WO 2009/151406PCUSG2009/000209 1 CMOS AMPLIFIER WITH INTEGRATED TUNABLE
BAND-PASS FUNCTION 5 FIELD OF INVENTION The present invention relates to a CMOS
amplifier with integrated tunable band-pass function, a tunable active resistor structure, a method of

amplifying gw@gﬂ&%ﬁiﬁg@g and to a method of fabricating an amplifier. 10 BALKGRHINES Biomedical

signal acquisition has gained much attention in recent years due 15 to the fast growing market for
portable biomedical electronics such as wearable or implantable health monitoring devices.

Subthreshold-mode CMQOS amplifiers with intearated band-pass functiogsﬁﬂsz ften used in such

devices to achi&l@géhwwy W"ﬁn‘% RFED W@]@(!t% rﬁ%ﬁent and baseline

drift without distorting the useful bio-signal, sugiNaMmifi¢rs need to provide very low high-pass 20
cut-off frequencies (sub 1 Hz). Along with onchip capacitors, MOS-bipolar pseudo-resistors that
produce up to 1013 ohm or even higher resistance are usually employed to realize the said high-pass
function, while avoiding the use of external RC components. However, the process dependence and
highly nonlinear resistance associated with pseudo-resistors may cause problems such as metastable
250peraﬁona’f%ﬁt?ﬁr‘ﬁ%ﬁ?@a&ame corner frequencies. Figure 1 depicts a typical neural
recording amplifier 100 with integrated band-pass function. Assuming that the operational

transconductance amplifilLOF A, 406:f ideplsthe Jamebtam auriallsy HeBris-seh Ry iBe capacitance
ratio Cl 112/ C2 114 30 (or C3 116/ C4 118&1;{he _m@ut DC corhr}&onent abéocked&r the high-pass
network C1 133\IARISBAHIPRIZ T92RRIF BBV SRS FB/SHE O RLEREMET FBquency is

regulated by D@t igrivilab22aad B4 (ebidhiri@aMam@ifiernd M4 128). Once the values of these
compongts are determined, the gain and the high-pass corner frequency are fixed. However, they
may drift considerably against the design target 36due to process variations, yet no tuning and
adjustment are possible. Furthermore, :

BACKGROUND :

Biomedica!l signal acquisition has gained much attention in raceﬁt years due
15  to the fast growing market for portable biomedical electronics such as wearable or
implantable health monitoring devices. Subthreshoid-mode CMOS amplifiers with
integrated band-pass functions are often used in such devices to achieve high power -
efficiency. In order to effectively reject tﬁe DC component and baseline drift without
distorting the useful bio-signal, such ampifiers need to provide very low high-pass
20  cut-off frequencies (sub 1 Hz). Along with onchip capacitors, MOS-bipolar pseudo-
resistors that produice up to 10™ ohm or even higher resistance are usually employed
to realize the said high-pass function, while avoiding the use of external RC
componenis. However, the process dependence and highly nonlinear resistance
aésociéted with pseqdd~resistors may cause problems such as metastable }
25  operational points and unpredictable comer frequencies.

Figure 1 depicts a typical neural recarding amplifier 100 with integrated band-

pass function. Assuming that the operational transconductance amplifier (OTA) 1062

is ideal, the gain of the overall system is set by the capacitance ratio C, 112/ C, 114

30  (or Cy 116/ C4 118); the input DC component is blocked..by the high-pass network G,
112, M, 122 and M, 124 {or C; 116, M; 126 and M, 128), whose carner frequency is
regula{ed by C, 114, My 122 and M, 124 (ar C4 118, Ms: 128 and M, 128). Once the
values of these componenis are determined, the gain and the high-pass corner
frequency are fixed, However, they may drift considerably against the design target

'35 due to process varations, yet no tuﬁing and adjustment are possible. Furthermore,



WO 2009/151406PCT/8G2009/000209 2 the resistance provided by the active pseudo-resistors M1
122 and M2 124 (or M3 126 and M4 128) is asymmetric, which varies when the voltage drops across
the pseudo-resistor structure 132 (or 134) are equal in magnitude but opposite in direction. This leads

to signal-depgndsiahQutput drift and degradation in linearity. As the input feves&hncspasns, the output
usually encounters a premature clipping at one otthe power rails which severely degrades the

dynamic ran e. Afew a hav been made t n dynamic range of
such amplifi rg?iﬁf@f)? fﬁgﬂsﬁ E?a?tc \feaarsuertésoér&% 8rsstu ?eaoé Efﬁ% ﬁo%ﬁ(}jl%érogrammable
gain. Listed raerbwrar@ryplaarmmmme@wmhwbﬁm@ oltagpvirensdayrops Xe, peeude2 3pW
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Although thes works O% ebe%n helgft%lrrrnc%rcrg,pté? el TI aSé)ucc];Its of the roble Cn;;:-y usually
show negatr\P gﬁ%'}:t%m Gihers? For exa?nple enhancing Hesllnearltyo ac |ve 63 s may lead to
prolongéd seathgraanemimebis saTishistep SR fypipd sRippIeasd Aushjadamei®: on the other hand,
incorporating tunability often 30 introduces increased severe imbalance across the structure and
produces reduced linearity and dynamic range.
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Although these works have been helpful in correcting certain aspects of the '
problem, they usually show negative effects on others. For examplé, enhancing the
linearity of active loads may lead to prolonged settling time and diminished possibility
for posfffabrication adjustment; on the other hand, incorporating tunability often
30 introduces increased severe imbalance aéross the structure and produces reduced
linearity and dynamic range. |

Therefore, there exists a need to provide a low voltage CMOS ampiifier Wrth
integrated tunable band-pass function, a tunabie active resistor structure, a method -



3 of amplifying an input signal and a method of fabricating an amplifier which seek to address one or
more of the problems mentioned above. SUMMARY In accordance with a first aspect of the
present invention, there is provided a tunable active resistor structure comprising two symmetrically
cross-cohBBTHEHER BRs NP Y atid Soleld BIRPEERIRE A BRI oHE'SR BPfrdRsistors and
a source sdfdhes other dransistof fenprabsene ncwéiciaddeabouece coupled between a gate of said other
transistor and a source of said one transistor for providing tunability to the active resistor structure. The
first and second variable sources may each comprise a variable voltage source. The variable
voltage source may comprise a source transistor for mapping a required voltage drop to a variable
current sgarmiARY A source and bulk of one of the transistors may be coupled to the gate of the other
transistor and vice versa. The transistors may comprise PMOS transistors. In accordance with a
second aspect of the present invention, there is provided a CMOS amplifier with integrated tunable
band-pass functioreceergaisiaguheaciiraicrepactivé theisreseniuictugetioof therfirds aspddedrhe amplifier

may compyise,a é@ﬁ%@é@i?ﬁr&'@mﬂlﬁm&@&/@ a{?&%m@tm@ggc%a%ow%@i@aﬁm@@c,ation stage
may comprise said active resistor structures. WO 20091151406PCT/SG20091000209

a first variable source coupled between a gate of one of the transistors and a source of

the other transistor, and a second variable source coupled between a gate of said other

transistor and a source of said one transistor for providing tunability fo the active resistor

structure.

The first and second variable sources may each comprise a variable voltage

source.

The variable voltage source may comprise a source transistor for mapping a

required voltage drop to a variable current source.

A source and bulk of one of the transistors may be coupled to the gate of the

other transister and vice versa.

The transistors may comprise PMOS transistors.

in accordance with a second aspect of the present invention, there is provided a
CMOS amplifier with integrated tunable band-pass function comprising one or more

active resistor siructures of the first aspect.

The amplifier may comprise a separate pre-amplification stage and a gain tuning

stage.

The pre-ampilification stage may comprise said active resistor structures.



4 The transistors of the amplifier may be biased in a subthreshold region under low-voltage supply
operation. 5The capacitive inputs of the pre-amplifier stage may be employed to reject DC and
predefined low-frequency contents. The high-pass corner frequency may be arranged for reaching
down to subwloHaoanshissdefined by the onchip active resistors. 10 Thecaeageonesisases may exhibit
substantially no external state related imbalance for reducing or eliminating signal dependent output
shift. ~ The active resistors may exhibit substantially no signal dependent resistance 15variation
for reducing non-linearity. A THD with rail-to-rail output of the amplifier may be less than 1% for
offering a substantiéitly togotaatons sighal ampiiiitt deaintdyriassid mpgeEvetsiatiomsgi2® Andeminant pole of

the amplifier may provide e JourRags function. The dominant pole may be adjustable by tuning a
current of an OTA of the pre-amplification stage. 25The amplifier may have a low power consumption

of less than 1 pW. The gain tuning stage may comprise switchable capacitive feedback paths to
adjust clgsed-loop gﬂ@ca%%g@%&ﬁgé B@IJQB%QPQ{Q&Q%%% 'f_ie employed to reject DC

and predefined low-frequency contents.

The'htgh—pass corner frequency may be arranged for reaching down to sub 1
Hz and is defined by the anchip active resistors.

10
The active resistors may exhibit substantially no external state related
imbatance for reducing or efiminating signal dependent output shift.

The active resistors may exhibit substanttaiiy no signatl dependent resistance
15 variation for reducing non- imeanty

A THD with rail-to-rail output of thé a'rnpiiﬁer.may be less than 1% for offering
a substantially optimum signal amplitude in dynamic range evaluations.

20 A dominant pole of the amplifier may provide the low-pass function.

The dominant pole may be adjustable by tuning a current of an OTA of the
pre-ampiification stage.

25 The amplifier may have a low power consumption of less than 1 pW.

The gain tunin_g stage may comprise switchable capacitive feedback paths ia
adjust closed-loop gain. ' '

30 The amplifier may comprise a switchable capacitor network to fiip over
hetwaen an input and a feedback paths during gain adjustment.



In accordance with a third aspect of the present invention there is provided a method of amplifying an
input signal using the amplifier as defined in the second aspect. In accordance with a fourth aspect of
the present invention, there is provided a method of fabricating the amplifier as defined in the second
aspect. BRIF® BEEERSTION OF THE DRAWINGS 10 Embodiments SH& RV8%18n will be
better understood and readily apparent to one of:brdinary skill'in the art from the following written -
description, by waytmof @scanggiecenlyittarid thicbrijsetbroivitetherehentingesitianhitierd 5Bigure 1 shows

a neural recgzﬂge?!”%prm@ﬁéﬁ Hienigignbtas %BuFiQfg'ﬁﬁi%ElHét{ﬁée&ﬁBﬁ’ﬁ%Y%@@eﬁmtﬁ?wre of an
example emho

diment of a fultly tunable, low-voltage, full-swing CMOS amplifier. 20Figure 3A shows a
simplified md F’F&Pﬁ‘%ﬁ%ﬁ?active resistor. Figures 3B and 3C show the details of a fully balanced
cross-coupled active resistor structure according to an example embodiment. 25Figure 4A shows the

tyéqit:al %?in tuning ﬁﬁth@?ze@rams siake é);)fywﬁrbéﬂgwgﬂ%éhiwi&aﬁmﬁéﬁ%iﬁ,dﬂﬁ%@"fﬁco‘c (tﬂ)e )
a jUSta egaln stage of an exa e.e odiment. ljgure Qws the pr ampl er ree ac
e R R e et A HE e DB GO T A 15 02000/000209
6 |

 BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will be better understood and readily
apparent to one of ordinary skill in the art from the following written description,

by way of example only, and in conjunction with the drawings, in which:

15 Figure 1 shows a neural recording amplifier in the state of thé art.

Figure 2 iHustrates the system architecture of an exampté embodiment of a fully
tunable, low-voltage, fuil-swing CMOS amplifier.

20  Figure 3A shows a si_m'piif%ed model for a typical active resistor.

Figures 3B and 3C show the details of a-fully‘baianced cross-coupled active resistor
structure according fo an example embodiment.

- 25 Figure 4A shows the typicai gain tuning scheme in the state of the art.

" Figure 4B shows a schematic diagram of the adjustable gain stage of an example
embodiment.

30 Figure 5A shows the preamplifier feedback circuit in the example implementation of
the present invention.

Figure 5B shows the preampiifier OTA ciredit in the example implemen’:ation‘of the

present inveniion.



Figure 6A shows the measured frequency responses with different corner frequencies in the example
implementation of the invention. 5 Figure 6B shows the measured frequency responses with different
gains in the example implementation of the invention. Figure 6C plots the measured THD against the

output ampligsie,witiz different high-pass corner frequencies in the examplerisapiementation of the
invention. 10 Figure 7 shows a table concluding some of the measurement results of the example
implementation of the invention. DETAILED DESCRIPTION 15 The embodiments of the present
invention seek to introduce flexibility in bandwidth and gain adjustments for CMOS amplifiers.
Secondly, th&igurdogmemtssetie topravicte stabdeenay reaghiiysestiedtbiadifeygrdimsrirethe presence of

large active lpads. Thidinthasnirofimenienearis 1o siegeAteiicuit topology that 20 inherently favours
both tunabilitY and signal fidelity, such that fully adjustable amplifiers are able to produce outputs with

reasonable linearity and dynamic range under low supply voltage. As described in the example

embodingents, fhesgdnay be achieved fpyah apajr REBdhsy mmeisaleogantoUplgR active |
resistors that tunes the high-pass carner, frequency, and a "flip-over-capacitor” structure that tunes the
25voltage gaffampleme e BEmRPaos iR EPhvention is presented below. Those skilled in the art,

however, will realize that it exemplifies but is not limiting the scope of the invention. Without deviating
from the main concept and spirit, many of the details 30described hereinafter can be readily modified
and applied iﬁi%ﬁjﬁgo?lg‘ﬁ {rrmsRir R Rk AERs e AR L BmRITHTR i el ERe0b Y requirements.
Figure 2 illuspatesdinersysiemdectéct eraempiirepemptéadinmbdda éveofienfully tunable, low-voltage,
full-swing CMOS amplifier 200. It comprises a pre-35amplification stage 200a (or the first stage) driven

by the OYA labeled '‘gm" 202, and WO 2009/151406PCT/SG2009/000209
Figure 7 shows 2 table concluding some of the measurement results of the example.

implementation‘ of the invention.

DETAILED DESCRIPTION
s .

The embodiments of the present invention seek to introduce flexibiiity in
bandwidth ahd gain adjuétments for CMOS ampiifiers. Secondly, the embodiments
seek to provide stable and readily settled biasing points in the presence of large
active loads. Thirdty, the embodiments seek to create a circuit topology that

20  inherently favours both funability and signal fidelity, such that fully adjustable
amplifiers are ablé to produce outputs with reasonable linearity and dynamic range
under low ksuppiy' voltage. As described in the example embodiments, these may be
achieved through a pair of fully symmetrical cross-coupled active resistors tha’i tunes
the high-pass corner frequency, and a “fiip-over-capacitor” structure that tunes the

25  vyoltage gain. ' \

- . The detailed description of invention is presented beiow. Those skilled in the
art, however, will realize thatl it e_xemp!iﬁes but is not limiting the scope of the
invention. Withoﬁt deviating from the main concept and spirit, many of the details

30 described hereinafter can be readily modified and applied in conjunction with other
o techniques in the art to conform to different design requirements. |

. Figure 2 illustrates the system architecture of an example embodiment of a
fully tunable, low-voliage, full-swing CMOS amplifier 200, it comprises a pre-
35  amplification stage 200a (or the first stage) driven by the OTA labeled “gn," 202, and



7 an adjustable gain stage 200b (or the second stage) by the OTA labeled "gnif 252. The first stage
200a amplifies the differential inputs and processes the signal with tunable high and low pass filtedng
provided by high-pass filter 206 and 0Th 202 respectively; the second stage 200b adjusts the overall

gain accordiq@t@ppligation 5 requirements. Because of the small input amplitce abdhw first stage
200a and the inverting configuration of the second stage 200b, neither OTA 202 or 252 requires a

rail-to-rail or wide-scale inputs, whic simplify the, input nd ease the noise efficiency
factor (NEF) BpAHARRA. 898v5°§§ [Bgﬁ S ré%%%)ogy the @[}* bﬁlﬁg cHR l:?2 easily tuned by
shifting the d@heirfastt gote @l dinstittadheCiifRranin doputy rad anoveirigs dhehaiamt ovith stage 200b

needs to be q&%@em@wﬁ&g@w ABINiRIAR S INRaS NG R-pyeN atltbandavichh adiystmeent. This can
be fulfilled by settln@ ain of t e eco sta egs ba\t,&!?a tgg%gcrg r of ma rzltu e smaller than
that of the firSESRSGEIBoRE FECNHRRIR G DAL N HEFIST AR 88"% f8edback

network 6f theefiniestatfe, Becawsh gﬁibﬁiprwpama@@hﬂmehtaacﬂ@waez 200r arsidp® 04 228, and

the tunable am\éﬁm@S&‘éWrgm?al%n?eTF%@&@ao%a&té& ther b essipRenThboSignEs ke as low as a few
tens of miIIi-herﬁ) ertaln app Ilcatl F&s A e Hpper tunl klmlt 2 of the active reS|st %212, 214, 216,

218 may prefr ab eo'é“é" E‘ﬁ YOr{/IS %5‘ DoPEN %ﬂPEQ%nare n range. The

lower tuning IWR&@@W fFGfO@Eﬂ#EB}fPBW@Fa&@Frespondmg to a corner frequency of a few hertz or
higher. Figure 3a displays the simplified model of a generic active resistor 300. The 25two terminals
labeled "va" 302 and "vb" 304 form the load of resistance. Terminal ' "vbbik" 306 denotes the bulk tap
of the adfive componbatiwWrezesicaned 1e@RE8%e pfcbensstam citreah ferrasiriigipdiut levels the

active resistag;gﬁmg Gﬂ@@&ﬂiﬁ%@ﬁ&[@@@r@oﬂdﬂ@é@e @W@&%ﬂf thes "Wandldanet Mé" 304 30
terminals may %)é{})?ﬁ nce élg?breeﬁlggllt? %svgégg[ - hble pac'gt gro§ ’%f%n blem on a pt%sswe resistor,

such a voltag% hé fesisiante ora poorly contr ?Ied acctlve reS|stor making it
highly non-linegsra t@ﬂﬁb‘!’@ﬁyqﬂﬂéﬁé‘m\ﬁeTblﬁaém)ﬁ@eﬂ“ﬂfﬂiﬁhQhé%l‘tfﬁ)%@ﬂﬁﬁﬁal%@ﬁ%s to maintain

linearity of th %@5@‘@@8%&9&5%\’@&Q@f%ﬁﬁ%ﬁﬁlﬁlﬂ@ﬂ&@&@%@@%@ﬁ first stage 200a.
5 o

The high-pass comer frequency is adjusted by the feedback netwark of the
 first stage, through on-chip cgpacitor 'cgmponents Cy 222, C, 224, C-; 226, C, 228,
and the tunable active resistors 212, 214, 216, 218. As the frequency of bio-signals
can be as low as a few tens of milli-heriz in certain applications, the upper tuning limit
20  of the active resistors 212, 214, 216, 218 may preferably be as high as 10" ohm,
provided that C, 224 and'C‘;‘ 228 are in pF range. The lower tuning limit is around
10" ohm or lower, corresponding to a cormer frequenc;y of a few hertz or higher.

Figure 3a displays the simplified model of a generic active resistor 300. The
25  two terminals labeled *v," 302 and "v," 304 form the load of resistance. Terminal '
"veuw 306 denoies the bulk tap of the active components. Terminal “vg" 308

represents the controlling mechanism that levels the active resistance.

Under typical operation conditions, at least one of the *v," 302 and “v," 304

30 terminals may experience a large voltage swing. While not posing any probiem on a

passive resistor, such a voltage swing can severely distort the resistance of a poorly
controlled active resistor, making it highly non-linear. It is thereby preferable to -

adaptively bias the “vg" 308 terminat sulchAas to maintain linearity of the active

resistor.

35



Another potential problem associated with active resistors is the structural imbalance or asymmetry,
measured by the differences of electrical properties perceived from either end of an active resistor as
referenced to the other. As a consequence, the resistance generated from an active resistor is
dependent anghesdy1pabarity of voltage across it; in other words, applyingedieSaa9ve/porential difference
across the active resistor but with opposite polary produces different resistances. At small signal

jevels (¢.0. compargpl{p IRe-EAlOiaBe L GMOmATEUI) IR SR RBIaRGR.Ga ead to

inherent biasing offset; as the signal levels increase, the said imbalance can further lead to noticeable

signal-deperit®aiBaetpat FRAHRRHYydROASHET Eﬁpﬁ]ﬁg@%raﬁﬁﬁf thesfrsicAt ACPRHiESmay be a
primary limitipgrdeictar fortheithgnamic shuageaptivéorassioe 4n leferealiagacitoaitgher. Ashe structural

mbalance cag e elaedin WsaarasteAngriaianm ol AElKe IRVIRRARINSIaRee, any juncion

leakage current occurring at the boundary 15 of the structure (i.e. the interface between the active
resistor StrudaRER HedasGIRFFRSS fafiAtve BRIES ARRMENGATS: $28 ey A SHRIERF R stablish
references taextartrel antitentalstov\thilevitb berestiagpaayhe ffecteesolifferpe dasisamades! it may

considerably hiag the highdngdanse,paderandia tHerFralajsitie GHeiBRRHiRS) Ofiaterest (e.g. the
equivalent re&stanceééo the external states of the strﬁ%?grg ﬁ(%g.?zo the averag%g chgt%ﬁ\tlal of the
e '‘a

active resistcAfilFiTEEPEECRT tRabIRERIEN ARsHI%eS FABHE ' 8 process the
leakage sensitiderterinal cabiikh80ealichnttiehigh siapadiencoderhrining shitavsigeen The
embodiments, of the Present YRR S8Rkt oMlerg eResaRRapniieAe erdhepdssign of fully

balanced active resistors Wita tunable onv-disli

i ; Vo%tigré.i[esl'gtance. The inventors have identified some
factors whicH i8] 5 <8rEa R FEH TN 5 ar SECTHRAGSHIEES listed as follows: 1) Ensuring topological and

geometrical symmetry across the structure; 2) Sourcing the controlling terminal "van" 308 and the
parasitic terminal "vb,nk" 306 solely from the local Iow-imé)edance nodes ofFéhe, activg 30 resistor 300;

3) Reconditioning tHAGAPUHHR aRABRE58 L R CRIFED S0 R RP R WG TORAFSHRTR AL of 1ocal
high-impedanrcivaatisrasitFeitstnatd dknpatetiad; id3kEbeotgrenidegstiveng Isibttiadpoadangtt” 308

terminal,keepging.the: resistaRce,canEPing HafeEn (d aLif-0NaIdlHY ef RhaRlNRLOHmBIRENtS 242, 244,
246, 248 in figure 2) decoupled from external states %ﬁg the v_o%t{?ggstsgg"ré exerted at %ther end of the
or TAt : ‘

£) 0 p _
active load 3585712001 Ber G B Ao R r HEE" v reterences
2009/1514068CFEC GREUSIO00RD 9ot expitngeash shiowstaleeHarpedendiagrsiesoftananable active

resistor struciye32Qahalias ads ehshiapasadserianaRMthiaedisiorion LR BesaMe

embodiment. Two Pl\/tl S t%znsistorsiB 2an gge ftormetge é?aq éat%g gh&jg(rgeag%% are ¢ eoss‘-coupled to
the two end tSHAIREE 61 B RNROb SR RIS sl of fwd DiUnabls resistance controllers 332,
334. Th&bodreenveirase B5ENEEY efrdhgpartiye resistor with respect to the bulk material).

Therefore, it is preferabie to source and process the leakage se_nsitive terminal “vpu" - \

308 such that high impedance termination is avoided.

" The embodiments of the present Jinvention seek to provide .a general
25 approach to the design of fully balanced active resistors with tunable tow-distortion .
resistance. Tﬁa inventors have identified some factors which may assist in reducing
narasitic influences, listed as follows: 1) Ensuring topological and geometrical
symmetry across the structure; 2) Sourcing the contrdiiing terminal “ve” 308 and the
parasitic terminal ‘v 306 solely from the local low-impedance nodes of the active
30 resistor 300; 3) Reconditioning the impedance across the structure boundary to avoid
direct interface of local high-impedance nodes with external bulk material; 4) Through
adaptively biasing the “vg" 308 terminal, keeping the resistance controlling factors
(e.g. the overdrives of active components 242, 244, 246, 248 in figure 2) deco:upied
| from externai states (e.-g. the voltage swing exerted at either end of the active load
35 302, 304) across the operation range of interest.



locally and sourced from the nearest end terminals. NMOS transistors are not preferred as there
are no deep n-well options in many CMOS processes, and the NMOS body in this case would
normally be linked 10 to fixed external sources (ground or Vbs), rendering the produced active

resistance injeyepty sgpsitive to external signal states and parasitic leakaggssJhsgkassscoupled
configuration that facilitates the resistance controband the localized symmetrical biasing of the

transistor bodies are useful in reaching structural balance, details of which are provided later. 15
When applied to theFtreaiBthSiguie 2 Sthe b otasiaat o e resriisrative, resistop BUPHBE(312, 314 in
figure 3) servsztav?tﬁglﬂle%:aamd@rimﬂahé@lﬁ iﬁeéﬁs@gl&daﬁ@iﬁheiﬁpeiﬁéﬁﬁﬁiminﬁs ahthexirstistage amplifier
200a. More specifically. in.stati itions wit iasi sal \V istors 212, 214,
216, 218 forcs SOBII Il eV xS st SR b At g R SREE T ot
offset; while ifT8SfaPHRIECOIRIIR® MY IATNIERIP aks afed dTFto/ thé4mpiitietheraidsaidvittive resistors
212, 214521 6uRd8haidshede Ghiasiags eaals3sih misicvalysigmnahaie e asushill, tupspite of the large

voltage swinqgég%ya%ﬁ%g%ﬁéj%%tﬁg R%a%%eeﬁlaqgmg‘%igf using active resistors 212, 214, 216, 218 in
1on e

such a configurat can e prolonged settling time. This challenge, however, may be
addressed in the embodiments of the present invention, as a lower resistance option (hence a smaller

time constant) can b astvaled empararly whenever he. gyl 2003 underages seripus biasing
disturbance (e.g. durjyrg power up). Once correct biasing points are attained or restored, the active
resistors 212, A, V6D pmegessda)dsdaeie toarieir AyFsase A10es. nemeale e8ridtete of the

embodieg act{ueﬁfeﬁi%maaeamésimmﬂ@tdﬁkgstﬂnea‘ﬁgib@cﬂmw@dame afitherfsaaiage amplifier
202 Due 10 e, o QURGR, S aSdLansianty SXRelisnges, i AiRARISte 24po214 formed by

M1 242 and 5are the main contributor to the signal distortions in the preamplifier. Assuming
that there is nePERSSinePa REPS Heabf BrdigtRRe thgiseHaERsE STRBRhES ulpfit SRR wo
2009/151406 REIHGIRENSGA0RZIMEGransistor bodies are useful in reaching structural balance,

details of which are provided later.
15 |

When applied to the circuit in figure 2 the embodied active resistors 212, 214,
218, 218 (312, 314 in figure 3) serve two roles. The primafy role is to regulate the
operating points of the first-stage amplifier 200a. More -épeciﬁcaiiy, in static
condifions with only DC biasing, the said active resistors 212, 214, 218, 218 force
20 botﬁ the input and output-nodes of the OTA “gm” 202 o be at V. with negligible
. offset; while in dynamic conditions when AC signals are fed into the amplifier, the
said active resistors 212, 214, 216,‘218 hold the DC biasing levels with minimal
signal-dependent shift, in spite of the large voltage swings they may be subjected to.
One challenge of using active resistors 212, 214, 216, 218 in such a configuration
25  can be the prolonged settling time. This challenge, however, may be addressed in |
the embodiments of the present invention, as a lower resistance option (Hence a
smaller time constant) can be activated temporarily whenever the circull 200z,
Lindergoes a serious biasing disturbance (e.g. during power up). Once the correct
biasing points are attained or restored, the active resistors 212, 214, 216, 218 are
30  adjusted back to their normal values.

The second role of the embodied active resistors 212, 214 is to regulate the
feedback resistance of the first-stage amplifier 202. Due {o the large voltage swings it
constantly experiences, the active resistors 212, 214 formed by My 242 and M, 244

35  are the main contributor to the signal distortions in the preamplifier. Assuming that

there is no clipping at either side of the power rails, a large sine wave output should



ideally be symmetrically swinging around the output biasing level (preferably at Vref)- As is more
clearly depicted in figure 3b, during the positive half cycle of the sine wave, the gate of M1 342 and
node "vb" 304 of M2 344 are charged up, while the gate of M2 344 and node "vb" 302 of M, 342
remain virtuglly 666 st This voltage 5 assignment tends to turn on M2 gddsshile keeping Ml 342
shut, thereby effectively distributing the whole output across M1 342. Conversely, during the negative

i qustl B S AEaah t%ﬁg@tgﬁg&%tg@&t@@%& e/ alym o, thereby

leaving the ou?p onse uent each transistor works as an
active resistéefét WFF%W keirBdpuieyashritig fbe\lﬁ?st’ﬁ’f"?n@a[}/a%‘&&f i%1$E8as the active
resistor) is alveaystelefies diwiheiasseictated firsld ef &b Sieh e eontpttn B3 324118 3de dhis helps to

sustan the AJfigf os e lpgremEnio rasisIange Ao ALMANELERRUPUHIRNAgELI he voltage

drop (Ves) on t & transistor in use begins to considerably turn on its source to bulk p-n junction. 15
It will be%pp?é%ﬁiglf'ﬁgﬂ%lnﬁér@oW@kﬂTbMir?fﬁe"'ﬁi’ﬁﬁ%ﬁﬁﬁ/éﬂte%‘@tﬁ‘é’tziréer?li% ST é’ at the
non-invertingiistptinig aeOdWoieg byt 02 huesction3dls Ubstamtially theisqrite megaiee awthat described
for the active.JeRISHAy Sl Sodsla T EHmANNANUEL0 RS SBANEI TNl oG andisage pose less

threat of producing 20distortions. In the process described above, the external sta}e (or more

specifically, ttltié%%r@ﬁ‘()tiﬂaiﬁé %UBW SPIRE Hjctti'i}‘é ROYYsYgE cROH Mﬁﬁ%sﬁ@&‘?ﬁg"tﬁ% Yower rails
tracks the outpuit &Rddsepsaite mmtingadne ormisissiogoniy mitpdebidsnipldvekid @ Hivcalized

symmetgical 90rmﬁ&lQ%Qimqrmg%Qﬁi&l@@ﬂwm@:%?fsmg%ﬁﬁg@ byttiee%guaa@astance of the
structure irrelévant to the said extern %te ,%g hﬁ"&% of biasm the ulks tha Xbe similarly
'3

effective is té%%%btﬁeﬁstﬁttﬁgem‘iarﬁ@ %?e Pcaeiﬁ/ protitic en better
linearity at venygriamgetablesgawingsess it ahiniratedatbe anmire@g@wr@hﬁpamém&@the source to
bilk p-n 30 JURELIPRS- tHOWENSEG FIORKS Fagrina QR Ry ealeH RORBARING Ak pulks to a high
impedance node gvs ") exposes the "vbuk' terminal of the active resistor directly to the n-well to
substrate Iea‘k‘g Bath hence creating dependence upon external states, which may break the
structurgg balance. WO 2009/151406PCT/SG20091000209 11 voltage at terminal "vein" 362 as
referenced to terminal "v""'se" 364. PMOS Meth 366 serves to map the reguired, volta drop toa
variable current soutctéi5B8 %ﬂrﬁﬂﬁgﬂgﬁﬁfﬁ%ﬁ’é a@gfﬁdfbweaﬁapﬁ?i%aﬁﬁ)v@o?ﬁ?&iﬁﬁl
deep-sub-miréhaprones st she mproir@ting OMOS thd Wik, ‘ame ADE fursiteorin pﬁé&@fmlsﬁbstantial

off-state Chaw's%i%@k@&ﬁngieag%pH@&@bé@%&etﬁ@%aﬁ,@ce@t@w&dzbtdIr@@tlonayfiﬁgﬁded to cover
the otherwise missing hi reS| tance end in the tu tét gpran e of ttte a%gﬁges stor Returning to
A

Figure 2, the SR %t %6 b tRERMRBOHied? 8s§m5??e R8P A mable-gain
buffer (IZGB)dhatht@gtalates the gain and

in the process described above, the external state (or more specifically, the

overall voltage level) of the active resistor structure with respect to the power rails

tracks the output and keeps alternating encompassing the output biasing level. The
25 localized symmetrical connections of the PMOS bulks, in this case, assist to make .
the active resistance of the structtjre irreievt—mt to the said extemnal state. Another way

of biasing the bulks that may be similarly effective is to tap them to the mid node “v¢’

310, which theoretically should produce even better linearity at very large voltage
swings as it efiminates the undesired current pathé across the source to bulk p-n
30 junctions. However, a closer examination may reveal that connecting both bulks to a .
high impedance node ("v.") exposes the ‘v terminal of the active resistor directly

to the n-well to substrate leakage path, herice creafing dependence upon exiernal

states, which may break the structural balance.

35 Figure 3c depicts an embodiment of the tunable resistance controller 360
(332, 334 in figure 3b). It is essentially a variable voltage source that defines the



10 buffers the load. The gain adjustment feature in the embodiments of the present invention is
implemented separately from the band-pass preamplifier to avoid the gain-bandwidth correlation
produced by the first-stage OTA 202. The load buffering scheme relaxes the output requirement of the

preamplifier%qo@ﬂgﬁy&r-efﬁcient especially when the load continuously gxgks distishapce to the
system (e.g. in a 15sample-and-hold S/H circuit).;;y The voltage gain of a closed-loop amplifier is

adjustable through varying its feedback factor. A common approach in the art is to use a switch to
connect or ditisanaitiarmapab ek BEthaaSSiRIENSREUIMGIE Aevis SEthiTOMAE Hmnd&m 402 is 20
ideal, the closgdeloap gajh iseoeiprimrinadiRythercppaciansairetiounkaisstiMcto 38Bsetitiihe feedback
paths 406, 408. However, thi ' ies. I frequency
when the reat ‘éﬂc\,{eisop 8%4%3‘%%@3&%5& %%L@g@?ﬁ% gﬁ-g%) e%@%ﬁbg%%%%f the
correspondirfyeSrtford/FdRSHSE B 45D T IRRETEGueRAstRheiEH 15, 82908  sCxRx+1 251)
C6 scRog1+(23d4ee, Shaoe @ xdidfhisstipiealiyrcompardbled HEEr«Hi6nthé resultantmomvaverlapping

zero-pole pajp digjolis 1S eguancy feseanse wilnadecaliert oo BaRs bR, In PP range

and IR, approximately at m, the said distortion occurs at around 30sub 1 hertz to a few hertz,
hence interfering with the high-pass function of the preamplifier. WO

2009/151406PCT/ 009/000209 12.the saj b%& JiRRing” the aain canfelsapacitor C. 458
between the inputjﬁg et gjc ] %rt%%rll-ﬁéen%%dc%(% 8%?2%%%%%61 part (f% thergnput capacitor in the

high gain modERifier a&8 jfard G eNEATBERBIR A RIS {RGR 183 Gaav ABRIENT HEBrE8thte resistance
R. of thegcornagpreadirgisadichs o4eD gfisexettdeshirern tie gaihdsicontioldiegabaeisdobp and
behaves only g5, a geqlighie Joagdle lis istyags AnplisrandheRGRR0esE pieferably
eliminating the threat of distorted ?requency response_in the sub_1 hertz to a few hertz range.

gain-bandwidth correfation produced by the first-stage OTA 202. The load buffering

scheme relaxes the output requirement of the preamplifier, and is power-efficient

especially when the load continuously exerts disturbance to the system (e.g. in a

15 sample-and-hold S/H circuit).

The v,oitagé gain of a closed-loop amplifier is adjustabie through varying its
feedback factor. A common approach in the art is to use a switch to connect or
disconnect a feedback path, as iltlustrated in figure 4a. Assurning the OTA *gy,” 402 is '

20  ideal, the closed-lcop gain is determined by the capacitance ratio of Cs 404 to those
in the feedback paths 406, 408. However, this may not hoid fer all frequencies. For
instance, at very low frequency when the reactance of C, 408 becdmes comparable
ta the off-state resistance R, 410 of the corresponding control switch, the closed-loop

_gain is more precisely estimated by ' '

| c, sC.R, +1
25 G=Sta ‘
" C, sC.R +1+C,JC,

(M

Since C, 408 is typically comparable to Cs 406, tﬁe resultant non-overlapping
zero-pole pair distorts the frequency response with a localized gain boost. Given Gy
in pF range and R, approximately at 10" ohm, the said distortion occurs at around

30 sub 1 hertz to a few hertz, hence interfering with the high-pass function of the
preamplifier.’

Figure 4b shows a schematic diagram of the adjustable gain stage PGB 450
of an exampie embodiment. The embodied “flip-over-capacitor’ scheme can correct



The DC biasing points of the PGB 450 are regulated by a pseudo-resistor 10 Rpseudo 462 in the
feedback path. Since it is not involved in the bandwidth or gain adjustment, Rpseudo 462 can adopt
any fully balanced form of a fixed pseudo-resistor. Preferably however, the induced high-pass corner
frequency shoulgnat:interfere with the bandwidth control of the first-stag&a@isiphfieftgPinally, the
choice and design of the two OTAs 202, 252 (Fitfure 2) in the preamplifier 200a and the POE 200b are

crucial 0 he oversl ngice efifiency GYenaLibg [eskeiepe ampliei AN agjuesna primay part o

the voltage pu 0 e most critical sub-circuit that quantifies the noise figure.
Therefore, daschsitepalhlsy legecamotii Bﬂ;ﬂ?fésn?%ap?éfél‘gﬁﬁ?iW@E@H%@P&."Uﬁ%H&QBther hand, 20
the output stage RbiBealGE: 25g-i8 prefierakibeaiakipaotdriviigsl argeyeiapacitivelimmdi-with a sufficient
bandwidth and slew rate, hence,requiing, e secqnRipEgashRRIlon alaeurealh Bk rgerly allotting
the current & nﬁ?ﬁeas?e%nd other sub-circuits; one can achieve Sj optimal ballance between the noise
figure aRd trresveriaepenskr lesnseplRinves only A28 ¢ RGH RSy /9080 anITiHEPBHERT on the
disclosed erphghgrent@fithePpEniBo) wardabritateolinedirsizaitgrthe. 88gsmaC Migisisrbcess.

Targeting primarily at ultra-low- gygrkgllqg:é%rgi%%hl(%@‘ acquisition, the amplifier was
designed to]!(r)%aélr%\ 8yiﬁesapt°unr?§5 e pas%-band from close to DC to up to 300 Hz, with voltage gain
30adjustable from 200 to 1000. Figure 5a shows the implemented feedback loop 500 of the

preamplifier 502. 3l pIagIAMTARIG UL SO e g Adesrlidt IPF2 506 and
e

“ctrlEwn" 508 are used 10 adjus voltage outputs of the tunable resistance 35controllers 510, which
in turn $8t thRecesiféd itthe feaisakceatin Fiigh his SUoErsi @ SHersBPE¥78G2009/000209
13 frequencydNeiadhaiir isesindhe sgaanplifiha befzstad éomthis dnedauiendntresieton bulk to M2

gate controller and the nf%‘é’@. SHhtolier ianp ddaredauiesitodhgyyoltage source
Vref 516 insterae%%%fgtﬂg%ﬁ% V\?g’i%%jﬁ%%é? gﬁ , 524 of OTA&'ﬁgm,'PSZO. This is because CMOS OTAs

feature high-itafeagwist egmatRid s st IRl Sisceptible to parasitic leakage. Sourcing the

bulk-to-gate-controller taps here would compromise the aforementioned second factor for reducing
parasitic influences to achieve structural balance in active resistors. The routing apﬁii d in the example

implemétation carFiradticiheu@pisiantieRl b B YA P ce R e 2 E@HERRY M MBry of the
structure, as fAbfhiiRetSGi22af2ths FaBdubpady heubiaisedhe overall noise efficiency. Given

that the first-stage amnplifier 200a delivers a pi’imaw part of the vo!tage‘gain, its input

pair becomes the most critical sub-circuit that quantifies the noise figure. Therefore, a

considerably large amount of current is preferably invested here. On the other ijand,

20 the outpui stage of the PGB 252 is prafarably capablé of driving farge capacitive

" loads with a sufficient bandwidth and slew rate, hence reguiring the second largest

| portion of current. By properly allotting the cu‘rrent among these and o’iber sub-~

circuits, one can achieve an optimal balance between the nois_e figure and the avgrati
power consumption. '

A 1-V fully integrated amplifier based on the disclosed embodiment of the |
invention was fabricated in a standard 0.35-um CMOS process. Targeting primarily at
ultra-tow-power electrocardiograph (ECG) acquisition, the amplifier was designed to
operate in a tunable pass-band from close to DC to up to 300 Hz, with voitage gain

30  adjustable from 200 to 100Q.

Figure 5a shows the implemented feedback loop 500 of the preamplifier 502.
3-bit programmabie current sourcés controlled by “ctrlups,” 504, “Ctrhpes’ 506 and
“ciralpg”-SOB are used to adjust the voitage outputs of the tunable resistance

35 controllers 510, which in turn set the desired active resistance and high-pass corner



10at \ire, superimposed by virtually zero AC components. The implemented first-stage OTA 520
employs the structure of a two-stage Miller-compensated op-amp that incorporates a push-pull oUtput
scheme, as illustrated in figure 5b. With most transistors biased in subthreshold region, over 80% 15

of the total pyegripifier;gairrent is dedicated to the input pair to produce sefigiatisianishzno
transconductance, which translates to suppressea input-referred noise. The output stage consumes

the rest small portion of current and utilizes the push-pull scheme facilitated by Cpi 552, Cp2 554 and
Cps 556 to afRreescdNgietatinviveg dafhsony-porifstivsrirge mlissBeRiPEB4 M3 536 serve to
set the DC bigging 20 qufsettnindize autpi stayhealid hakavevAGatpenrtinterter ol therpush-pull

operations. TB%tgc??aiEﬁd&%&gg(ge%&ﬂ%ec\mé@"(%%eom IB-RASHEA MBhdegsEnsu glithe overal

amplifier) gets adjuste gramming the 3-bit current sources in both stages through "ctrii,F," 562,

"ctril.pp2" 569EHdeaTRPFINE6E, DErAHEEMOSS SRS i PIRMEIRIR TN PEES00b adopts a
similar, tapolagyitastibesia theckrabitage@anyilfiEnkage(fifovechy habpikthaydecatreldrdistribution

favours the o i ifieri i : itive loads or .
disturbing S/ #%;ﬁﬁs@gg%ﬁéfgﬂ%ﬁ%% {ﬂgétﬁ%vﬁ%}ﬂﬁ%% %ér?d}afrj t{é\%@%;&v%ﬂ gﬁf{%?ﬂdwith a 64 pF

capacitor. FigiteeB&Raiih ReeHReS aTiahEs FRSp BheRIG eSS e B iR Bgrammed to
different cornexdired émolemessaton Tdze higluqeassatomsir ity Uegligiblen digtutmaedefronthe5 mHz to 3.5

Hz, whereas LG4 035 e SN ACOHRAGK RN Bealeikiion 304 pJ0 R oEiGHIRED depicts the
frequenc§ responses as the 50vera||lf% in is adjusted throrté%h the PGB. It is well noticeable that the
measurdd midt i SUPETBRBEF R PEYE S 38910060 18 Bind gain scales from 45 dB to 60 dB

without altering the bandwidth or distorting the response curve. The other focus in the testing was the
signal fidelity. Since most of the gt%nal 5 degradation occurs at the tunable active resjstors, different

high-pass corner frelifeRR/§5rEs (EBESNAMG TS Gimalf DailyaEdhEeM&ER vere tested.
The measurefitetatdmasemsatedistpetion (fid Dhegraprstah e nuppsit-aoiblituidetissoheetl irgigure 6¢,

wherein he ciyes; 647, 4, G40, A% AR SROGEHSS R COmBL asangics b1z, 2.2 HL

1.4 Hz, 250 mHz an 5Hz, respectively. It is seen 10 that the maximum THD occurs with 3.5 Hz
preset, 48 thePhHpIREN SpprERifRIsGATRR iSidsapRIEh iR RenRY RAHR RS 8H§-\Cﬁﬁ{§ full scale
output range tapbe teseddndlyfansc vaie teralattots foppiestapplivdteiesed noise. The
' output stage consumes the rest small portion of current and utiizes the push-pull
scheme facilitated by Cpy 552, Cp, 584 and Cp, 556 to achieve adequate driving
capacity. Pseudo-resistors Mpy 532, sz 534, Mys; 536 serve 1o set the DC biasing
20  current in 'the output stage, and behave AC open-circuited to the push-pull
operations. The dominant pole of the OTA 550 (hence the low-pass comer frequency
of the overall amplifier) gets adjusted by progfamming the 3-bit current sources in
both stages through “ctriiers” 562, “Clrlyprz” 564 and “clrliprs’ 566.

25 ' The OTA 252 (figure 2) implemented in the PGB 200b adopts a similar .
topology as that in the ﬁrs{-stage amplifier 520 (figure 5), except that the current
distribution favours the output -stage instead, such that the amplifier is able to drive
large capacitive loads or disturbing S/ loads.

30 _ The fabricated circuit was tested under 1-V supply when loaded with a 64 pF
~capacitor. Figure 8a displays the frequency response cusves as the preampiifier gets
programmed to different cormner frequency presets. The high-pass corner frequency
~ can be tuned from 4.5 mHz to 3.5 Hz, whereas the low-pass cormner frequency can be )
-tuned fram 30 Hz to 292 Hz. Figure 6b depicts the frequency responses as the |
35  overall gain is adjusted through the PGB. It is well noticeable that the measured mid-



Figure 7 shows a table concluding some of the measurement results of the 15implemented amplifier. It
is seen that with the maximum current of 337 nA (corresponding to the largest bandwidth of 292 Hz),
the input-referred noise integrates to 2.5 W, Ths across the equivalent noise band (signal bandwidth

extended bwyHLdde@iyifag rise to a decent NEF of 3.26. As the THD is lespdhanbéb/evem with
full-swing output, the usable dynamic range reaches 58 dB, which is exceptional in 20low-voltage

circuits. It will be appreciated by a person skjlled. in the art that numerous variations and/or
modificationFR4\FBI fTalfE TEThEDES nqqrﬂ%eﬂ’{%ﬁuégigﬁ%%&g?rﬁ %@6%% |5'%?n%r§1oqn{1%eents without

departing frorestiiespiritar. scope of the invention as broadly 25described. The present embadiments
are, therefore, to be considered in all respects to be illustrative and not restrictive. 15 CLAIMS 1.
A tunable active resistor structure comprising two symmetrically cross- coupled transistors, a first
variable source coufredietises ngotcationeas the SooalfisisitrSirae snssuet deitiabther

transistog, ang g, second yariable squice caupleddipiwranR9ataimdsaid aghesdeansistar and a source
of said one transistor for providing tunability to é e 'acgve resistor strucﬁure 2t Tﬂ% resistor

bi
structure as AETWRAPIPERS? 1QMRSRSRATAdFiAFeisa A5Ee dRaI A Els Sl E T 5N

€'sources each comprise a
variable voltalye soersered total harmanic distortion (THD) against the output amplitude is plotted

in Figure B¢, wherein the curves 642, 644, 648, 648 and 650 correspond to comer
frekqueracies of 3.5 Hz, 2.2'Hz, 1.4 Hz, 2501 mHz and 4.5 mHz, respectively. It is seen

10 {hatthe maximurﬁ THD occurs with 3.5 Hz preset, as the amplifier approaches rail-{o-
rail output, and is no larger than 0.6%, allowing full scale output range to be used in
dynamic range evaluations for most applications.h

Figure 7 s-hows a table concluding some of the measurement resulis of the
15  implemented amptiﬁer; It is seen that with the maximum current ofi 337 nA
_{comesponding to the largest bandwidth of 282 Hz), the input-referred noise
integrates to 2.5 uVms across the equivalent noise band (signal bandwidth extended
by /2), giving rise to a decent NEF of 3.26. As the THD is less than 1% even with
full-swing autput, the usable dynamic range reaches 58 dB, which is exceptional in

20  low-voitage circuits. '

it will be appreciated by a person skilled in the art that numerous variations
andfar modiﬂcationéwmay be made to the present invention as shown in the specific
embodiments without depaﬁing from the spirit or écope of the Enyentiqn as broadly
25 described. The present embodiments are, therefore, to be considered in all respects -
to be illustrative and not restrictive.



3. The resistor structure as claimed in claim 2, wherein said variable voltage SOE&SC@HQB%@?%
source transistor for mapping a required voltage drop to a variable current_sour X stor
structure as claimed in any one of claims the preceding claims, wherein a eRrEE ks aREY ortd B
the transistors are coupled to the gate of the other transistor and vice versa. 205.The resistor structure
as claimed in any one of he preceding claims, Wwherein said transistors comprise PIV10S transistors.
6. A CIVICS.amphdier with integrated tunable band-pass function comprising one or more active
resistor structures as claimed in any one of claims 1 te 255. 7. The amplifier as claimed in claim
6, comprising a separate pre-amplification stage and a gain tuning stage. 308.The amplifier as claimed
in claim 7, whereir the presamiptificétioresigestorpaSET BRI A 6 BTGt ticifres. AMENDED S
iPriilklAL.1 15 9.Eheamplifier-as-claimesdnamyone gl aimsdsio-8garhereindransistors of the

ampllflesr ar%rgr%g%?oqslna%ds %b%@a’_zerg’goolg t@%@'&%}h{#ggégygfy %p@% second variable source '
coupled between & gate of said other {ransisior and a source of said ong transistor

for providing tunability to the active resistor structure,

2. The resistor structure as claimed in claim 1, wherein said first and

10 sacond variable sources each comprise avariable voltage source.

3, The resisior struciure as claimed in claim 2, wharein said variable
valtage source comprises a source transistor for manpping a required voltage drop to

a variable currert source.
15 | .
4. The resistor structure as claimed in any one of claims the preceding

claims, wherein a source and bulk of one of fhe fransistors are couplad to the gate of

the other fransistor and vice versa.

20 5. The resistor structure as clatmed it any one of the precad"mg claims,

wherein said transistors comprise F’MQS transistors.

8. A CMOS ampiifier with integraied tunable band-pass function
comprising ane or more active resistor structures as claimad in any one of claims 1 to
25 5. '

7. The amplifier as claimed in claim 8 comprising a separate pre-

amplification stage and a gain tuning stage.

30 8. The amplifier as claimed in ciaim 7, wherein the pre-ampiification

stage comprises said aclive resistor siructures.

AMENDED SHEET



supply operation. 510,The amplifier as claimed in claim 9, wherein capacitive in%uts of the
pre-amplifier'stage are employed to reject DC and predefined low-frequency co

h
Atehts G2009/06020P o
amplifier as Claimed in claim 10, wherein the high-pass corner 10frequen ‘?%%YFQn’tj*e%eWﬁIé’a%@ﬁﬁg

down to subl Hz and is defined by the onchip active resistors. 12. The annolifie.r as claimed in
anyone of claims 6 to 11, wherein the said activ@ resistors exhibit substantially no external state
related imbalance for reduging-Liqr: eliminating signalydependesibioutpsit shiff. wherel8. The amplifier as
claimed in any one of claims 6 ta 12, wherein the said,activgresisters,gxbibi.subsigatially no signal

, ) i K ‘ 1RGUNEILERIFHAN S, ge
dependent r@fﬁﬁﬁ?eﬁéﬁéﬁéﬁr%errrgr uciﬁséenon-linearity. 20 14. The amplifier as claimed in any
one of claime6s 4B &Aerein a THD with rail-to-rail output of the amplifier is less than 1% for offering

a substantially optimum signal amplitude in dynamic range evaluations. 2515.The amplifier as claimed

in any one of claims 5 to 15, wherein a dominant pole af the.amplifier. pravides the low-pass function.
16. The amplifier a&claimad ?ﬁ’&\’a%afﬁl%rﬁ%repn%%ﬂd%’rﬁfn%ﬁ{np%lgig édius!t?a&ble by tuning a current of
an OTA of thespeerdifplificationrstagesioved o reject DC and precefined low-frequency

contents.

11.  The amplifier as daimed in claim 10, wherein the high-pass corner -
10 frequency is arranged for reaching down to sub i Hz and is defined by the onchip

active resistors.

49 The amplifier as claimed in any.one of claims 8 to 11, wherein the s.aid
active resistors exhibit substantially no external state related imbatance for reducing

15 o efiminating signal dependent output shift. '

13. The arhp!iﬁer as claimed in any- one of claims & 1o 12, wherein_the said
aciive resistors exhibit substanfially no signal depandent resistance variation for

reducing non-finsanty.

20
14, The amplifier as claimed in any ong of claims 6 to 13, wherein a THD
with rai-io-rail output of the amplifier is less than 1% for offering a substantially
optimum signal amplitude in dynamic range avajuations.
25 15, The amptifizr as claimed in any one of‘claims 8 {o 15, wherein a
dominant pole of the amplifier provides the Emww_pass function.
18,  The amplifier as claimed in claim 15, wherein the dominarnt pole is
adj ustable by tuning a current of an OTA of the pre-arnpiification stage.
30

17, The ampiifier as claimed in claim 18, having a low power consumption

of less than 1 W,
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30 17. The amplifier as claimed in claim 16, having a low power consumption of less th O)élN.
17 - . 18: The amplifier as claimed in any one of claims 6 to 17, wherein the %QFF?%&?%QB&&
comprises swifchable capacitive feedback paths to adjust closed-loop gaif€c€1Ved g4 Fi5ardf aPas
claimed in claim 18, comprising a switchable capacitor network to flip over between an input and a
feedback paths during gain adjuStment. 20. A method of amplifying .an input signal using an

amplifier as 10clairé1ed iqhaen or!}%pgg@m%@i&oa;gme oi ki methodvefdabrieatiagan amplifier as
claimed in any oné’of claims 610 19. AMEICE.D ~SHE:7 PENAL! st closad-leo '
tuning stage comprises switchable capaciive zeqback paths to adjust ciose: P

gain.

19. The ampiifier as claimed in slaim 18, comprising a switchable

631

capacitor natwork o flip over wetween an input and a feedback paths during gain

adiustment.

20, A method of ampiifying an input signal using an amplifier as

10 claimed in any one of claims § o 18,

34 A method of fabricating an amplifier as claimed in any one of

claims 5 1o 18.

15
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