approach for realizing the@sdwrder

transfer function using gC integrators is explained as follows.

The transfer function given in (2.1) can be re-written in fibven,

ou <%)2 2 (2.2)
. 155+ (%)

Note that, the terrﬁ;—O denote the integration. Cross-multiplying and re-arraggR.2),

Vout = <%>2V|n - <%>2Vout— é <&)Vout (2-3)
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It can be seen that two integrators of the fo%mre necessary to realize the transfer
function. One can set both the integrators to have the samsfar function of the form
%. For a more general case, the integrators may be assumevddadliffarent transfer
functions, say*t and 2. If we definew, = /o102, then (2.3) can be re-written in

the form,

Vo = (52 ) Vo~ (™) Vo 5 (%) Vou  (24)
- [(%) Vin— (%2 Vou - é\/%vom} oo (2.5)
From (2.5), it can be inferred thaty, is integral of the term inside the square bracket.
Defining [(%)Vin — (%) Vour— & %Vout} =V, (2.5) takes the form

Vout =V (%) (2.6)

Equation (2.6) can be easily realized using-G integrator and the schematic is shown

in Fig. 2.1 wheraw, = %—;ﬂ

Figure 2.1: G,-C integrator to realize the transfer functigg/Vp.

Considering the equation b, it can be re-written in the form,

1 /W, | W
Vo= |Vin —Vout— =1/ —Vp| — 2.7
b { in out Q o1 b} S ( )

From (2.7),\, is integral of the term inside the square bracket with a priqaal

constantwy;. This equation can be realized as shown in Fig. 2.2 whgfe= %—T and

13



Gm V ((*)02/ (’001)

m2~= T 1

Figure 2.2: G,-C circuit to realize (2.7).

Combining the integrators in Fig. 2.1 and Fig. 2.2 will leadtie second order low-

pass filter commonly known as ‘biquad’ and is shown in Fig. 2.3

Vin ‘ | Vb
Gml hd

Gml:Gm:%:Gm4:Gm —_1 Cl —_1 C2

Gm\l(woz/wol) —_— —_—

GITIZ_ Q - -

Figure 2.3: Second order,=C low-pass filter resulting after combining Fig.2.1 and
Fig.2.2.

Further, if \/wo2/ w01 is set equal t@ or in other words Gy is set equal t@p,

wo andQ can be defined in-terms &, andC

Gm
Wy = 2.8
G (2.8)

— Cl
0= 2 e

If the transconductors are allowed to take independentegdBi-Grg as shown in
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Fig. 2.3, the transfer function of the filter takes the formre2.10,

Gm

Vout G
2.10
Vin CiC |, | GmC2 si1 (2.10)

Gr3Gru Gr3Gru
The correspondingy, andQ values are

Grm3Gu
W = (2.12)

VGG

Gm3Gma C1

= | —= 2.12
Q & G (2.12)

It is clear from (2.11) and (2.12) that the filter can be tunedthe desired pole
frequency () and quality factor Q) by a proper choice of transconductances and

capacitances.

2.1.1 Cascade of Second Order Sections

Fourth order low-pass Butterworth filter is realized by cectimg two biquads in cas-
cade. Pole frequencf andQ of individual sections required to obtain the Butterworth
response having a desired 3-dB bandwidths(g) for a fourth order filter is obtained
from the filter table (Franco, 2009¥, andQ of individual sections forf_34g=1 MHz

can be listed as follows

« First 29 order section £y = 1 MHz ; Q;=0.541.
« Second 29 order section fo =1 MHz ; Q,=1.306.

Though the 29 order sections can be arranged in any order, it is commondoge
them in the ascending order @fi.e. low-Q section first in the signal path. This is done
in order to avoid the possible loss of dynamic range due taesigipping if the highQ

sections are placed first in the signal chain.
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The fourth order Butterworth low pass{3C filter is shown in Fig. 2.4. All transcon-
ductors are assumed to be equal having a transconductat®@®f Accordingly, the
capacitor values are computed. Fig. 2.5 shows the respébtigs mleal filter along with

the response of individual'® order sections.

Bigaud-1 (Q=0.541) Bigaud-2 (Q=1.306)
mmmmmmmmmmm e, Rttt e e T
| ! |
| h !
: ((h l: | i
Vi ! IVou
: I/l I:I/l I/l |
I ——] — G — —
| h !
! — — " — — I
! - - h - - |
L o Mool

Gn=10uS; G=1.696 pF; G= 1.45pF; C;= 4.093 pF; G=0.601 pF

Figure 2.4: Fourth order C low-pass filter architecture.

—a— First biquad
—e— Second biquad
| —— Two biquad combine

Gain

...................................................

05 1 1.5 2 25 3 35 4
Frequency (MHz)

Figure 2.5: Response of fourth ordeg,-C low-pass filter architecture.

After arriving at the ideal -C architecture, the next task is to design the transcon-

ductor.
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2.2 TRANSCONDUCTOR DESIGN

It is common among the designers to use fully differentiaragion due to its inherent
merits over the single ended counterparts. And so is thewdlsehe filter realized in

this research. In addition, for designing transconduabpesating on 0.5V supply in
standard CMOS process, it is imperative to use pseudorglifteal operation due to lack
of sufficient voltage head room and swing limitations. Temluctor, in this design,
is realized to have bulk-driven inputs due to its advantagesutlined in Chapter 1.
Fig. 2.6 shows the schematic of the differential-input etéitial-output bulk driven

transconductor and its symbol.

TVDD

Vip Mily ~M2 v ~ Ms Vem
(e, O 0—| O
Voo
+ Icmfb (b)
Vom Rcm Rcm Vop
o——¢ ——0O lac +
E] |__| E M,s: (6um/1um)10
M, M, -
L

@

Figure 2.6: Bulk-driven pseudo-differential transconu¢a) Schematic. (b) Symbol.

Vip andvim are the differential inputs ang, andvom are the differential output$a,
andM are the PMOS input transistors and are sized to offer a batkstonductance of
10uS when carrying a current offfA. The gate of these transistors are biased to carry
the required quiescent current i.gu&through a current mirror transistbts. The input
common-mode of the transconductor is chosen to be 0.25 V2. Transistordis

andMy form the NMOS current source load, which operates in suéstiold region.
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The gate of these transistors is biased by a common modedeedircuit (CMFB)
which sets the output common-mode of the transconducta2®\0 The drain current
of NMOS transistor operating in sub-threshold region isegiin (2.13) (Taur et al.,
1998),

whereVr is the thermal voltage and is about 26 mV at room temperaturg2.13),
the drain current can be assumed independe¥pei.e. (1— e*VDS/VT) ~1,if psis
more than about 4-5 times that\éf . The drain-source voltag&/fs) of M3 and My
(in Fig. 2.6) is at output common mode voltagé$s 4=250 mV). Hence the above
assumption is valid and the drain current can be assumeditmlbpendent o¥ps. Ips
remains constant for a givérss and therefore, NMOS transistoké; and M4 act as
current source loads. The resistaigg and current sourckn¢pare part of the CMFB
circuit and act as level shifter (Chatterjee et al., 20053db the gate bias required
for NMOS current source load. Details of the CMFB circuit tee®n discussed in a

separate section.

A careful look at the circuit reveals that there exists a pifitacapacitance between
the input and output terminals of the transconductor. Thikie to the body-drain junc-
tion capacitance of the PMOS input transistorsGg; of M1 appearing between, and
Vom and similarly,Cpq of M appearing betweevin, andvpp. These capacitances intro-
duce a right halk-plane zero to the voltage transfer function of the trandactor. A
single-ended small-signal equivalent circuit of the tcanmgluctor is shown in Fig. 2.7.
In the figure,gmp Is the transconductance of the input bulk driven transistor Ci,
andCgyy; are the effective parasitic capacitances at the input atglibtespectivelyri
androyt are the effective input and output resistand@gy is the effective body-drain

junction capacitance.
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Figure 2.7: Single ended small-signal equivalent circtithe transconductor.

\oltage transfer function of the differential transcongiwean be written as

Chd }
fout |1———5
Vop_VOm _ gmb out |i gmb
Vip—=Vim  1+rout(Cout +Chd)S

(2.14)

It is seen from (2.14) that there exists a right hablane zero as = ‘%’ and this
zero causes the frequency response to deviate from thefatefiequencies beyond
%&bg rad/sec. Infact, the effect of this right haHplane zero starts to creep-into the
response at frequencies about a tengtt%;?frad/sec. If a filter is built using such a
transconductor, it may be difficult to get a desired respdmsiequencies beyond one
tength of‘%’; rad/sec. For the transconductor designed in this w@sk,s found to be
42 fF leading to a right hal-plane zero at 238 Mrad/sec (38 MHz). Therfore it may be
very difficult to design and tune a fourth-order filter havengandwidth of 1 MHz and
offering stop-band performance at least upto 10 MHz. Fa iason, it is required to
minimize Cyq itself or its effect. MinimizingCpq would call for the use of small size
transistors. But this is not recommended as it would in@d¢he mismatch between

transistors. This work proposes a scheme to effectiveligmensate for the effect of

Cpg by adopting a technique of mutual cancellation.
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2.2.1 Compensation for Right Halfs-Plane Zero

el e e
Vom - | \O/op <+ Idc
A5, =

M, .7: (6um/1um)10

=

Figure 2.8: Schematic of bulk-driven transconductor witmpensation for right half
s-plane zero.

A simple scheme to compensate for the effect of right &aliane zero is shown in
Fig. 2.8. For a fully differential transconducter, andviy, are equal in magnitude and
out of phase; similarly,, andvom. This feature has been exploited in the compensating
scheme by using two cross-connected PMOS dummy transigioend M. Cyg of
Mg tend to cancel any coupling between thg and vom that occurs due t€yg of
M1. Similarly, M7 compensates fdC,q of M2. These dummy transistors do not take
any active part in transconductor action. It is to be noted this scheme will only

compensate for the capacitance but will not cancel the teffezapacitor altogether.

To justify the effect proposed scheme, frequency respohtdedransconductor is
plotted in Fig. 2.9 without and with compensation. It is entifrom the figure that the
transconductor with compensation offers a first order raspavith a roll-off of -20 dB
per decade. Without the compensation, the phase lag ex8@&@s<cess phase) and

the magnitude response is pulled upwards beyond frequdr&peblz, thus clearly in-
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Figure 2.9: Frequency response of transconductor withoditvath compensation for
right-half s-plane zero.

dicating the effect of right halé-plane zero. The phase response of the compensated

transconductor tends to -9@t higher frequencies. It is also observed that the compen-

sation scheme reduces the effective bandwidth of the tosmlsator. This is expected

since the PMOS transistolg andM7 increase the effective capacitance at the output

nodesvop andvem respectively.

The resistor&.y, shown in Fig. 2.6 are realized by using the NMOS transis{bing.
complete schematic of the transconductor is shown in Fl§.2IT'he NMOS transistors
Mg andMg are used to realizB;, and they operate in sub-threshold region. They are
sized to offer high resistance of the order of few hundreds@&ga ohms so that they do

not load the transconductor differentially.

2.3 COMMON-MODE FEEDBACK CIRCUIT

In G,-C filters, output of one transconductor drives the inputrafther transconductor.
Therefore, it is common to set the output common-mode DCageltof the transcon-

ductor equal to the input common-mode DC voltage. Furtleemaximize the swing,
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Figure 2.10: Complete schematic of the bulk-driven trandoator.

input and output common mode voltages are s®&bis/2.

A master-slave circuit arrangement has been used in thik, worset the output
common-mode voltage of transconductor. The master cisai the common-mode
of a master transconductor using a negative feedback lobt. s generated tuning
current is distributed to all the transconductors of therfithrough current distribution

circuit. The schematic of the master CMFB circuit is showfig. 2.11.

TransistorsM1, Mo andMg form the master transconductor which is identical to the
common-mode equivalent half circuit of the transcondustwown in Fig.2.10. The
output common mode DC voltage of the master transcondusesmnsed and compared
with the reference common mode voltageyet) by the error amplifier. The negative
feedback loop sets the currdgt,tp such that the output common-mode voltagect,)
is made equal to the reference voltal¥ye{ret). The resultingicmsy, is distributed to
all the transconductors using current distribution circurhe capacitoCe, is used

in parallel with Mg to improve the stability of the common-mode loop. The master
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Figure 2.11: Schematic of common-mode feedback circuit.

CMEFB circuit consumes about 3.Q8V at 0.5V power supply. The Fig.2.12 shows
the response of common mode loop for a common mode distueki@ocmon mode

current impulse of A for a duration of 1 ns). The loop is found to be stable.

2.4 FILTER LAYOUT

The schematic and layout plan for the unit transconduct@hmwvn in Fig. 2.13(a)
and Fig. 2.13(b) respectively. The PMOS transidfigrwhich generates the gate bias
voltage (Mias) for PMOS transistors Mand M is realized as a parallel combination
of two identical transistors (sayls o andMs g as shown in Fig. 2.13(a)) each having a
size equal to half of that d¥ls. This is done to achieve symmetry in the transconductor
layout which is essential to maintain a good match betweerwvtlo half circuits of the

transconductor.

The complete scheme of filter layout is shown in Fig. 2.14(a)the corresponding

schematic of the fully differential filter is shown in Fig.12(b). Transconductor cells
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Figure 2.12: Response of CMFB circuit to common-mode cuiirepulse.
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Figure 2.13: (a) Schematic of unit transconductor. (b) LLaygzheme of unit transcon-

ductor.

are represented by simple blocks and the integrating dapsaere shown as gray col-

ored boxes. The differential interconnects between thések$ are clearly shown to

emphasize the fact that care has been taken to ensure thatitheonnect parasitic ca-

pacitances seen by the differential lines are equal (P4@89). All the vertical routing
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are made usingietal-landmetal-3 while metal-2andmetal-4are used for horizontal

o £
>OOO>O
.
) <
= O
]
o
S] = 5
£
5 ™
=3 £
© £
5 ol©
o
) o
£ @)
.i‘:}
o El s
) 0}
5 of '
o £ 2
) o
5 ol '
o E
S
§ ol©
@i
o N
= @)
O
Q‘ - —
o g
5 ol©
=3 £
© z
§ ol @
D- 1
© 8
£
5 o|©
Q El .
) (DE
§ of -
& E| s —
£
= o \ B
S g=3 +O
> 00> = =

(@) (b)

Figure 2.14: (a) Transconductor and capacitor placemdrrse of filter layout. (b)
Schematic of fully differential fourth order &C filter.
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routing. metal-5andmetal-6are used only for routing associated with metal-insulator-

metal (MIM) capacitors which are used as integrating cdpegi

A screen-shot of the filter layout is shown in Fig. 2.15 alonthwhe test-buffers.
The test buffers are used to drive the large capacitive Iffedeal by the filter chip and
input impedance of the measuring instruments. The tota aceupied by the filter
alone is (50& 250)un? (excluding test buffers). Empty space available in the chip
are filled with bypass capacitors. NMOS and PMOS capacitersised for bypassing.
Simulations are done on the layout extracted netlist. Magei and phase response

of the laid out filter are shown in Fig.2.16 and Fig. 2.17 resipely. It is observed

HEETEE T WEEEY
Gm C FILTER & |
TEST BUFRER 1 fivED Grh-BIAS TEST BUFFER 2

Figure 2.15: Screen-shot of layout of the complete filtenglwith test buffers.

that the response of the laid out filter deviates from ideaidér ideal conditions the
values of integrator capacitanCe,C,, Cz andC4 along with the bulk-transconductance
decides the 3dB bandwidth of the filter. But non-idealitidse parasitic capacitance
and finite input/output impedance of the transconductouse&ahe frequency response
to deviate from the Butterworth response. Typically, theffifesponse is brought back
to ideal by tuning intended integrating capacitors usingglecentering method. Space
mapping technique is found to be effective for design ceamgesuch filters (Laxminidhi
and Pavan, 2007). This technique requires approximate Inobdiee entire transistor
level filter (Laxminidhi, 2007). The state-space technigu®und very useful method.
The design centering of the filter for the post layout exedgiarasitics is done to get the

response close to ideal"drder Butterworth response. Here, the integrator capacito
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Figure 2.16: Magnitude response of the transistor levekfdfter extracting the layout
parasitics.
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Figure 2.17: Phase response of the transistor level filter aktracting the layout par-
asitics.

C1,C5,C3 andC4 as used as variables to tune the filter response.
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2.5 DESIGN CENTERING OF THE FILTER

2.5.1 State Space Method

State-space model of a physical system is a mathematicatlnnddch defines the
system with a set of input, output and state variables mtlbyefirst-order differential
equations. The most general state space representatiomefatime invariant (LTI)

system withp inputs,q outputs and state variables is written in the following form:

(t) = Ax(t)+Bu(t) (2.15)

y(t) = Cx(t)+ Du(t) (2.16)

X(t) is called the ‘state vector’ of sizex1, y(t) is the ‘output vector’ of sizgx1, u(t)
is the ‘input (or control) vector’ of siz@x1. A is an x n matrix called ‘state matrix’,
B is then x p matrix named ‘input matrix’C is the ‘output matrix’ of sizey x n andD

is the ‘feedthrough (or feedforward) matrix’ of sigex< p.

2.5.2 State Space Model for the Biquad

As a first step in deriving the model, state-space model ffitst biquad is deduced.
The voltage at the two integrating nodes of the biquad arentas state variables.
Fig. 2.18 shows the single ended small-signal equivalecuitiof the biquad (Fig. 2.3).
Vo1 andVyp are the two state variables. The resistances the effective resistance at
nodeVy;. Itis to be noted that the transconductagge is absorbed into,. Therefore,
rp is obtained by the parallel combination %) and finite input/output resistances
of the transconductors connected to that node. The capagitocludes all the para-
sitic capacitance (input and output) of the transcondscappearing at that node and

intended integrating capacitanCeg. Similarly, the resistance, andc, are computed.
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Figure 2.18: Small-signal equivalent circuit of secondeni@y,-C filter with state vari-

able nodes.

But, forrp, andc; it is also important to absorb the input impedance of theofoithg

biquad. The biguad has one inpMy(), one outputV,2) and two state variable¥/{;

andVyy). Therefore, in (2.15) and (2.16),is a 2x2 matrix,B is a 2x1 vector andC is

a 1x2 vector.D is a null matrix since there is no feed feedforward path fraput to

output. Various elements of (2.15) and (2.16) can be wrakefollows

Vo1 Vo2
[Vin]
[Vo2]
Vo1 Vo2
1
Vo1 "o _921_1b4
:V02 grg—zm_ e
Vin
Vo1 grg—lbl
Voo | O
01 '

(2.17)
(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

The transconductance, resistance and capacitance vatueskan from DC operating

point of the designed transistor level filter and are listelb.
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Omtza = 10US,  Ome = 204S,

r = 43kQ, 1, = 21MQ,

C1 = 188pF c = 0.61pF
The frequency response of derived state-space model ofignadis compared with
that of the transistor level circuit in Fig. 6.3. The respoisobtained for one arbitrary

set of intended integrating capacitan€ég@sandC,. The model is found to be fairly

accurate replica of the actual biquad. A similar exercise lben executed for the

10k . Transistor level biquad.;.
- e - Model of biquad -

0
o
S -10
c
3
O oo
-30
— 4 Qb—— i i
102 10" 10° 10"
Frequency (MHz)

Figure 2.19: Magnitude response of the first biquad: tramsisvel and state-space
model

second biquad (havin@=1.306) and the model is derived. The model of the fourth
order filter is then derived by cascading the two biquad nxaehich is easily achieved
in MATLAB The frequency response of the so modeled filter is comparédtiae

transistor level filter in Fig. 2.20.
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Figure 2.20: Magnitude response of the fourth order filteansistor level and state-
space model.

2.5.3 Design Centering Process

The procedure used to design center the filter in presen@yofit parasitics is similar
to that outlined in (Laxminidhi and Pavan, 2007). For theesakcompleteness, the

procedure is briefly outlined below.

1. The state-space model of the filter, derived in sectior22i§ optimized to offer a
response (saj(f)) close to ideal (say/( f)). The optimization is done by tuning
the intended integrating capacitds- [C; Cy C3 C4] by usingfminsearchroutine
in MAT LAB Let us denote this set of capacitorsag.

2. The so obtaine@)y is put in the schematic of the transistor level filter. Siroe t
model is accurate, the response of the transistor levelfili¢he set of capacitors
Cwm will also closely match with that of ideal. Therefore, it iswn ensured that
the schematic is design centered in presence of transctamgharasitics.

3. These capacitors are then used in the layout and the mspdrthe layout ex-
tracted netlist (say.(f)) is obtained.L(f) will be in deviation from ideal, but
this is only due to the layout parasitics.

4. The responsk(f) is taken toMAT LABand the model respondé(f) is tuned
to L(f). The final optimized capacitor set is denotedQy. It can be noted that
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each capacitor i€ has two componentsii.e. fof capacitoiCj. =Civ + Cj par
where,C; par is the parasitic capacitance introduced due to the layout.

5. The layout parasitic capacitor, present at each integrabde, is then estimated
using the equatiolpar =Cym — Ci.

6. The intended integrating capacitors which need to bepthe layout is now
calculated a€_ tobeput=Cm — Cpar-

7. The response of the layout extracted netlist, Wlthyope putplaced in the layout,
is obtained to ensure that it is in close match with the ideal.

Figure. 2.21 and Fig. 2.22 shows the magnitude and phasensspf the post lay-
out filter after design centering. It is seen that the posildyesponse matches closely
with the ideal response. The final set of intended integgatapacitors is [0.454 0.367
3.294 0] pF. Note that, the capacitance required at thetiontégrating node (i.e. out-

put) is entirely contributed by parasitics. Simulations aarried out to observe the
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Figure 2.21: Magnitude response of transistor level filfesralesign centering.

frequency response at various process corners, supplggeotind temperature vari-
ations. The Fig. 2.23 shows the normalized magnitude resgpah various process

corners namelyt (typical), ss(slow NMOS slow PMOS) ff (fast NMOS fast PMOS),
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Figure 2.22: Phase response of transistor level filter di#sign centering.

snfp(slow NMOS fast PMOS) anthsp(fast NMOS slow PMOS). It is observed that
the change in bandwidth across the corners is less #1867 % at room tempera-

ture and nominal supply voltage of 0.5V. The normalized nitagie response for O-
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Figure 2.23: Magnitude response across different procas®rs at room temperature.
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Figure 2.24: Magnitude response for change in temperasungerof 0-70 °C at typical
corner and nominal supply voltage of 0.5V.
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Figure 2.25: Magnitude response for 10 % change in supphkagelfrom its nominal
value of 0.5V at room temperature, at typical process corner

70°C change in temperature at nominal supply voltage aniddlporner is shown in

Fig. 2.24. It indicates that the change in bandwidth is lbas#9.1 %. The normal-
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ized frequency response variation 610 % change in supply voltage from its nominal
value of 0.5V at room temperature and at typical processatasrshown in Fig. 2.25.

From the figure it is observed that the change in bandwidtbss thant7.07%.

2.5.4 Monte Carlo Analysis

The mismatch between the devices in the transconductorftzst the bandwidth of
the filter, specially when the transistors are operatedlnisashold region. To observe
the effect of mismatch on the bandwidth a Monte Carlo sinutettas been carried out
on the complete layout extracted filter. Figure 2.26 showddiktribution of the 3-dB
bandwidth for 200 samples. It is observed that the distidbubhas a mean of about
950 kHz with standard deviation of about 30kHz. A plot of natired magnitude
response for all 200 samples is shown in the Fig. 2.27. Thatseshow that there is no

serious degradation in the filter bandwidth and response.

40
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Figure 2.26: Distribution of 3-dB bandwidth obtained fronetMonte Carlo simula-
tion.

The designed low-pass fourth-order Butterworth-G filter is fabricated using
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Figure 2.27: Normalized magnitude response of the filteaioled from Monte Carlo
simulation.

UMC 0.18um CMOS process. The filter is fabricated on siliconMtEC, Belgium
throughEUROPRACT ICEand the test results are presented in Chapter4. The next
chapter explains a fixed bias circuit proposed to fix the lgaltd transconductance of

a transconductor for sub-1V supply operations which is s&aey to fix the filter re-

sponse across PVT.
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CHAPTER 3

FIXED TRANSCONDUCTANCE BIAS GENERATING

CIRCUIT

Integrated circuits are always designed for robustnessstghe changes in the varia-
tion in its environment such as supply voltage and tempegato addition, the designer
is also required to ensure that his design is robust agaioséps variations. If not taken
care, the performance of the post fabrication design caregorid the tolerance limits

in which case, the design may become useless.

For continuous-timé&,-C filters, the frequency response is the primary parameter
of interest. The response of such filters depends on tradsctance and capacitance.
The change in capacitance over process, voltage and tetmgexariations is found
to be minimum while the transconductance can change by rhare30%. Therefore,
it is imperative to maintain a constant transconductancesacPVT. For gate driven
transconductors, it is necessary to fix the gate transceadce while if the transcon-
ductor is bulk-driven, it is required to fix the bulk-transcluctance. In literature there
are a few circuits that are designed to fix the transcondaetahgate driven transcon-
ductor (Steininger, 1990; Zele and Allstot, 1996; Pavar40 However, there is no
work found in the literature which is dedicated to fix the btiknsconductance. An
alternative approach, which is found in the literature oisise a dedicated automatic
tuning loop which fixes the time constant of the circuit andasnmonly applicable to
both gate driven and bulk driven transconductors (Schanmad Tan, 1989; Steven-
son and Sanchez-Sinencio, 1998; Chatterjee et al., 200®)ugdh this is found to be

quite effective, but at the expense of increased complexiga and power.



The conventional fixed transconductance bias circuits thelkhecessary headroom
while operating on low supply voltages down to 0.5 V. Thewit€in (Steininger, 1990;
Zele and Allstot, 1996; Pavan, 2004) have serious limitegtias their performance pre-
dominantly depends on the accuracy of current mirroringg Mirroring accuracy could
be very poor in low supply voltage operation. The circuitiayan, 2004), in addition,
is complex. In the light of these observations, a need isféela simple circuit that
can fix the transconductance (gate/body) of a transcondiactbe best possible extent
when operating at supply voltages down to 0.5V. This chapi@poses a simple circuit
to fix the gate/body transconductance of a transistor inrsst@nductor cell for 0.5V
supply operation. The pseudo-differential transcondugsed for designing the filter
in the chapter 2 has been used as the test vehicle to valltamoposed circuit. The
chapter also brings out the limitations of the circuits ®gd in (Steininger, 1990; Zele

and Allstot, 1996) through necessary simulations.

Though these circuits basically attempt to fix the gate ttanductance, it is as-
sumed (at-least to the first order) that fixing the gate tramgdactance would also fix
the bulk-transconductance due to the following reason. bithlke-transconductance of

the transistor operating in saturation region is given by

Omb =1 X0Om (3.1)
where,gm is the transconductance ands given by

Y
- 3.2
=2 /20 T Ves (3.2)

y is body effect parameter is given lgy= 1/2qesNa/Cox. FoOr a given technology node,
y is independent of supply voltage and temperatupg.is the surface potential and
its variation against the variations in supply voltage adperature is assumed to be

negligible. If the source-to-bulk voltage €¥) is maintained constant, then from (3.2),
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the dependency af on temperature and supply voltage variation will be nepblayi
Therefore, g, will have the same variation as thatgf against temperature and supply

voltage.

The transconductor whose bulk-transconductance neediteeldes shown in Fig. 3.1.
Transistorsvi;-M4 form the pseudo-differential transconductor. The curtgiakin the
two legs of the transconductor sets the gate/body transbaidce of the PMOS input

transistors.

TVDD

M, Vbias M,
WL

l lgias l Isias
Vom o—e v +—oO VOp
cmfb
I
|\/|3 I I M4
°

[ Mui=6umiaumo |

Figure 3.1: Schematic of bulk-driven pseudo-differertiahsconductor.

The following section highlights the limitations of contamal fixed bias circuits

when used for a low-voltage transconductor.

3.1 CONVENTIONAL BIAS CIRCUITS

Figure 3.2 shows PMOS version of the two conventional ciscun both the circuits, a
negative feedback loop servos the gate-transconductdmi@neistorMc, to a resistor
Rext Which is assumed to be thermally statdg, (1., = 1/Rext). The current set up in

Mc2 should be mirrored dgasto the input transistorsl; andM., of the transconductor
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Figure 3.2: Conventional fixed bias circuits: (a) Simple esole presented in
(Steininger, 1990). (b) Modified circuit to eliminate bagéte effect pre-
sented in (Zele and Allstot, 1996).

(in Fig. 3.1). IfMc2 andMy > are equally sized then it is required thgias= | so as to

havegm,Ml,z = OmMc; = 1/Rext

Figure 3.3 shows a simple biasing scheme to distribute therufrom the fixed
transconductance bias circuit to the transconductor. ,Hbeeecurrent set up inMc>
is mirrored toMy > using a current distribution circuit formed cs andMs. The
transistorMs is local to the transconductor whiMcs is local to the fixed bias circuit.
Similar arrangement can be made for all transconductorstefast. It is to be noted
that, current distribution is preferred over voltage dosttion for analog integrated cir-
cuits specially when the transconductors are located faydwm the bias generating

circuit.

However, the following points can be observed for the aboventional fixed bias

circuit and bias distribution scheme.
» The analysis assumes square law for the devices and thatrtteats are mirrored

40



y Ms Ml oy
o W Vip o] [Fo Vi
From —=* J Vv o—e Vv +—>o°
gate of My, of om cmfb Vop
fixed g, bias circuit l I l I :|| T ||:
°—H:—'“‘| My | v,
Mcs Mcs *
e 1L
&T 7 ) ~— - -
Current distribution circuit Transconductor

Ml-S ) MC5, MCG: (6 Hm/l um)lO

Figure 3.3: The transconductor and the biasing scheme wvsditribute the current
generated in fixed transconductance bias circuit to thet¢@rductor.

accurately byMc3 andMcg i.e. (Ip,mc; = Ip,me, = |). However, this assumption
becomes weak since high output conductandé©f andMc4 affect the mirror-
ing accuracy and can be significant in the case of short chderes.

 With the lower supply voltagé/p) in standard CMOS process, NMOS current
mirror can be in-accurate due to two reasons. First, thesigtrMc4 may be
forced to operate in triode region by diode connedtkd and the second is that
even withMcg4 in saturationMc3 andMc4 may have different drain-source volt-
ages.

* Mcs also carries the currehtsince they are sized equal avigscs = Vbscas-

* Itis Ms which carried and notM > since, the mirroring betweevls andMy » is
inaccurate.

From the observations put forward above, it is clear thatibtwaiit will neither be in
a position to trackmmc, 10 Rext NOr in a position to trackmm, , t0 Rext- Thus resulting

in a significant dependency gf,m,, on PVT.

To validate the above mentioned short-falls of the coneertl circuits, the cir-
cuit in Fig. 3.2(b) is designed to bias the pseudo-diffae¢itansconductor shown in

Fig. 3.1 using the bias distribution scheme shown in Fig. Bsmulations are done
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to assess the performance of the circuit for supply voltagie range 0.5¥10%,
temperature in the range 0 and five process corners of UMC 041ri& technology.
The observed variations in transconductance and bulls¢arductance across PVT are
shown in Fig. 3.4 Vsg of the PMOS transistors are kept constant at 0.25V during the

simulation.

It is to be noted that thBey: is tuned to set the bulk-transconductancé/gh to the
desired 1QS at nominal PVT. For supply voltage below 0.5V, it can be gbanthe
circuit fails to offer effective performance. At 0.45V, fes(slow NMOS slow PMOS)
corner, the performance is very poor with the bulk-transicatance deviating by 15 %
below the nominal value of 365 at room temperature. The variation is even verse
(about -25 %) when the temperature is zero degrees Celssusupply voltages above
0.5V the deviations is found to be below 10 % for all cornerd samperature. For
ff (fast NMOS fast PMOS) corner, the deviation in bulk-tramshactance is found to

be about 5% (maximum positive deviation) at 70°Cand 0.55V.

Variation in the gate-transconductance and bulk-trandectance are similar since
Vsg of the input transistors are kept constant. The variatiamansconductance across
supply voltage for different corners is highlighted in F&5. The figures (a) and (b)
show the gate-transconductance and bulk-transcondectar@mtion respectively for
+10% change in supply voltage from nominal value, at room tnaipire and five

Process corners.

3.2 PROPOSED FIXED-BIAS CIRCUIT

3.2.1 Proposal

The conventional technique to fix the transconductancedd offer the desired per-

formance at voltages below 0.5V for one of the cornesx@rner). This means that,
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Figure 3.4: Performance of conventional fixed bias circarbas PVT variations: (a)
Gate-transconductance (b) Bulk-transconductance (imthetcased/sg of
the PMOS transistors is maintained at constant).
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Figure 3.5: Performance of conventional fixed bias circoiitdupply voltage and five
process corners at room temperature: (a) Gate-transctamshec (b) Bulk-
transconductance (in both the caséss of the PMOS transistors is main-
tained at constant).
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50 mV deviation in supply voltage from the nominal 0.5V cagmele the performance
of the filter if the chip falls orsscorner. Under practical operating conditions, it is very
difficult to maintain the supply voltage under tight limiter semiconductor industry,
it is common to expect that the design offers satisfactorjop@ance for all process

corners, as this would increase the yield.

A fixed transconductance bias circuit attempts to tune tlmeentiin the transistor
in such a way to compensate for the transistor parameteatiars across PVT. If this
tuned current is not mirrored accurately to the desiredsttanductor cell, the transcon-
ductance of the transconductor will obviously be in deviatand the same has been
observed in the case of conventional fixed bias circuit. Tioan attempt is made
to improve the mirroring accuracy through the bias distidou circuit (Fig. 3.3), in-
accurate mirroring in the fixed-transconductance biasitiend in the transconductor

cell had notable effect.

As an alternative method, we propose to fix the current in thesistor constant
across PVT variations. It is interesting to see that if theent is fixed in the transistor,
its transconductance will be independent of supply volt&tmvever, the transconduc-

tance will still be dependent on temperature and process.

Assuming that the PMOS input transistor of the transcoraiustin saturation, its

transconductance can be written as

Om = \/UpCox (VTV) Ip (3.3)

If the drain currentp is maintained constant, the changegi normalized to its

nominal valuegmnom can be written in the form

Agm _ }( Ayp B Atox ) (3.4)

Omnom 2 \ Mpnom toxnom
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where,tox is the oxide thickness artgy nom is nominal value. Sincegy is independent
of temperature, the changegp, due to temperature is only due to associated change in
the mobilitypp. The dependency qf, on temperature as per BSIM3v2 model is given

by (3.5),

—-0.5
o(T) = pip(To) (TI) (3.5)

Hp(T) is the mobility of the PMOS transistor at any temperaflir@n °K), p(To) is

the mobility at nominal temperatui® (in °K), i.e. W(To) = Hp,nom From (3.5), it can
be seen that at 70°C, the mobility decreases by 6.5 % fronoitsmal value computed
at room temperature (27°C). This implies from (3.4), tha transconductance will

change only by -3.25 % (at 70°C) from its nominal value.

Let us now consider the effect of process variation. For Qmi&tandard CMOS
process used in this work, worst case was foundskandff corners. Folsscorner,

Bl 304 andit% =2.5% which results in net deviation of -2.75 % g from its

Hp,nom t m

. - A
nominal value evaluated ttcorner. Similarly, forff corner, 2 =+3% and;2x —.

Mp,nom m

2.5% resulting in 2.75 % change g, from its nominal value.

From the above analysis, it is observed that, if the curnetihé transconductor is
set constant, the maximum percentage variation in thedosuiictance is about6 %
across PVT variations. Therefore, it is worthwhile to us#ad-current bias circuit’ in
place of ‘fixed-transconductance bias circuit’ for low \agle. The following subsection

outlines the implementation of such a circuit.

3.2.2 Fixed-Current Bias Circuit

A simple scheme to fix the drain current of a transistor is showFig. 3.6. A negative
feedback loop sets the drain current of the transistey to a constant valugsias =
Viet/RextWhere Viet is a constant voltage ariiy; is a thermally stable off-chip resistor.

The gate voltage dfl+; is used to drive the input transistold{ > in the figure) of the
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transconductor. Mg, is sized equal to that d¥1; , the current inVl1 » will also be
equal tolgjas This current will be independent of PVT singe s andRey; are assumed

to be independent of PVT.

I=lgias
VOm
\Y
Rext ref
J— Mfl ) M1_4y :(6 IJ.m/l le) 10
— 7 ~— )
—~— —
Constant current generator Transconductor cell

Figure 3.6: A simple constant current bias generator.

The simple scheme, however, is not suitable for biasingst@nductors that are
placed far away from the bias generating circuit. This isalee it uses voltage dis-
tribution scheme for biasing the transconductors and aftag® drop in the path can
lead to systematic mismatch between the transconductorsudh situations, current
distribution is commonly preferred as the voltage requitcedias the transistors can be

generated locally at the transconductor.

The simple current generating circuit shown in Fig. 3.6 idified to achieve cur-
rent distribution without the loss of accuracy and is showiig. 3.7. The transistor
M1 is sized equal to that of input transistdds » of the transconductoM¢, andMs are
also sized equal. Similar to the simple current generatohgme (shown in Fig. 3.6),
the negative feedback loop sets the currégig) in M1 equal toViet/Rext. The error
amplifier is realized using a simple pseudo-differentiapafier with a current-mirror

load as shown in the inset of Fig. 3.7.

It is to be noted that the errors arising due to mismatch imaning are effectively
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canceled. Thanks to the effective bias distribution schefitee feedback loop has a
current mirror formed byt andM¢,. Due to theVps mis-match)p 2 # Ip 1. Letus
say,Ip,t2 = Ix=Igias/a. This current is then distributed throutyy4, M¢s,. . . to all the
transconductors. Here, there will not be any error in mingof currents, sinc¥ps of

M¢3, M4, M¢s5 ... are all made equal by the circuit arrangement. For exayYips 13 =
Vbs 4 sinceM, andMs have equal size (or in other words equal current density) and
therefore, transistavls will carry a currently (= Igjas/a). In the transconductor, the
current inMs is mirrored toM >, but with an error. This error is equal and opposite to
that betweeM; andM¢2. As a result, the current iklq > will be exactly equal to that

of M¢1, or in other wordslp 1 = Ip 2 = Igias

From the above analysis, it is evident that, as long as theeigugenerated in the
current generator circuit is constant, the current set upentransconductor will also
be constant. In this work, the transconductors are requoethrry 2uA for a bulk-
transconductance of approximately [i%. Therefore Rex; is set at 125 K) assuming

Vref 2025 V

3.2.3 Results and Discussion

The proposed circuit is simulated and tested for robustriegs schemes are used for

testing the circuit.

Scheme-1: Input common-mode voltagé\ of the transconductor, which sets the
body voltage of all PMOS transistors, is allowed to vary vitie sup-
ply voltageVpp such a way that the body-source voltagegd) is main-
tained constant at 0.25V for all PMOS transistors.V@y is set equal
toVpp —0.25V.

Scheme-2:\cw, the body voltage of all PMOS transistors, is seVip /2.

Variations in gate-transconductance and bulk-transcctatge are plotted in Fig. 3.8
for scheme-1 across PVT. As expected in (3.4), both the ¢oamictances have nega-

tive temperature coefficient. The absolute maximum demidtiom the nominal 10.15S
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(as per the simulated value) across PVT is observed to bet &®6b6 for both the
transconductances. This deviation higher than 6 % as pertalgsis made in subsec-
tion 3.2.1. This is attributed to secondary effects thatateconsidered while estimat-
ing the percentage change in transconductance and thedgmsrof finite gain of the

error-amplifier on PVT.

To emphasize the performance of the proposed circuit forgpewpply and corner
variation, the transconductances are plotted as a funofisaopply voltage for all five
corners in Fig. 3.9. Itis clear that, the constant currenegating circuit along with the
efficient bias distribution scheme is effective in maintagiboth the transconductances
(gate and bulk) intact across the10 % variation around the nominal supply voltage of
0.5V and across the corners. The absolute maximum devjatidroth the cases, is
found to be about 1.6 %. Note that with the conventional fittadsconductance bias

circuit, the variation was 25 %.

In Fig. 3.10, the transconductances are plotted for thernsek2 as a function of

supply voltage at all process corners. The following pomnéy be noted.

» The gate-transconductance remains constant similaraioathscheme-1. The
absolute maximum deviation from the nominal value is 1.6 %

* The bulk-transconductances is found to have a higherti@miashen compared
to scheme-1. The absolute maximum deviation is observed 0 1%.

In scheme-1, source-bulk voltageg is maintained constant, while in scheme-2, the
bulk voltage is maintained constant at the input common-enadtageVpp /2. There-
fore, in scheme-2/sg becomes a function of supply voltage. As per (3dyp is a
function ofgy, andn. In scheme-2, witm being a function o¥sgas given in (3.2), the
variation ingmp is expected to be different from that gf,. A mathematical analysis

has been carried out to justify the results shown in Fig. aridis as follows.

For scheme-2, since the bulk node is maintainaghgt2, Vsgwill also be atVpp/2.

The nominal value of| therefore, is computed f&fsg = Vpp nonr/2 and can be written
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Figure 3.8: Performance of the proposed circuit for schénagross PVT variations:
(a) Gate-transconductance. (b) Bulk-transconductance.
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as

y (3.6)

Nnom= Vi
2 /2%+ DD2,nom

Let us sayWpp change from its nominal valuésp nom to Vpp nom(1+ o) where,

—0.1<a <0.1 (a=1 indicate 10% changei) can then be written in the form,

Y

n = Y I (3.7)
2\/2%+ DDmorg( +a)
_ Mnom (3.8)
\/1—|- C‘VDD,nom/z
2@ + (Vb ,nom/2)

Using Taylor series expansion, (3.8) can be further singalito a form given in (3.9)

B C‘VDD,nom/z
2@+ (Vbp,nom/2)

N ~ Nnom {1 (3.9)
From (3.9) it can be seen thatis a linear function ofx. Npemandg, can be com-
puted using the parameters obtained from the process dotsinWithVpp nom=0.5V
anda=0.1, the maximum percentage deviatiominan be computed and is found to be
4.3%. The same can be observed in Fig. 3.10(b) for a giverecoAnother point to
note is that is independent of process corners and the same can be sagn3riB(b)

(slope ofgmp is almost constant across corners).

In order to compare the performance of the proposed schescbere -1 and
scheme-2) with that of the conventional schemgcame as scheme-1 in Fig. 3.2(b)),
the gate-transconductance is plotted as a function of gwojtiage for two corners viz.
tt andssin Fig. 3.11. Similarly the bulk-transconductance is @dtfor the same two
corners in Fig. 3.12. Performance of the proposed schentesaiventional schemes
are tabulated in Table 3.1. Note that for a fair comparisdh\Vliransistors are used in

all the circuits. From the table numbers, it can be seen beptoposed schemes are
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Figure 3.10: Performance of the proposed circuit for schraeross power supply and
corner variations: (a) Gate-transconductance. (b) Bu#itadconductance.

very effective when compared to the conventional schemes.

54



46
Q
@ AAp ezl T gt |
S 42 "':;:v“: """"""""""""""""""""""""""""""""
R e -
S =0~ Conventional
o 40F I
c —— Proposed (scheme-1)
= - - - Proposed (scheme-2)
L 38 .
T
)
36
0.45 0.5 0.55
Vdd V)
(a)
46
n
Saab
o 44 : -
Q .-
2 — -
SA42F ;:vefff ------------------------
> a
° e :
5 o : ,
§ 40F Gl -0~ Conventional
§ S —— Proposed (scheme—1)
T 38} Sl - - - Proposed (scheme-2)|
< /, :
@)
36
0.45 0.5 0.55
Vdd V)
(b)

Figure 3.11: Comparing the gate-transconductance olatdnoen the proposed fixed
bias circuit (scheme -1 and scheme -2) with that of the canweal fixed
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from its nominal value.

Table 3.1:Comparison of proposed work with conventional circuits: Teble showing absolute maximum percentage deviation igmp

(Scheme-2)

Test cases Vpbp=0.5V \pbp=0.45V Vpbp=0.5V \Vpp=£109%0.5V | Vpp=£109%0.5V
TemperatureS Temperatures Temperatures  Temperature= Temperature=
room (27°C) | room (27°C) 0-70°C 0-70°C 0-70°C

Corner =All Corner =All Corner =tt Corner =tt Corner =All

Conventional circuit 4.4 28.0 6.68 11.3 35.96

(Fig. 3.2(a))

Conventional circuit 0.8 12.3 3.5 4.56 25.8

(Fig. 3.2(b))

Proposed circuit 0.79 2.23 7.7 0.49 9.8

(Scheme-1)

Proposed circuit 0.98 5.5 8.87 4.73 13.8




CHAPTER 4

TEST SETUP AND RESULTS

The experimental results of the fabricated chips along with details of test setup
is presented in this chapter. The test-chip is fabricateal @18um standard CMOS
process from UMC through the Europractice mini@sic progetntMEC Belgium.
Fig. 4.1 shows the layout and die photograph of the chip alitiybond wires. Apart
from the filter, the chip has two more designs. The total actie area of the chip is
2.25mnt, and the G,-C filter along with accessories occupies an area of 0.25.nAth
three designs in the chip have independent power and grawesl $0 that the design
not in use is turned off to avoid any interference. Figuresh@ws the bonding diagram
of the chip to the package. The chip is packaged in a 44-pirCJp&ckage. The pin

details of chip is given in Appendix A.

il fn
T L

(@) (b)

Figure 4.1: (a) Layout of complete filter with input/outpatys. (b) IC photograph with
bond wires.
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41 THE TEST SETUP

The filter is not designed to drive parasitics of package astllioard. Therefore, it is
necessary to buffer the filter output before it is taken ouhefchip for measurements.
These buffers are commonly called as ‘test buffers’ indtere. When characterizing
packaged filter chips, the effects of test buffer along whin parasitics of package and
test board must be de-embedded from the response of the Altaiock schematic of

the test setup used to characterize the filter chip is showigi.3.

There are two techniques available in the literature to attarize the packaged
continuous-time filters. The first technique proposed bytBlfNauta, 1992) uses the
test setup shown in Fig.4.3. It is a simple method and is liséfan in the frequency
range of interest, the signal feed-through from input tgatitiue to package and board
has negligible effect on the measurements. The second thptbposed by (Pavan and

Laxminidhi, 2007) is a method specially designed for chi@mdzng high frequency fil-
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Figure 4.3: On-chip filter characterization set up circuit.

ters where there can be a significant effect of signal feealatih on the measurements.
The former technique has been adopted for characterizengjitér in this work since
the frequency range of interest is only upto 10 MHz and theaiteed-through can be

assumed negligible.

In the test setup shown in Fig. 4.3, transformecdnverts the single-ended stimulus
(from a Vector Network Analyzer (VNA) or Function Genergtmto a fully differential
signal that excites the filter. TiBand TB are two nominally identical on-chip test
buffers designed to drive external loads. These test-tsuffiee biased with sufficiently
large currents to drive the external loads and are only aeti/during characterization.
TB1 senses the input of the filter and forms the direct measurepeh, while TB
senses the filter output and forms filter path. Transformerand T3 convert the test-
buffer outputs into single-ended signals that are meadawyrdide test instruments (VNA

or Spectrum Analyzer (SA)).

The signal flow graph of the test setup can be drawn as showigid.B. The
transfer functiorH;, is formed by path from the point of stimulus feed and the filter
input. This includes the transformeg &nd the input path parasitics ¢ ki the transfer
function of the filter. H is the transfer function from the test buffer input to theuoal

(T2, T3) output. From the signal flow graph, it can be deduced that
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Figure 4.4: Signal flow graph of filter characterization gatircuit.

(4.1)

A VNA has been used to measure tparameters of the filter path and direct path.
Assuming a fairly good impedance match, the filter transiection can be computed

from theSparameters of the filter path and direct path as given in.(4.2

B V07fi| (f) - Sszil (f)

(1) = Voar (1)~ Soran(1)

(4.2)

4.2 TEST-BUFFER DESIGN

Figure 4.5 shows the schematic of the test-buffer circuite Test buffer is designed to
operate on a 3.3V supply ©h1)- A higher supply voltage is used to ensure that the

linearity of the buffer is at a level sufficiently above thétlae filter.

The test buffer has two stages. The first stage is a PMOS sfull@ger. This stage
offers a high input impedance which is capacitive. The siZMOS input transistors
M1 and M, is made small to minimize the input capacitance, becausertput capaci-
tance has to be absorbed into the integrating capacitoeras the filter output node.
The second stage of the test buffer is a differential tramdgotor. The transistors M
and M, form a input differential pair of a differential amplifielhese transistors are

sized to have a large gate overdrive voltage in order to gerragood linearity. The
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Figure 4.5: Schematic of test buffer circuit.

signal at the output of first stage is attenuated by factorf8rbet is fed to the input
differential pair. This is to ensure that the signal ampléus within the linear range
of M3 and M, transistors, and the distortion introduced by the testelous very small
when compared to that introduced by the designed filter. fidmsistors M and M to-
gether form a tail current sink to generate the necessasyfoiaifferential operation.
Each leg of test-buffer differential pair is designed tagaurrent of nearly 15mA at a

power supply of 3.3 V.

The necessary bias for the test buffer is generated by treedmieuit shown in
Fig.4.6. An off-chip current of 10QUA, generated using the IC LM 334, is used to
generate the bias for the test buffer circuit. Transistogsakid My form the current
mirror to generate the necessary bias current for the inpgesof test-buffer circuit
(Ipiast @nd biae in Fig. 4.6). The bias voltage @#sn) IS generated by transistorssM
M1o.
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Figure 4.6: Bias generation for test buffer circuit.

4.3 DESIGN OF TEST BOARD

A two layered printed circuit board (PCB) is designed anditated to characterize the
filter chip. The board measured 4.4 4.125%' in size. A photograph of the populated
PCB is shown in Fig. 4.7. The baluns T1-T3, referring to Fi@, 4re realized from a
wide-band transformers ADT1-6WT from Mini-Circuits. Thegve a frequency range
of 0.03-150 MHz with an insertion loss of 3 dB. Decoupling @eipors are used at each
power pin in order to decouple the supply voltage from angriierence and/or noise
which can couple through parasitics. A [ electrolytic capacitor (for suppressing
low frequency noise) and a 10 nF polyester film capacitor @@coupling high fre-
guency noise) are placed very close to each power pin. The basbeen followed for

common-mode reference voltage too.

The board has one LM334 based current sink circuit to sinkreentiof 100pA
from the chip. This current is used to generate the bias ftdht-buffer circuit inside

the chip.
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Figure 4.7: Photograph of 2 layered PCB mounted with all tmamonents.

4.3.1 Power Supply Design

The chip requires three regulated voltages viz 0.5V to pahefilter pp), 0.25V as
common-mode reference voltage for the filtés() and 3.3V for the test buffeMbp1).
An adjustable laboratory power supply is sufficient for 3.8But, for 0.5V and 0.25V
it is not advisable to use such a power supply, for the reasana small change in
any adjustment (intentional or accidental) can changeahage by a large percentage.
Therefore, a dedicated regulated power supply has beegnaeisior 0.5V and 0.25V.

The details of which are given in Appendix C.
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4.4 PERFORMANCE METRICS OF THE DESIGNED FILTER

4.4.1 Measured Frequency Response

Figure 4.8 shows the normalized magnitude response of teediip. When compared
with the ideal response, the actual filter response is foartmktin deviation near the
band-edge. However, the stop band performance of the fiter ¢lose match to the
ideal with 80 dB/decade roll-off as expected. Note that theal response is shown in
figure is the fourth order Butterworth response that matehtsthe stop band perfor-

mance of the filter chip.
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Figure 4.8: Measured magnitude response of the filter chip.

Figure 4.9 shows the magnitude response of the filter for h§okes of the fabri-
cated chip. Consistency in the responses of the filter sawpd#ify the good repeata-
bility.

The response is also observed for the 10 % change in suppggedlrom its nom-
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Figure 4.10: Frequency response variationstd® % change in supply voltage at room
temperature.

inal value of 0.5V and is shown in Fig. 4.10. It is observed tha change in band-

width is less thant1.0 % at room temperature. It is to be noted that the fixgd-G
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bias circuit, presented in chapter 3, offers a maximum dievnaof 0.45% in bulk-
transconductance for the same variation in the supplygelsource-bulk voltag&/ég)
kept constant). The measured filter response show a goaglation with the results of

fixed-transconductance bias circuit.

4.4.2 Noise Spectral Density

0.4

Output Noise (uV/sqrt(Hz))

Frequency (MHz)

Figure 4.11: Measured output noise spectral density of liee. fi

Figure 4.11 shows the output voltage noise spectral deositye filter. The mea-

sured integrated output noise of the filter over the frequeage of 40 kHz to 1.1 MHz

is 217.2uV (rms).

4.4.3 Distortion

Tests are conducted to measure the distortion performanite dilter. Figure 4.12
shows the third harmonic distortio” D3) of the filter as a function of input tone fre-

guency. During this test, peak-to-peak value of the difféed tone is kept constant at
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Figure 4.12:HD3 vs fj, for a fixed input peak-to-peak voltage of 140 mV.

140 mV. It is observed that the distortion is maximum neartme of the bandwidth
(fo/3) and decreases as one move away from this frequency om sittee At low
frequencies, the distortion currents from the transcotatad¢end to cancel each other,
thus lowering the distortion. At higher frequencidsX f,/3), the distortion decreases
since the harmonic components (dominant third harmonilcy e of the band and thus

gets attenuated naturally by the filter.

The HD3 as a function of input peak-to-peak (differential) voltageplotted in
Fig.4.13 for a fixed frequency of 330 kHZ(/3). The filter offers 1%HD3 for an

input differential peak-to-peak voltage of 135 mV.
The performance of the filter is summarized in the Table 4.1.

The designed filter performance is compared with some of tteedfiavailable in
the literature and is given in the Table 4.2. A figure of mdfidM) (Laxminidhi et al.,
2009) is used for comparing the various filters which is cotepwsing the formula

givenin (4.3).
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Figure 4.13HD3 vs input differential peak-to-peak voltage for a fixed fregay
330kHz.

Table 4.1:Performance parameters of fourth order Butterworth low-pass filter.

Parameters of the filter Measured values
Supply Mop] 0.5
Technology im] 0.18
3-dB Bandwidth [MHZz] 1
Power dissipationg W] 56.4
Integrated output nois@{fms 217.22
Input [MmV,,]@ 750 kHz for 1 % THD 192
Dynamic range [dB] 45
Area [mnT] 0.125
Bandwidth variation foeE10%Vpp +1.00

I:)diss
FOM O T= (4.3)

where,Pyissis the power dissipation (Wattg),is the number of filter pole€maxis the
maximum quality factor of the filter poled, is the filter cut-off frequency (Hertz) and

DRis the dynamic range of the filter. The unit of FOM is Joules (J)
Note that for a fair comparison with (Chatterjee et al., 2083d (Zhang and El-
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Masry, 2007), while measuring the linearity, the test isczarted by applying a tone
frequency 750 kHz (near the band-edge). Also, the dynamigerdés calculated as the
ratio of the rms differential input voltage at 1% total hammodistortion (THD) to

integrated input noise over the frequency range of 40 KHzidMHz.

It can be observed from Table 4.2 that the filter presenteligrésearch offers the
lowest FOM (in comparison with sub-1V filters realized oncsih). A lower FOM

indicates more power efficient design.
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Table 4.2:Comparison of present work with filters available in the literature.

Reference Bandwidth | Order Supply Power | Qmax | Dynamic | Topology | Tech- | FOM
[MHZ] [n] Voltage [V] | [uW] range@1% nology | [fJ]
THD [dB] [um ]
(Chatterjee et al., 2005) 0.135 5 0.5 1100 | 6.2 56.6" Active-RC| 0.18 | 0.58
(Zhang and El-Masry, 2007)  1.05 3 1.8 4070 | 1.99 45 Gm-C 0.18 | 20.53
(Carrillo et al., 2008) 0.0175 2 1 45 0.89 63.7 Gm-C 0.35 | 0.62
(Carrillo et al., 2010) 0.010 2 15 648 | 0.707 62.6° Gm-C 0.35 | 25.18
(Carrillo et al., 2011) 3 2 1.2 382 | 0.707 69.6° Gm-C 0.35 | .009
(Arya et al., 2013) 0.9705 3 0.5 332 | 0.707 63.13 Gm-C 0.13 | .078
Present work 1.0 4 0.5 56.4 | 1.3 45 Gm-C 0.18 | 0.355

IRatio of input @100 kHz for 1 % THD to integrated input nof&tio of input @1 MHz for 1 % THD to integrated input norfRatio of
input @1 kHz for 1 % THD to integrated input nois®atio of input @750 kHz for 1% THD to integrated input noise



CHAPTER 5

LOW VOLTAGE COCHLEA FILTER

5.1 INTRODUCTION

Gm-C bi-quadratic filters can be realized in many ways. The faparchitecture has
been presented in chapter2. One of its variants has beensesxly used in silicon
Cochlea designed to mimic the human Cochlea (Lyon and M&&8;1Slaney, 1988;
Sarpeshkar et al., 1998; Grech et al., 2003). In this chagésign of such a biquad has

been addressed for low power low-voltage applications.

5.2 FILTER ARCHITECTURE

The schematic of a second order low-pass filter, used in licersiCochlea, proposed
by (Lyon and Mead, 1988), is shown in Fig.5.1. Several nundfesuch filters are

connected in cascade as a filter bank to realize a siliconl€ach

sz
Vor o) o
Vi ol m3 0
in +Gm1 /
Ci—= Co——

Figure 5.1: Schematic of a Cochlea filter.



The transfer function of the circuit in Fig. 5.1 can be writtes

Vour _ Gm1Gnmz/Ci1Co

Vin GmCo + GmeCi — GnpCo GmiGmg
52+( c.C )s+( c.Co )

(5.1)

whereGm, Grp andGp are the transconductances &dandC, are the integrat-
ing capacitors. Comparing (5.1) with the transfer funcid second order low-pass
prototype filter given in (5.2), the cut-off frequency and the quality facto of the

filter can be written as shown in (5.3) and (5.4) respectively

Vout(s) w5
= 5.2
Vin(s) s%t(ﬁ) S+ w3 oo

Q (0]
where
. GmiGns

Wo = 4/ .G (5.3)
o v/GmiGms(C1/C2) (5.4)

(Gm1 — Gmz2) + Gmz(C1/C2)

It is clear from the expressions (5.3) and (5.4) that therfdtn be tuned for the
desired bandwidthy, and quality factoQ by a proper choice of transconductances and
capacitances. Another important point that can be notduhis for a given set 06y,

Gma, C1 andC; i.e. for a givenwy, the filterQ can be easily and independently tuned
for a high value by tunin@np. For active transconductors, the transconductance (gate
or body) can be tuned by tuning the bias current. Theref@m&f,the Cochlea filter has
high sensitivity to variations in the tuning transconduc®gy . This is illustrated in the
following subsection along with a comparison made to theventional biquad circuit

presented in chapter 2.
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5.2.1 Sensitivity of Quality Factor

For the ease of analysis, the following assumptions are mad&m=Gnz=G, and

C1=C,. The expression faQ in (5.4) boils down to-

Gm

0 %G o)
The sensitivity ofQ with respect tdGyp is
G 0Q
GmZ/Gm
= —0— 5.7
2— (GmZ/Gm) ( )

The variation ol:"agm2 with respect t@Gnp /Gm is shown in Fig. 5.2. The sensitivity 6J

_l-----—-—-—-—-—-—-—-:—-—-—-—-_._._._. T T ———

-2 — Cochlea filter | N\

- = = Conventional biquad filter

0 0.5 1 15
G /Gm

m2

Figure 5.2: Comparison (@mz in Cochlea filter and conventional biquad filter.

is an exponential function d&2. In comparison, the sensitivity @ in a conventional

biquad is independent of the tuning transconductor Gggin Fig.2.3). It can be
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shown mathematically, theﬁﬁm2 for the conventional biquad is -1. The high sensitivity
of theQ in Cochlea is useful since, the application demands gaiamsdment near the

low-pass band-edge.

5.3 TRANSCONDUCTOR DESIGN

The Cochlea filter requires differential-input, single ed@utput transconductors. Bulk
input transconductors are preferred when operating on lowep supply voltage. If
implemented on a standard n-well CMOS process, it becomgsrative to use PMOS
input transistors. The schematic of the transconductonasva in Fig.5.3(a) and its
symbol in Fig. 5.3(b). It has pseudo-differential architee with a NMOS current mir-

ror load.

M M
Vio 15 I | I'<I Zov.m l_{ Ms |,
i cm

w L. =,

— B

M1 55t (Gp-m/lpm)lo M3 4 (6um/1um)40
(a)

Figure 5.3: Bulk driven transconductor: (a) Schematic.Sanbol.

Vip andvin, are differential inputs and, is the single ended outputl; andM; are
the PMOS input transistors ars and M4 form NMOS current mirror load. Gates
of My andMjy are biased to carry quiescent current @2 Bulk-transconductance of

the circuit is designed for approximately A8 by sizing the input transistors. If the
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constant current sourdec is independent of process, temperature and voltage varia-
tion, the bulk-transconductance bf; and M- is found to remain intact with overall
percentage variation less than 7.25%. A constant curregrdrgeor circuit, presented in
Chapter 3, is used to generate the bias for the transcondu€tesigned transconductor

is found to have a DC gain of 23.76 dB and UGB of 11.65 MHz.

5.4 FILTER IMPLEMENTATION

The Cochlea filter shown in Fig. 5.1 is realized using theglesil bulk-driven transcon-
ductor. The filter is designed to have a Butterworth respamsie a bandwidth of
500kHz. A fully differential architecture has been used thee filter due to the in-
herent merits of differential operation. For the given seanductance of 105, the
intended integrating capacito® andC, are computed using (5.3) and (5.4), and are

found to be 4.56 pF and 2.279 pF respectively. The finite D@ gbihe transconductor

10

0 L A
-10r Transistor level filter
ook """ Ideal filter E

Gain (dB)

-2 -1

10 10 10° 10

Frequency (MHz)

Figure 5.4: Magnitude response of the transistor levelfilefore design centering.

and the parasitics cause deviation in the response as shdwg. 5.4, hence calls for

the design centering process.
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In the design centering process followed in chapter 2, mogé¢he transconductor
was quite easy as one required to find only the input/outmistance of the transcon-
ductor. The parasitic capacitance at every integratingeneas estimated during the
design centering. However, the transconductor in Fig. 8s3dn internal node formed
at the gates o3 andM4 and this node plays a role in the transconductor action. It is
necessary to take this effect into account while designecarg the filter. This can be

achieved by a careful model of the transconductor.

5.4.1 Model of the Transconductor

Every transconductor in the filter, has unity feedback aeciure with output connected
to one of the input terminals. The small-signal equivalerduat of the first transcon-
ductor G in Fig. 5.1) is drawn in Fig. 5.5 where the effect of each trstos parasitics
is consideredgmm andgmre are the bulk-transconductance of transistdisand Mo.

Cyd

Figure 5.5: Small-signal equivalent circuit of bulk drivieansconductor in unity feed-
back configuration.

Om is the gate transconductance of transidttarThe effective resistance and capaci-

tance at each node are also shown in the figure. Input no@dematiiate node and the
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output node are the three integrating nodes. The voltadeeaéthodes are taken as the

state variables required to define the state-space modee dfter.

5.4.2 State Space Model of Cochlea Filter

The complete filter is found to have six state variables. Bleations of the state vari-
ables are shown in Fig. 5.6 by drawing circles around theagekV;-to-Vs. Note that,
the ideal Cochlea filter shown in Fig.5.1, has only two stateables (second order

system) i.e. voltage at the two integrating nodes. The deality of the transconduc-

Figure 5.6: Cochlea filter circuit highlighting the locatiof state variables.

tor, results in four additional state variables for the sditter. The source resistance
R is used as dummy resistor, included in Fig. 5.6 to enabletdte space representa-
tion. The effect of this resistor is neglected as resistaatee is chosen to be 0.0@L
Fig. 5.7 shows the small-signal equivalent circuit of theosel order Cochlea filter. The
capacitorsC; andC, are the intended capacitors to be placed. The state-spasel mo
of the Cochlea filter is then derived from the small-signalieglent circuit. The small-
signal circuit shown Fig. 5.7 is modeled using descriptatesspace equations as given

in (5.8) and (5.9). Since there is no feed-forward path froput to the output)) matrix
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Figure 5.7: Small-signal equivalent circuit of the filteoghing all the state variables



is a null matrix and is not shown.

where,

= AX(t)+Bu(t)

V1 Vo V3 V4 Vs Vg "
[Vin]

[Vs]

Dimensions of the matrices are given below.

dim[H] = 6x6, dim[A] = 6x6, dim[B]= 6x1, dim[C] = 1x6.

The output node i¥5. HenceC=[0000 1 0].

Matrices of the descriptor state equation can be viewedlmsve

(5.8)

(5.9)

(5.10)
(5.11)

(5.12)

» H: Shows the capacitive coupling among the state variabléssaserived based
on (M.N.V.Prasadu, 2006).

* A : Shows the resistive coupling among the state variables.

* B : Shows the resistive coupling of the state variables wighitiput.

The state-space matrices for the Cochlea filter from FigaBe#written as follows.

Cu1
—Cod
0
0
0

0

—Cod
Ca2
—Cyd
0
0

0

0 0 0
—Cyd 0 0
Css —Chd
—Chd Cssa  —Cyd
—Chd —Cgd  Css
(—Cgd—Cod) O 0
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where,

Ci1 = Cin+Cpd

Co2 = Cmid1 + Cbd + Cyd

Cs3 = 3Cin+2Cout1 + 3Cod +2Cgd +C1
Ca4 = Cpd+Cyd+ Cmid2

Css = Coutz + 3Cin + Cpd + Cgd +C2

Ce6 = Cmid3+ Cgd + Cod

A= (5.14)

where,
1 1
Gy = —=——
" R Rn
1
G = —
2 Rmid1
1 1 1
Ggg = 83— ——— ———
33 I?in I:\’outl I:\>out3 Omip
1
G = —
4 Rmid2
Gss = — ! -0
55 Routz m4
1
Gesg = ———
06 Rmid3
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1 T
B=|—-——= 000O0O (5.15)
R
The parasitic resistance, parasitic capacitance anccwadsctance values are obtained
from the DC operating point analysis of the filter. To valelé#tte model, response of
the state-space model is compared with that of the tramdestel filter for one set of
intended integrator capacito@ andC,. Figure 6.3 shows the accuracy of the model.

It can be seen that the model of the filter closely matchesthéhransistor level filter,

however there is a small deviation found in the stop band.

10

0

|
[N
(@]
T

----- Transistor level filter

|
N
o
—

State-space model of filtef "IN F 2]

Gain (dB)

|
w
(@]
B
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102 10" 10° 10
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Figure 5.8: Comparing the magnitude response of stateespadel with the transistor
level filter.

5.5 PERFORMANCE OF THE FILTER

The filter is design centered using the state-space moddl. ublike in the method
outlined in chapter 2, the required values of the intend@acitors are obtained by op-
timizing the filter model for ideal second-order Butterworésponse. These capacitors

are directly plugged into the transistor level filter to get final response. The mag-
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nitude response of the design centered transistor leval fdtshown in Fig.5.9. The
deviation in the filter response from the ideal is due to tlcé faat the design centering
process attempts to optimize a sixth order system to a semoled response. The opti-
mization can yield accurate result if and only if, the effetparasitic poles and zeros

are negligible in the band of interest.

I
N
o

— Transistor level filter

- - = |deal filter

Gain (dB)
G
o

|
NN
o

TBOp i

eol————iii - i C f s
10°° 10 10° 10
Frequency (MHz)

Figure 5.9: Magnitude response of transistor level filteidesl.

The simulated output noise power spectral density of ther fstshown in Fig. 5.10.
At low frequency, it is dominated by 1/f noise while the thatmoise dominates near

the band-edge.

Filter is simulated for an in-band tone of 450 kHz. 1% Totalnha@nic distortion
is observed for an input peak-to-peak differential volta§d 70 mV. Dynamic range
of the filter is found to be 51 dB. The dynamic range is cal@dads the ratio of rms
differential input voltage at 1% total harmonic distortibFHD) to input referred rms
noise over the frequency range of 1 Hz to 5 MHz. The perforragrarameters of the

filter are listed in Table5.1.
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Figure 5.10: Output noise spectral density of the filter.

Table 5.1:Performance parameters of Cochlea low-pass filter.

Parameters of the filter Simulated values
of Cochlea filter

Supply Mop] 0.5
Technology im] 0.18
Cutoff frequency [kHz] 500
Power dissipationgW] 20

Input noise \Vimg 207.50
Input [VpomV]@ 450 kHz for 1 % THD 170
Dynamic range [dB] 51

Simulations are carried out to test the robustness of thigmlésr process corners,
+10% change in supply voltage from nominal 0.5V and tempesatariations in the
range of 0-70C. Fig. 5.11 shows the normalized magnitude response fiivalprocess
corners at room temperature and nominal supply voltags.dibserved that the change

in bandwidth is less tha#0.9% .

Figure 5.12 shows the normalized magnitude response-18% change in sup-
ply voltage at room temperature and typical corner. It iseobsd that the change in

bandwidth is less thar-7.14% at room temperature. The normalized magnitude re-
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Figure 5.11: Magnitude response across process corners.
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Figure 5.12: Magnitude response variations #610 % change in supply voltage at
room temperature.
sponse for 0-70°C change in temperature at nominal supiggeand typical corner

is shown in Fig. 5.13. The change in bandwidth observed ssthean+-6.5%.
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Figure 5.13: Magnitude response for change in temperatuiigei range of 0-70°C at
typical corner and nominal supply voltage.

The performance of the designed filter is compared with sofbkeolow voltage
filters found in literature in Table 5.2. The distortion inh@&terjee et al., 2005; Zhang
and El-Masry, 2007; Carrillo et al., 2008, 2010) is computadan in-band tone near
the band-edge and so is in this work. The distortion measemémn done for a tone at

450kHz. The FOM is computed using the same formula as givéh.8) presented in

chapter 4. The filter is found to be one of the filters offeriogést FOM.
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Table 5.2:Comparison of the present work with those available in the lierature.

Reference Bandwidth | Order | Supply | Power | Qmax | Dynamic | Topology | Tech- | FOM
[kHZz] [n] Voltage | [pW] range@1 % nology | [fJ]
(V] THD [dB] [um]
(Chatterjee et al., 2005) 135 5 0.5 1100 | 6.2 56.6" Active-RC| 0.18 | 0.58
(Zhang and EI-Masry, 2007) 1050 3 1.8 4070 | 1.99 45 Gm-C 0.18 | 20.53
(Carrillo et al., 2008) 17.5 2 1 45 0.89 63.7F Gm-C 0.35 | 0.62
(Carrillo et al., 2010) 10 2 15 648 | 0.707 62.6° Gm-C 0.35 | 25.18
Present work 500 2 0.5 19.8 | 0.707 514 Gm-C 0.18 | 0.225

IRatio of input @100 kHz for 1 % THD to integrated input noiéRatio of input @1 MHz for 1 % THD to integrated input noiS&atio

of input @1 kHz for 1 % THD to integrated input nois&atio of input @450 kHz for 1 % THD to integrated input noise.




5.6 LIMITATION ON BANDWIDTH SCALING

For a silicon Cochlea, the frequency band of interest is tltkcaband (20 Hz-20 kHz).
The highest bandwidth of the second order low-pass filtewired for silicon cochlea
realization is 20 kHz. However, in this research, along wligisigning Cochlea filter in
standard CMOS process for operation on 0.5V supply it is alghored the limit to

which the bandwidth can be pushed. In this section, a mattieshanalysis has been
carried out to postulate the maximum limit on scaling thedvaidth of the Cochlea

filter.

The frequency response of g,& filter can be scaled in two ways (Pavan and Tsi-
vidis, 2000).

» Constant-capacitance scaling: all transconductanaks@muctances are scaled
by a constant factor, while keeping all the capacitancestani.

» Constant-transconductance scaling: all capacitaneescated by a constant fac-
tor, while the transconductances and conductances areaegtant.

Let us take a Cochlea filter having Butterworth response dhkHz bandwidth.
For the ease of design, let us say, we take the bulk transctamite of 1QS. Assum-
ing ideal transconductors, the capacitGisandC, required are 112.5 pF and 56.25pF
respectively. If the bandwidth of the filter is to be incredsd@thout the increase in
power, one need to go for constant transconductance scalggefore, to scale up the
bandwidth by facton, all the capacitances must be scaled down by the same factor.
Scaling the capacitor is not straight-forward as one neesctmunt for the parasitic
capacitances of the transconductor and layout which repmaistant. Only option, the
designer is left with, is to tweak the intended integratiagacitors which is physically
placed at the integrating nodes so that the total capaeitabhevery node is scaled.
Therefore, the minimum effective capacitance at any notimited by parasitics, thus

posing an upper limit on the achievable bandwidth. Figutd Shows a transconductor,
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with input parasitic capacitance at each input denotesi @ and the parasitic capac-

itance at the output denoted @syar. When this transconductor is used in the Cochlea

p— Ci,par

Vout

—C

I - 0,par

Figure 5.14: Differential-in single ended output transhactor with input and output
parasitics.

filter, total parasitic capacitance appearing at each ofwieenodes is given by (5.16)

and (5.17) and the same has been shown in Fig. 5.15.

Cipar = 3Ci par+ 2Co par (5.16)

Copar = 2Ci par+ Co,par (5.17)

For scaling the bandwidth ly, bothC; andC, should be scaled by factordl./ There-
fore, intended integrating capacitances to be put at thenwies, denoted i@ jnt and

Cyint respectively, can be computed from (5.18) and (5.21).

Ciint = o C1,par (5.18)
C
Coint = FZ — C2, par (5.19)
. C . Ci
Noting thatCy = Q_22 and writingCy par = (1 + X)C2,par Wharex = %, (5.18)
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C1:C1,int+ 3Ci,par+2Q),par CZ:CZ,int+ 2Ci,par+co,par
— —
Cl,par C2,par

Figure 5.15: Cochlea filter showing the net capacitancedt gaegrating node.
and (5.21) can be re-written in the form

1[G

Ciint = @ o Qz(l +X))C2, par (5.20)
C
Coint = FZ — C2, par (5.21)

The maximum value oft, is thea for which eitherCy jnt or C; it become zero. Or in

other words,

. 1 G ) C }
a = min , 5.22
e { ( (1 + X) Q2 CZ, par Co, par ( )

G G } (5.23)
C1,par C2,par

=

. c
From (5.23) it can be seen thaQf> , /-2P

, the node-1 parasitic will determirgy,ax
C1,par
otherwise node-2 parasitic decid®gax. However, the following points may be noted

for deciding on0max

* In the analysis, it is assumed that the only non-idealittheftransconductor has
the parasitic capacitances.
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* In presence of finite input/output resistance, the scdéintpr that can be achieved
will be much less tham 5 Obtained from (5.23). Because, sufficient margin
must be provided fo€y int andCy jnt SO as to allow for an effective design center-

ing.

* Due to the presence of inter-node coupling capacitatgg, @gain some margin
is necessary to allow effective design centering.

For the Cochlea filter architecture taken in this work, theapiic capacitances are
aboutcy par=0.6 pF andcy par=0.4 pF.amax computed from (5.23), fo€; andC; of
112.5pF and 56.25 pF respectively, is 141. This amounts anmem bandwidth of
141x20kHz = 2.82 MHz. Allowing a factor of safety dfive — six for the effective
design centering in presence of all non-idealities, thedadth of the filter is chosen

to be 500 kHz in the present work.

To emphasize the effect of scaling, the filter bandwidth @édest down to 20 kHz ()
using constant transconductance scaling. Figure 5.16sstt@magnitude response of
the Cochlea filter scaled to bandwidth of 20 kHz for the sam&epo It is noted that

response matches closely with that of ideal Butterworthoase.

5.7 QTUNING

The Cochlea filter offers very high sensitivity f@ which is outlined in section5.2.1.
To illustrate this with the designed filter, the bias currehthe Q-tuning transconduc-
tor Gy is tuned above and below the nominal value pA2 The response of the filter
is plotted in Fig.5.17 by scaling the bias current@&fp by factorn with n=1 corre-
sponding to nominal current of fA. It can be clearly seen that the Cochlea filter can
be programmed fo®-tuning. Such &-tuning finds its application in silicon Cochlea

used in hearing aid (Watts et al., 1992; Lyon, 1998; Sarpaséikal., 1998).
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CHAPTER 6

TWO-PORT ABCD PARAMETER BASED
MODELING OF FILTERS FOR DESIGN

CENTERING

6.1 INTRODUCTION

In a typical system-On-Chip (SOC), analog and RF front enst @long with the digital

circuits. Analog components play an important role in inégd circuits. According
to Electronic Design Automation (EDA) magazine on March2205 (Graeb, 2007),
analog components use, on average, 20% of the integratdtsiarea and also re-
ported that 75% of all integrated circuits would containlagacomponents. At the
same time, the analog components require around 40 % oftégrated circuits design
effort and are responsible for about 50 % of the design ressginalog design automa-
tion is needed to improve the design quality and reduce tegdeffort, as more and
more analog circuits are being integrated into ICs alondp wigital circuits. These

requirements drive the designers to rely heavily on CADgaolorder to reduce the

time-to-design and errors in designing/modeling circuits

Like any design cycle, the design of analog circuits (angfj filters etc.) starts
with a set of specifications. An architecture is then choseméet the specifications.
The initial design of the circuit, typically, assumes iddaVlices/elements. With this
assumption, a basic schematic is designed using CAD toolsekter, the actual results
form the schematic, when technology specific circuit eleimane used, will deviate

from the ideal. In CMOS circuits, the deviation is normallyributed to finitegmro



product of transistors and parasitic capacitors. It beconseessary tdesign center
the filter to achieve a response that is in close match witlilés&red response even in

presence of non-idealities.

One such design-centering technique used for integratetihcous-time filters is
presented in (Laxminidhi and Pavan, 2007). This paper ptesesimple design cen-
tering technique for integrated continuous-time transcmtor-capacitor (g-C) filters.
Due to the fully-differential architecture, chosen for thier, the parasitic capacitance’s
appearing at the integrating nodes with-respect-to saigiial ground have the dom-
inating effect on the response. The effect of any inter-npaasitic capacitance is
made small by design and a careful layout technique. Theeahssumptions make
the design centering process simple which is evident fraamptper. However, when
the filter has a single ended architecture, for example @acatchitecture (Lyon and
Mead, 1988), the above assumption may not be valid if thenotie capacitance is a

significant fraction of the integrating capacitor.

A course model is used for design centering the filter in (LevadMi and Pavan,
2007) and is arrived using state-space approach. Thesgate model of the filter is ar-
rived by writing down the small-signal equivalent circuitansconductor is modeled as
an equivalent circuit consisting of a transconductaiggg, (output conductancgy, in-
put parasitic capacitan€&, and output parasitic capacitar€gas shown in Fig. 6.1(a).
It is to be noted that while modeling, the effect of overlapaatance’s is neglected and
is assumed that all parasitic capacitance appear in panaitethe integrating capaci-
tors. IfC, is the capacitance value to be present at a given node foiradié&®quency
response, it is clear from the Fig. 6.1(a) that the capac#do be insertedX) at that
node can be easily found by subtracting the total parasipacitance appearing at that
node fromC,. In presence of gate overlap capacitarnceg,(the equivalent circuit of
the transconductor can be drawn as in Fig. 6.1(b). In suckatte state-space model

of the filter used in (Laxminidhi and Pavan, 2007) will not lmearate enough due to
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() (b)
Figure 6.1: Equivalent circuit of non ideal transcondu¢grWithout gate-overlap ca-
pacitance. (b) With gate-overlap capacitance.
following reasons- (a) possible frequency dependent Mdftect (b) addition of para-
sitic poles/zeros. It is not possible to adopt the designererg technique laid down in
(Laxminidhi and Pavan, 2007) as it is. In this work an attersphade to address this

issue, especially in the regime of low voltage design.

With the reduced supply voltage for low voltage applicasioroltage headroom is-
sue due to higher threshold voltage can be critical. Thesiséors may be operating in
weak inversion or in sub-threshold region. In such a scenaile modeling circuits
one need to consider the sub-threshold effects. This mapent¢asible always if ac-
curate sub-threshold models are not available for the M@Sststors. Therefore, the
simple design centering technique presented in (Laxmidt Pavan, 2007) for filter
operating at 3.3V supply, that use state-space model madyemititable for circuits op-
erating at low voltage if one needs to consider sub-threséiécts and other parasitic

poles and zeros.

Two-port parameter based representation is one of the mietsed to model a lin-
ear system. This method can be readily adopted to modelntamis-time filters as
they are assumed to be linear for small-signal. Two-portsin@ission line parameter
(ABCD parameter) model is one such method that can be efédgtused for cascaded

networks. This method is simple and has couple of advantagaother methods. Re-
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cent publications (Elwakil, 2010; Choma and Chen, 2007\v&uthat there is increase
in the application of two-port transmission line approach lfetter understanding of

circuits.

In this chapter a two-port transmission parameter basedehmgdof filter is pre-
sented. A Cochlea Butterworth low-pass filter operating &vOsupply voltage pre-
sented in the chapter 5 is used as the test-vehicle to exfilerenerits of two-port
transmission parameter based modeling over state-spsed Approach for design cen-
tering the filter, specially when using CAD tools. The progb$echnique is compared
with the technique presented in (Laxminidhi and Pavan, 20@hceforth referred as

conventional method.

6.2 MODEL USING CONVENTIONAL METHOD

The Cochlea filter presented in Chapter5 is redrawn in F&f&. completenessCy
andC,t are the effective integrating capacitors. Each capaci@ combination of
two components as shown in the figure viz. effective paasépacitancec par and
Co,par) @nd the intended capacitd@yin: andCyjnt). Intended capacitors are the capaci-
tors explicitly placed at the two nodes. The required valu€andCy; are computed
for Butterworth response and 500 kHz bandwidth assuming icienditions. But non-
idealities of the OTA like parasitic capacitance, finitepuitimpedance and finite in-
put impedance cause the frequency response to deviateliButterworth response.
In order to analyze the limitations of the conventional daestentering process, the
Cochlea filter is first modeled in a manner similar to that giwe (Laxminidhi and

Pavan, 2007).

Figure 6.2 is a simple schematic of the filter. At the interragzinodex, ry is the
effective resistance seen a@glis the effective capacitance seen at this node. Similarly

rout andCoyt are the effective resistance and capacitance at the outpet mhe state-
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Vout

COUt

(Co,int+co,par)

| Fout
I Cx
(Cx,int+cx,par)

Figure 6.2: Equivalent circuit of the Cochlea filter considg the effect of finite input
and output impedance of the transconductor.

space model of this filter is given by (6.1) and (6.2).

X(t) = Ax(t) +BVin(t) (6.1)
y(t) = [0 Lx(t) (6.2)
where,

X(t) = [V Vout] " (6.3)

| (Omk2 — Ombt — r_x) i ]
A = G & (6.4)

Omis (gmtﬁ + @)
Cout Cout i
Omht T

B = [ C, 0 } (6.5)
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Note that all the transconductanagg -gng are replaced bymm-gns Since the
transconductors under consideration are body-driventh&llrequired resistances and
transconductance values are taken from DC operating poalysis of the transcon-
ductor. Though for the transistor level circuit, parast@pacitances are considered as
separate entities, for the model they are not. For the m@gelndCoy,; are considered

as single entities and the parasitic capacitances can bebakinto them.

The filter is design centered using the approach proposeéim{inidhi and Pavan,
2007). For the sake of completeness, the design centerng$s is briefly outlined as

follows. Here,Cx andCyy: are are represented as a ved®=[Cy Coyt]. Similarly

Cint =[Cxiint Co,int] @ndCpar =[Cx par Co,par]-

1. Frequency response of the transistor level filter is albthby inserting known set
of intended integrating capacitoG,:, sayCint-fi- A best choice for initial set of
Cint-fii Will be the set that is computed assuming ideal transcoodsict

2. The model is now tuned (optimized), by tweakingGtsto match the response of
the transistor level filter. Let the optimized set of capasitoeC ;.

3. If the model is accurate, the optimized set of capacitans fthe model can be
used to estimate the parasitis, of the transistor level filter. i.ecoar = Cmy —
Cint:fil. Note, in step-1, if we seEin;.fii =[0 0] thencpar = Cm1.

4. Estimate the capacitors in the model required to get aresspclose to ideal. Let
the capacitors required 6&,,,.

5. For the transistor level filter to offer a response closel¢al, it should have the
same set of capacitof3y, at its nodes. Knowing the parasitic capacitors at the
nodes, the required intended capacitors that needs to e g transistor level
circuit can be easily calculated.

Steps 1-3 are carried with initial s€.si =[0 0] i.e. with no intended integrating
capacitors in transistor level circuit. Fig. 6.3 and Figd 6hows the magnitude and
phase response of the conventional (state-space) modwed Gifter compared with that
of transistor level filter. The frequency response of the ehasl in deviation from
that of the transistor level. This indicates that the moaddkfto estimate the filter

parasitics accurately. The reason for this is that the misdalsecond order system
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where as the transistor level filter is a higher order systetin additional poles/zeros
due to body-drain junction capacitance and the parasiliespand zeros added due to

the intermediate node of the transconductor (refer to Fjirbchapter 5).

10y

—— Conventional model of filte
|- - - Transistor level filter

B0 —Q0F NV
Z
= : :
& =20p ) ;
~30b J— R e o
_a0l ; ; ; RN
2 4 6 8 10

Frequency (MHz)

Figure 6.3: Magnitude response of state-space model ansidtar level filter after es-
timating the parasitic capacitors.

For better accuracy of model, the inter node capacitan@ssitic poles and ze-
ros are required to be taken into account. Every transcaaductthe filter needs to
be modeled accurately. The transconductor designed imvtiris, has an intermediate
node formed at the common-drain pointvf andMs (refer Fig. 5.3). Also there exists
a body-drain junction capacitors dueNt andMa,. An accurate state-space model for
the Cochlea filter, considering the non-idealities, hasl@erived in chapter5. The
same may be used for design centering the filter. Howevefotlosving limitation can
be observed for such a modeling method. Actual order of the-space matrix can
be more than that of the ideal situation, if there are inteliate nodes in the transcon-
ductor; for example, the transconductor used in the Codiltea As the filter order

increases, writing state-space model will require too meictesigners attention and
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Figure 6.4: Phase response of state-space model and toatesig! filter after estimat-
ing the parasitic capacitors.

time. Often, this may lead to error in modeling.

For the Cochlea filter architecture considered in this wartdt #or similar architec-
tures, there is need for a method to model the filter as accasapossible and at the
same time keeping it simple for designers. A close look aatichitecture of the filter
reveals that, the filter can be considered as cascade ofaséwerport networks. It is
a well known fact that two-port transmission line (ABCD) aareter representation is
the best suited two-port network model to represent casctda port networks. It is
worth exploring the usefulness of transmission line patamaodeling for the filter as

an alternative to state-space model.

6.3 MODEL USING ABCD-PARAMETER APPROACH

The Cochlea filter shown in Fig. 6.2 can be viewed as four iddial two-port networks

connected in cascade as shown in Fig. 6.5. Individual two-petworks are named
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Figure 6.5: Cochlea filter represented in the form of castad®-port networks and
their respective ABCD parameters connected in cascade form

block-1 to block-4n the figure. Note that, intended capacitGxsn: andC jnt are taken

as individual two-port block€|ock-2andblock-4), while parasitics of transconductors
are absorbed into respective blockdock-1andblock-3. In Fig. 6.5, each block is
also represented by its two-port ABCD parameters. When ABp@mRmeters are used
to represent linear two-port networks, the ABCD model of¢ascade network can be
easily obtained by multiplying ABCD matrix of individual dtks i.e. ifA;, B; C; and

D; are the ABCD parameters 8f block in Fig. 6.5, the entire filter can be represented

using ABCD-parameters as in (6.6).

Vin Ar B Ay B Az Bs A4 By Vout
_ (6.6)
lin Ci D1 C, Do Cs D3 Cs Dy lout

ABCD-parameter representation of blocks 2 and 4 is simptecam be written as in

(6.7) and (6.8).

A B 1 0
- 6.7)
C, D2 joCyint 1
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As B 1 0
- (6.8)

Cs Dy JoCojnt 1
For finding the ABCD matrix elements of blocks 1 and 3, one niedun four
simulations on each block. Fig. 6.6 shows the simulatiorupatquired to find ABCD
parameters of a given block. The simulations required arallssignal AC analysis

over a frequency grid of interest. The procedure for findirese parameters is outlined

as follows.
I, Vil _g
block-i ——o0 block-i V" I V,=0
V| p—
Vl VZ —A Vl C—»OO
1,=0
@ (b)
Vv, P

block-i —0 block-i % =D
A pl s
vl e —
Iy Vol _ Iy
1,=0 Cc -00

(©) (d)

Figure 6.6: Simulation setup to determiméBCD parameters ofit" block (a) A-
parameter. (bB-parameter. (cC-parameter. (dD-parameter.

To find parameter A:

— V . : .
» By definition,A= {—1} I.e. the ratio of port-1 voltage (input voltage) to the
1,=0

2],
port-2 voltage (output vzoltage) with the port-2 open citcui
* The test setup shown in Fig. 6.6(a) is used to fnd

» AC simulations are run for a given frequency grid over a D@raging point with
voltage as the input at port-1 and with port-2 open circuit.
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* The voltage gaiV>/Vy will yield a vector 1A having a length equal to that of the
frequency grid.

» ParameteA can be computed by taking element-by-element reciprocshef
vector 1A. Note that, simulators generally provide options to plehv, (i.e.
input/output) in which case, this last step can be avoided.

To find parameter B:

V . . .
e B=— {—1} I.e. the ratio of port-1 voltage (input voltage) to the p2iturrent
Vo=0

2
(output current) with the port-2 short circuit.

* The test setup shown in Fig. 6.6(b) is used to #id\ote that, a large capacitor
(few tens of farads) placed at the port two offers very lowctaace in the fre-
guency grid of interest, thus acting as a short circuit. Téygacitor offers short
circuit without affecting DC operating point.

» AC simulations are run with voltage as input at port-1.

» The gainl| /V1 will yield a vector 1B having a length equal to that of the frequency
grid used for the simulation.

» ParameteB is the element-by-element reciprocal of the vectd@. 1/

To find parameter C:

I
p)

* By definition,C = {
0
port-2 voltage (output voltage) with the port-2 open citcui

} i.e. the ratio of port-1 current (input current) to the
lp=
* The test setup shown in Fig. 6.6(c) is used to fihd

* AC simulations are run for the same frequency grid over a [pErating point
with current as input to port-1 and with port-2 open circuit.

» The gairv,/11 will yield a vector 1€ having a length equal to that of the frequency
grid.

» ParameteC is then computed by taking element-by-element reciprotahe
vector 1C.

To find parameter D:
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I . . ,
e D=- {—1} i.e. the ratio of port-1 current to the port-2 current withk fort-2
Vo=0

2
short circuit.

The test setup shown in Fig. 6.6(d) is used to findThe large capacitor at the
port two acts as a short circuit without affecting DC opergipoint.

AC simulations are run with current as input to port-1.

* The current gainy/l; is equal to 1D.

ParameteD is the element-by-element reciprocal of the vect@.1/

The above exercise is carried out for the blocks 1 and 3 to fied ABCD parame-
ters. These parameters are then takevi A3 LAB along with the parameters of blocks
2 and 4, as vectors corresponding to the frequency grid efest. The ABCD matrix
of the the filter is then computed. A pseudo-code for computie ABCD matrix of

the filter, assuming a frequency grid of lengithis outlined as follows.

% Pseudo-code for conputing the ABCD matri X
%of the filter
% w= frequency grid in rad/sec;
for i =1 to N
% Formthe ABCD matrix of all blocks (1 to 4)

%for "i’th frequency
[bl ockl] = [AL(i) BLl(i); CLl(i) DL(i)];
[block2] = [1 0; j*wi)C{x,int} 1];
[bl ock3] = [A3(i) B3(i); C3(i) D3(i)];
[blockd] =12 O0; j*wi)C{o,int} 1];

% Conmpute the ABCD matrix of the filter
%for ‘“i’th frequency

ABCD filter= [Dbl ockl]*[ bl ock2] [ bl ock3] *[ bl ock4] ;
% A paranter of the filter for i’ th frequency

A paraneter_of filter(i) = ABCD filter(1,1);
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end
% Transfer function of the filter

TF(jw)=1./A paraneter_of filter

The transfer function of the filter is computed from tAgparameter of the filter i.e.

TF(jw) = 1/Asi (jw) where Agj (jw) is A-parameter of the filter.

Notice that the filter model has been derived directly fromwdations and no paper
work is necessary as unlike in the conventional method. Bseders attention is only
required to run the necessary simulations. Also, this teglencan be readily applied

to model the post layout extracted filter, if some care isnidkday the filter in blocks.

The frequency response obtained from the ABCD-parametsechenodel of the
filter and the transistor level filter are compared in Fig.&d Fig. 6.8 (magnitude and
phase). The responses are obtained for one set of intentgptahing capacitors. It
can be inferred that, the model response is in a good mat¢htramsistor level filter
response for the entire range of frequency. With the use dd @ls, the complexity
involved in modeling the filter with ABCD-parameter apprbas found to be minimal,

even with increase in the order of the filter.

6.4 DESIGN CENTERING USING PROPOSED METHOD AND CONVEN-
TIONAL METHOD

After the filter is modeled, then it needs to be design cedteyeet response close to
ideal. The design centering process is outlined as follows.
» Optimize the model to get a response close the ideal by guhimintended inte-
grating capacitors.

* The optimized set of capacitors are then put in the tramslstel filter. If the
model is having a good accuracy, the response of the transestel filter will
be the optimum and no further iterations are necessaryk@imh the case of
conventional method).

105



10 : : . ,
—— ABCD parameter based model
0 .| = = - Transistor level filter
o -10f
=2
i=
& —20t
—-30p
0 2 4 6 8 10

Frequency (MHz)

Figure 6.7: Magnitude response of ABCD parameter based naodetransistor level
filter.
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Figure 6.8: Phase response of ABCD parameter based mod#&basistor level filter.
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The filter is design centered using both the state-space Inhaded approach and
ABCD-parameter based approach. The responses of thesti@ansvel filter obtained
after design centering using both the techniques are platt&ig. 6.9 along with the

ideal. From the Fig. 6.9 it can be seen that near the band-dugeroposed two-port

%)
2
c
= _ _ |
O] B AR . R RALIRRRERRRRREEE
—— Tuned using ABCD model
—20f] - - Tuned using conventional mod
- = = |deal filter
-25
0.5 1 1.5 2
Frequency (MHz)

Figure 6.9: Magnitude response of transistor level filteaetlusing ABCD based model
and conventional model.

model based approach of design centering gives better amctinan the state-space
based approach. It is almost impossible to achieve perigg even with two port
based modeling due to the fact that the whole process ofesigtering here, attempts

to match the response of a higher order filter (due to paca}ii that of a ideal second

order filter.

In order to highlight the effectiveness of the proposed nindéechnique over con-
ventional method, a percentage error in the magnitude rsgpalefined as given in

(6.9).

Percentage erroe= (gamdea'._gamacwa') x 100 (6.9)
gaiNdeal
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is plotted in Fig. 6.10. In the pass-band, both the techrsauifer similar error. How-
ever, in the stop band, the proposed ABCD parameter modetlegsgproach is found
to be effective. The the maximum error is found to be 20 % fergioposed technique,

while for that obtained using state-space approach, it %25

10 : : : :
—— ABCD parameter method|
= o¥N\|""" Conventional method
o : :
) | |
< -10p oo :
c : ’
(0] : :
8 : :
(0] \ :
O —20p o sl
;\\ - :’ -
-30 :
1 2 3 4 5
Frequency (MHz)

Figure 6.10: Percentage error with respect to ideal forsisdor level filter tuned with
ABCD parameter based model and conventional model.

The phase erro{jea — Qactual), 1S also plotted in Fig. 6.11 for the completeness.
Ideally the phase error is expected to be zero if the respmasehes with ideal. It can
be seen that the proposed technique offers smaller phaseirethe pass-band when
compared to the conventional method. In the stop-band, hseerror increases for
both the techniques. This is expected since the actual Bltef higher order than the

ideal.

The same filter is design centered for a bandwidth of 1 MHzuUesgy using both
the models and the percentage error in the magnitude res@mngiven in (6.9) is

plotted in Fig. 6.12. Pass-band error remains same. Howavéhne stop band, the
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Figure 6.11: Deviation in phase of transistor level filtereéd with ABCD based model
and state-space model from ideal.

proposed ABCD parameter model based approach is found tifdativee and increase

in error is found more for state-space approach comparedofmoped approach. The

maximum error is found to be 22 % for the proposed technigidevior that obtained

using state-space approach, it is 33%. This shows that thw@ae model helps to

minimize the deviation in the frequency response from trerdd ideal response.
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Figure 6.12: Percentage error with respect to ideal forsisdor level filter tuned with
ABCD parameter based model and conventional model for 1 M&ixb
width.

110



CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

7.1 CONCLUSIONS

The thesis addressed the issues in designing continuoes&,-C filters for 0.5V

operations. A fourth order filter was successfully fabrechon silicon using 0.18m

n-well standard CMOS process. The designed filter offeredHk kandwidth, the high-
est till date among the reported low voltage filters realiaadilicon and operating on
supply voltage less than 1V. The lowest FOM (0.355 fJ) whengared to the simi-
lar works, indicated that the energy efficiency was not campsed in the process of
achieving the necessary bandwidth. It was also shown thdtittk-driven transconduc-

tors can effectively be used for realizing the transconohsan the low voltage regime.

Two schemes were proposed for biasing the transconductdesep the transcon-
ductance (gate-transconductance and/or bulk-transctenaite) within limits across pro-
cess, voltage and temperature variations. Simulatioriteeshiowed that the proposed
circuit is very effective in minimizing the variations insinsconductance. Wittt10%
change in supply voltage, the bulk-transconductance tiams are less thar-4.7%
and 4+ 0.44% respectively for the two schemes at room temperanulefige process
corners. However, with the temperature, the bulk-vamatgofound to be slightly on
the higher side but superior compared to the conventionaliti The results shown are
supported by a strong mathematical analysis. The andlyésalts are in good match
with that of the simulated. Itis concluded that the propdseti-bias circuits will serve
the purpose well for low voltage analog circuits operatimgsapply voltage down to

0.5V



Design of a low-pass second order Butterworth filter with idea architecture for
operation on 0.5V was also successfully demonstrated oensatic. Again, it was
shown that a filter of 500 kHz bandwidth is realizable in Quir8n-well standard CMOS
process. Simulations showed that the designed filter hasantig range of 51 dB with
power dissipation of 2QW at 0.5V supply voltage. The FOM of 0.225fJ achieved by

this filter is again stands as testimony for its energy efficye

A two-port transmission-line parameter based modelinigriepie was proposed for
accurately modeling the filter which can be used for designieceng the filters. It was
shown through simulation results that proposed approash halatively good accuracy
when compared to the conventional state-space approaeteudg, the two-port based
approach are not suitable/applicable to all classes ofdikspecially where it is not

possible to realize the filter as cascade of two-port netsiork

7.2 FUTURE DIRECTIONS

The transconductance obtained from the bulk driven trardiector is very small com-
pared to the gate driven transconductor. The input traorsigt bulk driven technique
can be made to operate in weak inversion or in sub-threslp@cation by proper body
bias/ gate bias. With this, the body transconductance canduke very small. Such
technique can be used to explore the possibility of desgysirb-hertz filters. Such
filters find its application in the analog front end for detegtSeismic activities, struc-
tural health monitoring. Low power of such filters make thantes] for deploying in

wireless sensor networks.

Silicon cochlea find its applications in cochlea implantsaiting aids and front-
ends of speech recognition systems. The cochlea filter meedig this work can be
extended to realize the complete silicon cochlea. Low powature of this filter make

them best suited for such biomedical applications. Codiiteas can be connected as a
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bank having different bandwidths in the range of audio fesany in decreasing order of
bandwidth. This can be achieved either by up scaling theaitmpa or down scaling the
transconductors. The filters along with tQ@etuning can be used to realize low power

silicon cochlea.

Since designing analog circuits for low voltage applicai®challenging, the scope
of research for designing analog circuit is un-ending. Anglag circuit which can be

thought of, is worthwhile to be tried for sub-1V applicatoon
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APPENDIX A

PIN DETAILS OF THE G ,-C LOW-PASS FILTER

CHIP

Pin details of the packaged fourth-orden®& low-pass filter chip designed in this re-
search is shown in Fig. A.1. The filter die is packaged in 443h6C package. The
chip has a die size of 1.528.525 mnf. The chip has three designs. Each design is
chosen to have independent pins for power, input, outpugamahd pins. This enables
testing of each design independently and without unwamttelference for the neigh-
bouring designs on the chip. Only the design of interestvggued while the others are

kept off.

The pin details of the chip along with its functions are giueable A.1. The &-C
filter has Eighteen dedicated pins. Each pin is named as @ieftinctionality, followed
by name of the designs to which those pin belongs so that theye identified with
their design. Pins corresponding thg-@ filter have their name ending withVMH'.
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Figure A.1: Pin-out details of the packaged chip.
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Table A.1:Pin details of the packaged chip.

Pin Number Pin name Functionality

8 VDD _3v3.for_.ESD 3.3V supply voltage for ESD Pad.

44,24 VDD _3v3.TBnPd 3.3 V supply voltage for Test buffer.

31 VDD _0v5_Fil_VMH 0.5V supply voltage for Filter.

34 Vem_VMH 0.25 V Common mode input
voltage for Filter.

29, 38 GND_TBnPd Top pack Ground.

30, 35 Gnd.Fil_-VMH Filter ground.

33 ResVMH An off-chip resistance connected
to tune the bias current.

36 Vip -Fil_.VMH Filter differential input.

37 Vim _Fil_VMH

6, 28,39 and 40 NC No Connection left open

26 Vom_TB_VMH Filter path differential output.

27 Vop -TB_VMH

40 Vom -INnput_.TB_VMH | Direct path differential output.

41 Vop -Inputl_.TB_VMH

25 Ibias -IN_-TB_VMH Input bias current for the Test buffer.

32 Ipias -OUtVMH A test pin, where the transconductor
bias current is brought out.

43 Ipias -IN_-TB_RS Input bias current for the Test buffer.

5 Gnd.Fil_RS RS Filter ground.

3 Vim _Fil_RS Filter path differential input for Filter.

4 Vip -Fil_RS

1 Vom _INnputl . TB_RS Direct path differential output.

2 Vop -INnputl_.TB_RS

23 Vom_-TB_RS Filter path differential output.

22 Vop -TB_RS

7 RES 25K RS An off-chip resistance connected
between this pin and ground for Filte

10 Vem_RS Common mode input voltage for
Filter (0.25V).

9 Ipias -OULRS A test pin.

11 VDD _0v5.Fil_RS RS Filter 0.5V power supply.

20,21 GND_corePd PRJ PRJ circuit Ground.

16,17 VDD _3v3 PdPRJ 3.3V supply voltage for circuit.

12 Vtail_ OTA_PRJ Vtail for PRJ circuit.

13 Vtail BGR.PRJ Vtail for PRJ circuit.

14 Vsoft PRJ Vsoft for PRJ circuit.

15 Vreg PRJ Regulated output for PRJ circuit.

18,19 Vsoft PRJ Vsoft for PRJ circuit.
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APPENDIX B

LM 334 BASED CURRENT SINK

An off-chip current sink for 10QA required to generate the necessary bias for the test-
buffers is designed using LM334 from National Semicondrgctdt is a three terminal

adjustable current source/sink. A current source/sirndudiusing LM334 is shown in

A
¢Iset
V+

Fig. B.1.

LM334

yset

Figure B.1: LM 334 IC terminal details.

B©O

The three terminals of LM334 are nam¥éd, R andV . LM334 generates a con-
stant voltagé/e betweerR andV ™ for a given temperature, which is approximately
given by 2141vV/° K. An external resistancBset Sets the curreriz between the termi-
nalsR andV . lpjasis the bias current required by the IC for its operation. €hae
the currenise; by the current source is given as

VR

|set= ﬁ ‘Hbias (B-l)

. . . lset .
The bias currentylas depends ond. A typical ratlols—et is about 18 for UA < lget

bias
<1mA Using this value, in B.1, the resistanRey required to generate a givég at



room temperature (30K) can be simplified to

68mV  68mV
Iset N 100“A

Reet = — 680Q. (B.2)

This resistance is connected between the the termihalsdV —. This acts as current

sink of magnitude 10QA sinking a current from termina as shown in the Fig. B.1.
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APPENDIX C

POWER SUPPLY DESIGN

The designed filter needs three individual dedicated poweplges for characterizing

the filter chip.

1. 3.3 V: power supply for test buffer.
2. 0.5V : power supply for the filter.

3. 0.25V : input common mode voltage.

C.1 3.3V POWER SUPPLY

3.3V power supply is derived using an adjustable voltagele¢gr LM317 from Na-
tional Semiconductors. The schematic of the voltage regularcuit for generating
3.3Vis shown in Fig. C.1. The LM317 has a sourcing capacity.6fA which is well

in excess of the requirements of test-buffer.

Vin LM 317 Vout
o IN OUTI—¢ -0
ADJ
| i R
Cin__ ad]l 24(1) ' __Cout
0.1pF 1 10uF
5kQ /%(Rz
[o O AD) —— Vi

- Vout

(a) (b)

Figure C.1: (a) Circuit diagram of LM317 based voltage ragpl (b) Pin details of
LM317.



The output voltag®,, of the regulator is given by

R
Vout = 1.25 (1+ ﬁi) +ladjRo (C.1)

Sincelyqj is less than 100A, the second term in (C.1) can be made negligible by a
proper choice oRy. RatioRy/R; is chosen such that the outpdy: is 3.3 V.Ci, and

Cout are the by-pass capacitors.

C.2 0.5V POWER SUPPLY

Fig. C.2 shows the circuit designed to derive a regulated/GGpply. The voltage
regulator IC LM317 generates a regulated 1.25V. This veliagcaled down to 0.5V
using potential divider network. The potential divider isthe adjustable by using a

potentiometer. This allows the voltage adjustableti)% around the nominal 0.5 V.

V=5V DC LM 317 V=125V
o IN ADJOUT V,,=0.5V
P 2400 % P
0.1uF 10uF

Figure C.2: Schematic of power supply circuit to generase\0.

The divided voltage is then buffered using an opamp basedg gain amplifier. A
low noise opamp LF353 has for the buffer. A protection is jted at the output node,
by connecting a 3.3V zener diode across the output. Thiepi®the chip against any
accidental increase in the supply voltage beyond 3.3V (aydid 0.7V in reverse).

This is necessary since the buffer is operated-6rv supply.
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C.3 0.25V POWER SUPPLY

The common mode reference voltage of 0.25V is derived froendésigned 0.5V
power supply. Fig. C.3 shows the circuit diagram. The ctreworks similar to that
of 0.5V supply. Itis to be noted that, input common mode rziee will always be a

function of filter supply. Or in other word¥cmret = Vpp/2.

V;,=0.5V DC
O

1kQ V0, =0.25 V

V,=3.3V

Figure C.3: Schematic of the circuit to generate 0.25 V.
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