CMOS AMPLI FI ER W TH | NTEGRATED TUNABLE BAND- PASS FUNCTI ON FI ELD OF

| NVENTI ON The present invention relates to a CMOS anplifier with integrated
t unabl e bgode@asssobuncti on, a tunabl e active resistor strusicai®mooaoset hod
of anplifying an input signal and to & nethod of fabricating an anplifier.
BACKGROUND Bi onedi cal signal acquisition has gained nuch attention in
recent years due to the f ast owi ng market for portable bionedical

el ect roni cs GMOS MMERW%F RATEDHEY kEnBANDRBASS i ces.
Subt hr eshol d- nrode CMOS anpllflersfihgaﬂh grat ed band-pass functions are
often used in such devices to ach [ power efficiency. In order to
effectively reject the DC conponent and baseline drift without distorting
t he useful bio-signal, such anplifiers need to provide very | ow hi gh-pass
cut-off frequencies (sub 1 Hz). Along with onchip capacitors, MOS-bipolar
pseudoresistors that produce up to 1013 ohmor even higher resistance are

usual I§/ eﬁiﬁ'@@(’f INVERHON ¢ t he said hi gh-pass function, while avoiding the

use of external RC conmponents. However, the process dependence and highly
nonl i near resistance associated with seudo resi stors may cause problens

such as net ast aBE LTEFAN dvesdian rglsten E° arfdMQRAeRlifies wih é"téﬂﬁatﬁgrtuf‘?@auenm es.

Figure 1 gsii- ﬁés% fanéttdl aaunaRe rRtive’ REMH Afici®! 4 Mahod 8P aMpiRing'hRar at ed
band pass, function. Assumi ng that the operational transconductance

anmpl i fi er'"PEﬁ%l?“i'@Z‘Q*@qw&H]m effabricatind @ amRlifigter al | systemis set by the
capacig ance ratio C1 112 / C2 114 (or C3 116 / C4 118); the input - DC
conponent is blocked by the high-pass network C1 112, ML 122 and M2 124 (or
C3 116, M3 126 and M4 128), whose corner frequency is regulated by C2 114,
ML 122 angAdk@RbdbuUNDd C4 118, M3 126 and M4 128). Once the values of these
conponents are determ ned, the gain and the high-pass corner

Biomedical signal acquisition has gained much attention in receht years due

15  to the fast growing market for portable biomedical electronics such as wearable or

implantable health monitoring devices. Subthreshold-mode CMOS amplifiers with
integrated band-pass functions are often used in such devices to ach’ie\'/e high power -

efficiency. In order to effectively reject fhe DC component and baseline drift without

distorting the useful bio-signal, such amplifiers 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 10" 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

aesociéted with pseqdd-resistors may cause problems such as metastable

25 operational points and unpredictable corner frequencies.

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

pass function. Assuming that the operational transconductance amplifier (OTA) 102

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

30 (or C; 116 / C4 118); the input DC component is blockedby the high-pass network C,
112, My 122 and M, 124 (or C; 116, M; 126 and M, 128), whose corner frequency is
regulated by C, 114, My 122 and M, 124 (or C, 118, M; 126 and M, 128). Once the
values of these components 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 variations, yet no tuhing and adjustment are possible. Furthermore,



frequency are fixed. However, they may drift considerably against the
design target due to process variations, yet no tuning and adjustnent are

possi bl e.wbunidi4mer e, t he resi stance provi ded by the acPcr®G2009/000209 _
pseudo-resistors ML 122 and M2 124 (oe MB 126 and M4 128) is asymetric,

whi ch varies when the voltage drops across. the pseudoresistor structure 132
(or 134) Hedeggaase piovidad by thriactyamssifsossistors Mi dR2 @ad iMeril 24161 Ms 128ds to

si gnal - deawmngspgtaawhn@m& whwhd/aﬁegmémné)tbnbae birdpRaddss thﬁsédb% i nput

| evel increases, the OUtEPt usual |y encounters a premature clipping at one
r

of the po@ﬁtqréﬁrPgt”rW?c sBderE %‘@é@r@a@ﬁtuﬂﬁé"iﬂ?mﬁﬁté int dtﬁ@fé‘onAThl%w _
attenpts: téauetdoggﬂauaeﬁsnam loFRILOMAR tah@dé?raeaﬁdntm iRO&HtH YA e npRNeR! |of such

anplifiers. Sone of em i ncor por at e ures such as”tunabl e dt h and
pr ogr atmalbrEages the EP@EHS%W&OCQP@GE%|P€6d1'até'3@aﬁwp@§ Ffongyefthatrowept s. [ 1]

H Wi andrafs, \ﬁhlct?%bvere‘fy radSSMeRIyRamRIraRde. S gnal Acquisition IC "
Prooceedi ngs of the 2006 EE Inter nat I ona SoI Id-State Circuit Conference

(1SSCC), pp. 119-128, February 2006; [2] R R Harrison and C. Charles, "A
Low Power Low Noi se CMOS Anplifier for Neural Recording plications,” |EEE
Journal of Sol AdevsEREmPs havg baern madsio impspve thg linggrity @nd rlyRamizoesge [ 3] M

Yin and Nof Giavanibifiers. "Sdnd o Wﬁ%c@FM@'fé&h@s wch%mnsslhqggnaw% n and
Bandwi dt h for Bi opotential Recordi ng Applications . Proceedi ngs of |EEE

| nt er Hat i BRAPrOFATHBRNIE §ripNL 'éteﬂchﬁ%arsrtm@etm'et pEayh)atteppis21- 324, May
2007; [4] W Wattanapanitch, M Fee and R Sarpeshkar, "An Energy-Efficient
M cr opower Neural Recording Anmplifier,"” | EEE Transacti ons on Bi onedi cal

Crcuits an?i By siergnd Yol p. K, N‘A 1% 233|bw Qu@%d.c&l @mtéﬂm&dm%‘ﬁ% wg ks have

been hel pful in correcting certain_as of the problem they usual |y

e
show negat i ve 8F38HNGS Bt REPE . 'Eﬁgr'"EQE&?ﬂS’Pé' Selihgiate fgrauieConferease ty of
active | oads (ssccepg. {1(9 ng)lpgag@g, 2t | ing tinme and di m nished possibility
15 21 R. R. Harrison and C. Charles, “A Low-Power Low-N0|se CMOS Amplifier for
Neural Recordlng Applications,” IEEE Journal of Solid State Clrcwts (JSSC)
Vol. 38, No. 6 June 2003;

31 M. Yin and M. Ghovanloo, “A Low-Noise Preamplifier with Adjustable Gain and

_ Bandwidth for Biopotential Recording Applications,” . Proceedings of IEEE

20 International Symposium on Circuits and Systems (ISCAS), pp.321-324, May
2007;

4] W. Wattanapanitch, M. Fee and R. Sarpeshkar, - “An Enetgy—Efﬁcient
Micropower Neural Recording Amplifier,” |IEEE Transactions on Biomedical
Circuits and Systems, Vol. 1, No. 2, June 2007.

25

Although these works have been helpful in correcting certain aspects of the
problem, they usually show negative effects on others. For example, enhancing the
. linearity of active loads may lead to prolonged settling time and diminished possibility
for post-fabrication adjustment; on the other hand, incorporating tunability often
30 introduces increased severe imbalance aeross the structure and produces reduced
linearity and dynamic range. |

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



for post-fabrication adjustnent; on the other hand, incorporating
tunability often introduces increased severe inbal ance across the structure

and produseosedwmed | i nearity and dynam c range. Ther eborgcidmoe@oexi sts a
need to provide a l.ow voltage CMOS anplifier with integrated tunable
band- pass functl on, a tunable active resistor structure, a nethodof

anpl i fyi ngf @MAlifying ar inpyheigaakand awpeibad of fablisatingan agrlifieawhichiseek whi ch

seek to agslp@fEsPoHR &rméFBro?tHéfprBﬂémBthi%H@d gBdvel oned above. SUMVARY In
accordance with a first aspect of the present .invention, there is provided

a tunabl e active resistor structure conprising two symmetrically

crosscoupl ed transistors. The resistor structure nay further conprise a
first variable source coupled between a gate of one of the transistors and
a souree GUMMARY her transistor, and a second variabl e source coupl ed

bet ween a gate of said other transi stor and a source of said one transistor
for providing tunability to the active resistor structure. The first and
second vari abl & sgPEaICARYitk & HirsbASPRate oh tarprasent ypolign tewe de. The

vari abl e Bedidde aSRIAGGIE dBiYe GOSBIoH SEuBLRO LbmBridindARbd Sstyﬁfmétﬁéallgerggiélg a
required vol tlgge drop to a variable current sourtce. source k of

one of t h&WRIBHYARYHPS. nay be coupled to the gate of the other transistor
and vL‘Be versa. The transistors nmay conprise PMOS transistors. In
accordance with a second aspect of the present invention, there is provided

a CMOS anpl i fi qhe wedibtol BirGatiral @y Rl @niFRE -PREE vALKM | 6o Ao le§i ng one
or nore active resistor structures of the first aspect. The anplifier may

conpri se Rewesaagdte of ong phther rangistens and-asousel Ohthgeﬂﬂﬁﬁr titamsisipranda.
second variable source coupled between a gate of said other transistor and a source
. of said one transiétor for providing tunability to the active resistor structure.
15 ' |
The first and second variable sources may each comprise a vériable voitagé
source.

The variable voltage source may comprise a source transistor for mapping a
20  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 transistor and vice versa. |

25 . The transistors may comprise PMOS transistors.

-In accordance with a second aspecf of the present invention, there is
provided a CMOS amplifier with integrated tunable band-pass function comprising
one or more active resistor structures of the first aspect.

30 |

The ampilifier may comprisé a separate pre-amplification stage and a gain .
tuning stage.

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



The pre-anplification stage may conprise said active resistor
structures. The transistors of the anplifier may be biased in a subthreshold
regi on urwlerodwsi4o6l t age supply operation. The capaciti PETISGRUN®OEDY t he
pre-anplifier stage nay be enployed t® reject DC and predefined

| ow- frequency contents. The hi gh-pass corner frequency nmay be arranged for
reaching down to sub 1 Hz and is defined by the onchip active resistors.

The active resistors. bi t ubst nti.ally. ern state rel ated
i mbal ance for ?ﬁ%&é??{%g%rﬂﬁ‘% ﬁ:{nﬁgﬁr%ay Spiare '8&?1'3@%‘1’195%‘8‘? FHROCHI®E . The
active rekivstaitage sappleaperbtidn. subst antially no signal dependent resistance

variation for reducing non-linearity. A THD with rail-to-rail output of the
anplifier may be less than 1% for offering a substantially optinmm signal

anplitude in d 1.C range ev ations omi nant L9 ifier
. provi de e USRS TR0l 8 PR B A F Sy e hlg skt LAt e by
tuni ng a end predefirel low-fiéGdendy dontenps. e- anpl i fication stage. The anplifier

may have a | ow power consunption of less than 1 nW The gain tuning stage
may conprise sw tchabl e capacitive feedback paths to adj ust cl osed- | oop

gain. The anpl svmt habl e capacitor. to, flip
over between aln? FSLPRR GOTRF Ll My Ee e RRog e B AR s
accor dancélzwndlis definbd byl traespreabip ax:ftlvelrezantoresent i nvention there is prOV| ded a

met hod of anplifying an input signal using the anplifier as defined in the
secon¥f aspect. In accordance wWith a fourth aspect of the present invention,

Second aspect T LEiEE R B R @B BBl e s € iR "

i nvent i onimtdlanck ortreduaing ansatmgd;maddemademtwutput shift.

The active resistors may exhibit substantlally no signal dependent resistance

15  variation for reducing non- Ilneanty

A THD with rail-to-rail output of thé a'mpliﬂer.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-amplification stage.

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

The gain tuning stage may comprise switchable capacitive feedback paths fo
adjust closed-loop gain. ’

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



apparent to one of ordinary skill in the art fromthe following witten

description, by way of exanple only, and in conjunction with the draw ngs,
i n whi ch:wbigsrsi1dbeshows a neural recording anplifier ipcrhe2staveoof the
art. Figure 2 illustrates the systemarchitecture of an exanpl e enbodi nent

of a fully tunable, |owvoltage, full-swing CMOS anplifier. Figure 3A shows
2 simpli 1 ed nGUAPCPANGE (] anjthice (APEC SL{1GE Ghresphigivesian LAt & show
the det ai provitledan hridihod bRARPRPAgEPBBUCSYRalaim theVvAnplfet 9k Aefifbd wet ure
according,_to anpgéa | e enmbodi nent. Figure 4A shows the typical gain tuning

scheme i n"eRECOPAAEPRA! t he art. Figure 4B shows a schematic diagram of the
adj ust abl e gain stage of an exanpl e enbodi nent. Figure 5A shows the

preanplifier feedback circujt ip the exanple inplenentation of the present
i nventd on. Fi gl éc%%ééﬂ%\é”'i“hé %Pétgnﬁ?ﬁqcfé?f %%’8??'&*UI"B’GP?P%h%‘eE%<é$rpI e

i npl ement pidviRidY melifbdistasisiiating e hinPhifidris@Hefinbd\irftheWecbh¢ aspagur ed
frequency responses with different conmer frequencies in the exanple

i npl ementation of the invention. Figure 6B shows the neasured frequency
responses with different gains in the exanple inplenentation of the

invention_ Figure 6C plots th Sur THD agai nst the output anplitude
wth diff @B@ﬁﬁﬁ%‘ﬁégé'o@%gﬁﬁn‘ﬁm%%s in the exanple inplenentation of
the ifyention. Figure 7 shows a table concluding sonme of the neasurenent

results of the_exanple in%)l enment ati on of i)he i nventi on. DETAILED .
DESCRI PTI ON ThEMBRAEeeHe nels the inygatign cwillhpe; peitast vedersioed egadi ieeflYuce

fl exi bi | Hypdranbrnétvd 6f Braitity GRillNn ARk Wt kdAtthe fdllo rig@P ldebeMstion,
Secondl y, the enbodi ments seek to proyide.stable and readily settled
bi-asi ng pBY Wway of ﬁxgm@lepqrgyseq{@én &pnj%g%@ with the drawings, in which: _

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

Figure 2 illustrates the system architecture of an examplé embodiment of a fully
tunable, low-voltage, full-swing CMOS amplifier.

20 Figure 3A shows a sim'pliﬁed model for a typical active resistor.

Figures 3B and 3C show the details of a-fully'balanced cross-coupled active resistor
structure according to an example embodiment.

'~ 25  Figure 4A shows the typical 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 p'reampliﬁer OTA circuit in the example implementation.of the

present invention.



active loads. Thirdly, the enbodi ments seek to create a circuit topol ogy
that inherently favours both tunability and signal fidelity, such that

fully adjweta®/siaeplifiers are able to produce out put s pgirtsic26easeoabl e
linearity and dynam c range under |owssupply voltage. As described in the
exanpl e enbodi nents, these may be achi eved through a pair of fully
symmetrical cross-coupled active resistors that tunes the .high-pass corner

frequencyg..and & Sl LR- re= clLtar. u hat...t h t age
gai n. Thel:'(gg{éaiq%‘ed_J H&‘e’@ c(ra?legt ri“%?laggai ﬁé%%ﬁgnpésg Bgsr%s glh%heﬁezie'tgw%}ﬁ%se
ski | | ed i frequencias in tha ewample,impidnentaiioniof éhetiheantion. exenpl i fies but is not
limting the scope of the invention. Wthout deviating fromthe main
concept and spirit, many of the details described hereinafter can be

di N | : aits o : . it the
et conpure, 8 s e, edeiB sACE rEbottd with Mtk BE BRMIUT Rt 0 e
syst em ar exdnpie inoplemertation efithenpiventiotbodi nent of a fully tunabl e, o

| ow-vol tage, full-swing CMOS anplifier 200. It conprises a preanplificati on
stage 200a (or the first stage) driven by the OTA | abel ed "gml" 202, andan

adj ust abl g;.0ai e . d "gnk"
252. The F llgrg‘?tég? ;%%ﬁfégggéﬁn%? FP?):E% the%.,? é@?ﬁ%\?@gﬁl&?ﬁg%eg%@% ocesses
t he si gnabassi eomer fregiensidsiigtheaexknmpievimplementatioreefithg inyeotidrded by - hi gh- pass
fil tef 206 and OTA 202 respectively; the second stage 200b adjusts the
overal? gain according to application requirenents. Because of the small

i nput  anpFigud® siidws A eabid E6riclsding Sorné O thrndeidifernomatsilRdbf tipnéxgnpi@t i on of
t he second ﬁta e 200h, ‘neither OTA 202 or 252 requires a rail-to-rail or.
SHdtaton gty

wi de- scal &R i % nplify the input pair design, and ease the

noi se efficiency factor (NEF) optim zation. The | ow pass corner frequency
Fi st st APETONEBHESCRETIONL Vandui dtn of the Second Stage 200b meeds Lo
rs | ; 02." ge 200b needs to
be cotsiderably larger to mnimze its inpact on the overall bandwidth -
adj uslt ment. Thj”s]e Ce?n%o%ﬁngnlg foifltLg dprgzeni ei%\t/einrtllgn tsrc]agk %i i?\trgguc:tehﬁexsita(?lﬁg r;r(]j
bandwidth and gain adjuétments for CMOS ampilifiers. Secondly, the embodiments
seek to provide stable and readily settled biasing points in the presence of large
active loads. Thirdly, the embodiments seek to create a circuit 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 embodiments, these may be
achieved through a pair of fully symmetrical cross-coupled active resistors that tunes
the high-pass corner frequency, and a “flip-over-capacitor” structure that tunes the

25  voltage gain.

- . The detailed description of invention 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

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

o Figure 2 illustrates the system architecture of an example embodimenf of a
fully tunable, low-voltage, 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



stage 200b at | east one order of magnitude smaller than that of the first
stage 200a. The hi gh-pass corner frequency is adjusted by the feedback

net wor k ofotb®/fsiq06t St age, through on-chip capacitor ceopsoanimod 222, C2
224, C3 226, C4 228, and the tunable active resistors 212, 214, 216, 218.

As the frequency of bio-signals can be as low as a fewtens of mlli-hertz
in certai anasiistabie gainsstageh20Qploe thet saspnd) stage) by Bte OMA lakaled/ @me'edfiZst or s
212, 214, f i FENAL t hat C2
224 and CIPB3E b PUOLAFR i, iRyl Inplerind Prbcete g Sttty 1™
or | ower, turableekigbrafidnigwt pass fillering: pravided uan bighasa fite20fe png kA R0 her .

B 3n di snl . e = . . 300,
The tvio 1 &R L/EY: e SocthRtace' D SafiSts, 0 ofg 3 o deoBia!® doBeafR P2 e
Termi n@l ‘requiremedt36 Beeauseesf thasmallitput amplituderaf the: firsh stageMb9aandshe Ter i nal
"v " 308 & ' i SO - '

v ﬁrﬁ@hﬁé?&%ﬁ%%lgﬁo SYhE %J:dn'agst:iﬂcv:)emﬂ:, RORr? ?{Tﬁ} 0% Erszéi‘l?quﬁ'%ié e var

resi stance. cal oper at |.0n 1 L ons_, _easjt one O
302 and " véji:to38il ot widerstalesnputy, whigheeancsioplifa theainget padl desigs, and erpe ki | e not

posi ng an*ogg%mc cﬂ?ac@orl?ﬁ%?. X&irﬁifaﬁﬂoﬁF or, such a voltage swing can severely
distort the resistance of a %oorly controlled active resistor, making it

hi ghly non-linear. It is thereby preferable to adaptively bias the 308
term nal such as to maintain linearity of the active resistor. Anot her

potentiPal pr obTem lawssss aoeerifedherayt ¢fvibe reysiest 8P@ das heheasglyrtuaed byl

| bal ance A RSIEBhihantBAS i e MettliBe OTACEENSER Rl BaRRilhHithe
properties percerved Tromerther end of an aclive resistor as referéenced to
the ot her segendastegm286beneeds to ibe qossiderablyclargge ieminigte ithimpart aotthee

rest stor e ARRARARRIN SRulRReP IR ddibePfuinied by UeuAG ifle Sahlof tdslRAT wor ds,
appl yi ng the sane potentia di'f erence across'the active resistor but with
opposi t e Stacard00y ap leadt@esorder éfenagnitudecsnalies thaadhat/f thafitst stagey?a. | evel s
(e.g. ﬁonparabl e to the thermal voltage in CMOS circuits), the said

i mbal dAce can lead to inherent biasi ng offset; as the signal |evels

_nerease, Lhe ShehibiBaA0GRLCRRIEHES ReAojSEH by Ind' RddbBELhSwork of the
si gnal - dependent oufput shitt and even ) ,
first stage, through on-chip capacitor components C, 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-hertz in certain applications, the upper tuning limit

20 of the active resistors 212, 214, 216, 218 may preferably be as high as 10‘13 ohm,
provided that C, 224 andlC4' 228 are in pF range. The lower tuning limit is around

10" ohm or lower, corresponding to a corner frequency of a few hertz or higher.

Figure 3a displays the simplified model of a generic active resistor 300. The
25 two terminéls labeled “v.;” 302 and “v,” 304 form the load of resistance. Terminal °
“Vouk™ 306 denotes the bulk tap of the active components. Terminal “vgy” 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 problem on a
passive resistor, such a voltage swing can severely distort the resistance of a poorly
controlled active resistor, making it high!y non-linear. It is thereby preferable to
adaptively bias the “va” 308 terminal such as to maintain linearity of the active

resistor.

35



early clippings at one of the power rails. This may be a primary limting
factor to the dynam c range performance in lowvoltage circuits. The

struct ur avoio®alsapee can be related to the parasitic inmperfseetioposgoof the
active devices. For instance, any junstion | eakage current occurring at.the

boundary of the structure (i.e. the interface between the active resistor
structure and PRINGT PReRNAl Pkl assockiedopiia active tesistora isrthe strisiuratny

ef f ecti ve|mbaficabébr %Qymﬁéﬁpemu@ %Sftt@néné#fell%%é‘s”tdfaélé tridhi F%g@ﬁfesexe” i ng
any effect at |ow inpedance nodes, it nmy considerab |as

i npedanceP#ieeived REN Fihar AN P%Pﬁt@t't’?lée%?’t%ﬁﬁtreﬁﬁf%]&éﬂttpet@ewthernt@r ést (e.qg.
the equi vaRBEUIRS] ﬁ\te%gﬁf)anﬁ@ gbR&rafed R ah kit ?és.&& .&*a%péﬁaaﬁtdﬁr@ul(ﬁ 9.

t he aver age pOt ent | al he active resistor wt respect to
mat er i &l ) PolgTy obvakage a@m% ithinegtherwpiist 8PRIYNG é*ée sAme motentist difieeericeakage

sensi ti Veaér%%@%'ctn&é’@dis{‘orrbu?%h dppbsiteRiarky SadldER Eﬁt rtegi"sfgn@@é lgn is

avoi ded. The enbodi nents of agr esent invention see provi de a general
appr oach §®alt pigngldsyels (89 FQ’I“P?V hﬁ%ﬂs@dhamalwelta%usw@s wirewitsh.uthabl e

| ow- di st ogdjg ﬂﬁbalaﬁc%sda?lt B8 fo inhBRent Bi4SIRE YrBet)8Y thd st%n'né\}eﬁgdln%%f@i@?fﬁst or S
whi ch may assist in reduci ng parasitic influences | st ed

Ensuri ng 53%Brkaiencs| candurthrrderd to neticeaierrenaldenspdany outpait shiftiand gven 2)
Sour cy@g E&H%l &lﬁﬁhéé)b{ bRsof %fﬂdﬁ@r TQIMO\’M"HS 5&d ﬂnﬁ%r@%ﬂﬁlptfé&of & L nal

"vbUl k" 306 fromthe | ocal |ow I npedance nodes he active

resi st or Q\G@m'gﬁa“%@éﬁﬁmﬁ"l‘}ﬁ|'fh§>%mtagﬁ'ﬁl§%tﬁce across the structure boundary
to avoid direct interface of |ocal high-inpedance nodes with external bul k
material; 4) Through adaptively biasing the "Vcw' 308 term nal, keeping the

resistance confpekiriciGral ?f%a%rﬁze(c%n%e Fé’&e@‘t’@ﬁﬁ%éf%h@fmﬁéﬁe‘cﬁ&wsc gnents
242, 244, 246, 248 in figure 2) decoupled fromexternal states (e.g. the

vol tage saftig dexieps &erins %'?Ctehéﬁy Bingtiest leakageseurient osqysiingzabthe dpgndaryr oss t he
oper ajg ONof REGRuGLIrd (ileCiRShtdiagy rb%tv?éénsthe%tn% ﬁe%h%rvsttﬂu&u?é 3R R Bl

tunabl e active resistor structure 320 that produces | anced resistance
with | ow teterigh tip dhe ,qﬁdqirpfemﬁéar larger may effectively establlsh references to

external potentials. While not exerting any effect at low impedance nodes, it may
considerably bias the high impedance nodes and in turn relate the circuit properﬁes _
of interest (e.g. the equivalent resistance) to the external states of the structure (e.g.
20 the average potential of the active resistor with respect to the bulk material).
Therefore, it is preferable to soufce and process the leakage sensitive terminal “vipui” -

306 such that high imped_ance termination is avoided.

" The embodiments of the present invention seek to provide a general
25  approach to the design of fully balanced active resistors with tunable low-distortion ;
resisté_ance. The_ inventors have identified some factors which may assist in reducing
parasitic influences, listed as follows: 1) Ensuring topolbgical and‘ geometrical
symmetry across the structure; 2) Sourcing the contrdlling terminal “vey” 308 and the
parasitic terminal “v,u” 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;upled
from external states (e.vg. the voltage swing exerted at either end of the active load
35 302, 304) across the operation range of interest.



enbodi mrent. Two PMOS transistors 342 and 344 formthe | oad and their gates
are cross-coupled to the two end term nals "va" 322a and "vb" 324a with the
aid of twwotoemeaisi®er esi stance controllers 332, 334. ThepPohodg200romxal s 352,
354 are tapped locally and sourced fremthe nearest end term nals. NMOS
transistors are not preferred as there are no deep n-well options in many .
CMOS pr ocesses Figunel 3b sbons/eSstiematic rdiagian of sastinabla | agtive resigtorystiusturé nked t o
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to regul ate e operating poi ITst-stage anplifier 200a. Mre
specifically, in static conditions with only DC biasing, the said active
resistors 212, 214, 216, 218 force both the input and output nodes of the
OTA "gm 1" 202 NMO$draasistars farevnphpreéggtedgastherefifesee deapintwell aptibpadni c

condi tion S S Hat 1€ il RAdef | : | Gk I ve
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however, mavpied cufigerstiend that faciltateenthediresistanceocontad gﬁdsstbeltlomﬁzedt i on: as
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terrporar'il? enever the clrcul (5) a undergoes a serrous biasing '

di st ur bancetgile ofjwhidinarengropideg taterp) . Once the correct biasing points are

attained or restored, the active resistors 212, 214, 216, 218 are adjusted
back ©8 their normal val ues. '

When applied to the circuit in figure 2 the embodied active resistors 212, 214,
216, 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 Asvpeciﬁcally, in static
conditions with only DC biasing, the said active resistors 212, 214, 216, 218 force
20 both the input and output -nodes of the OTA “gn:" 202 to 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 hoid thé 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 embodirﬁents of the present invention, as a lower resistance option (hence a
smaller time constant) can be activated temporarily whenever the circuit 200a.
dndergoes 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 vaiues. '

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

35 are the main contributor to the signal distortions in the preamplifier. Assuming that
thére is no clipping at either side of the power rails, a large sine wave output should
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j uncti on. idclertérthl H@grsﬁi?@é%‘él’&%%drebéﬁvélyngrrg%%htﬁh'r'ahé‘él uhfi th@%ﬁécc)ir t active
resistors 216, 218 coupled at the non-inverti n%gl nput A "gm 1" 202

funct i on - (Yelsebéieakansistes,in uee begies inmensidesabdly fup Qibg%rsp'ﬂféﬂ te @ru'kthré active
resi st or sjupéfon.214. They may, however, see smaller signal sw ng and hence
pose Iess threat of producing . distortions. In the process descri bed
abovel5the external state (or nore specifically, the overall voltage |evel)
of the active resjstor structure with respect to the power rails tracks the

out put and keefsVlPEARPERGIGA O} GRYERS Fh'&eq Rethg arptiat BF‘&@ ggisioes 816, The
218 coupled at the non-inverting input ot the OTA “gms” 202 function in substantially

the same manner as that described for the active resistors 212, 214. They may,
however, see smaller signal swing and hence pose less threat of p_rOducing‘_
20 ~ distortions.

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 ocalized symmetrical connections of the PMOS bulks, in this case, assist to make .
the active resistance of the structure irrelevent fo the said external 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 eliminates the undesired current paths 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 * ‘Voux” terminal of the active resistor directly
to the n-well to substrate leakage path, hehce creating dependence upon external
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
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sanpl e-an cireuit The voltage gain of a closed-1oop. anplifier
i s adjustable through varying its feedback factor. A common approach in the

art is to use a switch to connect or
~ 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
disconnect a feedback path, as illustrated in figure 4a. Assuming the OTA “g," 402 is
20 ideal, the closed-loop gain is determined by the capacitance ratio of Cs 404 to those
in the feedback paths 406, 408. However, 'thi's may not hold for all frequencies. For
instance, at very low frequency when the reactance of C, 408 becomes comparable
to the off-state resistance R, 410 of the corresponding control switch, the closed-ioop

~gain is more precisely estimated by | '

25 , G=& sC R, +1 A
- C, sCR +1+C /C

Since C, 408 is typically comparable to Ce 406, fhe resultant non-overlapping
zero-pole pair distorts the frequency response with a localized gain boost. Given Cy
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 example embodiment. The embodied “flip-over-capacitor” scheme can correct



di sconnect a feedback path, as illustrated in figure 4a. Assum ng the OTA
"gnm' 402 is ideal, the closed-loop gain is determ ned by the capacitance

rati o of VOB 24@451496t hose in the feedback paths 406, 408PCHS®209/000200i S may
not hold for all frequencies. For insRance, at very |ow frequency when the
reactance of Cx 408 becones conparable to the off-state resr stance Rx 410

of the cothesgisrrablagm oflirpiHo” theigaimcontiebcanasierd«x 458 peguash the inpbt 8%y eci sel y
esti mat edfe*éﬁba%k%%ﬁh@Heﬁ@@ d:%é&’ﬂh&tﬁin%ks@ﬁﬁﬁ%ﬁme%b@c daPadfdf in ﬂw@%r?l@sm tant

non-overl appi ng zero-pole pair distorts t uency. response Wi

| ocal i zedggjaimodsoard as @ Rashoighei faeghack £agacitondn e lapiearmedeelre &f- 1013
ohm the %t@regﬁeneéﬁ]%twem&fpeﬁmﬁg e,wn@h suhedgEeré@Jdedamﬁﬂrrewﬁz hence
interfering w ass function of the preanplifier. Figure 4b

shows & s@mmtfee,dbepiad%nnaoﬁ behavesjanét 461 @gl'grb'st '&a@ tpcihe 4HBt-Spgen

exanpl e eamgﬁher%?rd heNPcRTRg! féhce breperewrermmgtme"thséarmeaﬂed
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bet ween t flequangyifespaass i %@%‘2@5{9%58 functions as a part of
the input capacitor in the high gai n node and as a part of the feedback
capacitor in the |low gain node. The offstate resistance Rx of the
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the PGB 4 are re by a pseudo-resistor Rpseudo 462 in_the feedback
pat h. . Si nPeefenablydopgver mﬁdnmdrwgfrwswmf@ﬂrrew shavd ”&H]”H’éieﬁ%m RpSeudo

462 can afieplarak bbbl BAh@RRRGbaTmIfer 11 xed pseudo- resi stor,
Preferably however, the induced high-pass corner frequency shoul d.not

interfere with the bandwi dt h control of the fi rst stage anrpl |f| er Finally,
t he choice and design of the two OTAs 202, 252 g g
preanp®ifier ZGUﬁ”hribetql?@‘CP@dz@RﬁQ"aneth@rtﬁ@r QTAF @0 h35%\§e'9'éflel 2)n'8|t§%

effici enC)Sreaﬁd( fér 200a and the PGB 200b are crucial to the overall noise efficiency. Given
that the first-stage ampilifier 200a delivers a pnmary part of the voltage gain, its input

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

considerably large arrrount of current is preferably invested here. On the other hand,

20 the output stage of the PGB 252 is preferably capable of driving large capacitive

| “loads with a sufficient bandwidth and slew rate, hence requiring the second largest

portion of current. By properly allotting the current among these and other sub-

circuits, one can achieve ah optimal balance between the noise figure and the overall

power consumption.
25

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-low-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 voltage gain

30 adjustable from 200 to 1000.

Figure 5a shows the implemented feedback loop 500 of the preamplifier 502.
3-bit programmable current sources controlled by “ctriupe,” 504, “ctrlypry” 506 and
“cfrIprg”~508 are used to adjust the voltage outputs of the tunable resistance

35 controllers 510, which in turn set the desired active resistance and high-pass corner
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are routed to the voltage source Vref 516 instead of to the two input nodes
522, 524 of OTA "gml" 520. This is because CMOS OTAs feature high-inpedance
capacitive i an’ne imbletneatetel fresstage O1Ae520 epwioys ithé structaleagfea MBoatagéng t he
bul k-to-g ntr a h r QM h or, ed
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be bi ased it Maeécondugtancenpasietd tlapslaiest toaduppreseed iMitcefeped awotse. The
' output stage consumes the rest small portion of current and utilizes the push-pull
scheme facilitated by Cpy 552, Cp, 554 and Cps 556 to achieve adequate driving
capacity. Pseudo-resistors M, 532, M'bz 534, M,; 536 serve to set the DC biasiﬁg
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 corner frequency
of the overall amplifier) gets adjusted by progfamming the 3-bit current sources in

both stages_ through “ctrlipes” 562, “ctripr2” 564 and “ctrlipes” 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 Vstage instead, such that the amplifier is able to drive
large capacitive loads or disturbing S/H loads.

30 . . The fabricated circuit was tested under 1-V supply when loaded with a 64 pF
_capacitor. Figure 6a displays the frequency response curves as the preamplifier gets
programmed to different corner frequency presets. The high-pass corner frequency
_ can be tuned from 4.5 mHz to 3.5 Hz, whereas the low-pass corner frequency can be
-tun'ed from 30 Hz to 292 Hz. Figure 6b depicts the frequency responses as the 4
35 overall gain is adjusted through the PGB. It is well noticeable that the measured mid-
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resi st ancgcdr@¥pording\as ethbefdrgsbt bandwidth of 292 Hz), the input-referred noise
integrates to 2.5 uVms across the equivalent noise band (signal bandwidth extended
by 1/2), giving rise to a decent NEF of 3.26. As the THD is less than 1% even with
full-swing output, the usable dynamic range reaches 58 dB, which is exceptional in

20 low-voltage circuits.

It will be appreciated by a person skilled in the art that numerous variations
and/or modiﬂcationsﬁ may be made to the present invention as shown in the specific
embodiments without departing from the spirit or écope of the invention as broadly

25 described. The present embodiments are, therefore, to be considered ih all respects

to be illustrative and not restrictive.



The neasured total harnonic distortion (THD) against the output anplitude
is plotted in Figure 6¢c, wherein the curves 642, 644, 646, 648 and 650

corr esporiotooxcsi4ver frequencies of 3.5 Hz, 2.2 Hz, 1.4prHT/SG26(0/000409 and 4.5
mHz, respectively. It is seen that- th& maxi num THD occurs with 3.5 Hz
preset, as the anplifier approaches rail-torail output, and is no | arger

t han 0. 6% LAINI®wW ng full scale output range to be used in dynam ¢ range
eval uations for nost applications. Figure 7 shows a table concl uding sone
of the measurenent results of the inplenmented anplifier. It is seen that

wi th the maxi mum cux fupableGictiv3resBfor (SEQEtufs perptighg fwd dyhendtacalig sfosbandwi dt h -
of 292 Hz%, t he in,gut-referred noi se integrates to 2.5\ s across the

equi val entPURGALE@NBEOE: (si gnal bandwi dth extended by tr/2), giving rise to a
decentg NEF of 3.26. As the THD is less than 1%even with full-sw ng output,

t he usabl e dynam c range reaches ‘58 dB, which is exceptional in |owvoltage
circuits. It vpll DbeheaRBEREiskLiedredys alamedcsinclaiki 1| faethémcdnipeisigta filsat

nuner ous varjations and/ or di ficatiaons be made to . the present '
vent | onvaiabErioviTe: hupled belanyd 6 b ate R e aN D et e aHRErR B8 om ¢ he
Sﬁi:, r id_t or otﬁ@%s@iog,t Qﬁt} hReedHd @giaﬂl% wmbguaw;hsm?vfada ghleofsaids ether

enbodi nents are, therefore, to be consj.dered in. respects, to he

i |1 ust r at FNSSI LKL SPBECFr?fCSﬁ'Q/é’f‘%ﬂﬁ”WBFQI f°'APE°1YH€n9 B‘nééﬁiyvtg the aoLYQy

st ruciur eregRpPEirgdtivg. t wo synmetrically crosscoupled transistors. 2. The
resistor structure as claimed in claim1, further conprising a first

vari abl e source coupl ed between a gate of one of the transistors and a

f the pther_transist d_a second varigpl . | ed
between a gat edof  SHIRISIT SHICHHE 28 BAMA OB Lo aBrem 270 BR6%0T ansi st or

for provi giddgd vaitdi $ddresigachitempeite ¥ @aristsie ybiagesdourget ure. 3. The resistor
structure as clained in claim 2, V\/nerein said first -and :

15 : 4, The resistor structure as claimed in ciaim 3, wherein said variable
voltage source comprises a source transistor for mapping a required voltage drop to

a variable current source.

5. The resistor structure as claimed in claim 1, wherein a source and
20  bulk of one of the transistors are coupled to the gate of the other transistor and vice

versa.

6. The resistor structure as claimed in claim 1, wherein said transistors

comprise PMOS transistors.
25
7. A CMOS amplifier with integrated tunable band-pass function

compris__ing one or more active resistor structures as claimed in any one of claims 1 to
6.

)

30 8. The amplifier as claimed in claim 7, comprising a separate pre-
amplification stage and a gain tuning stage. ’

9. The amplifier as claimed in claim 8, wherein the pre-amplification
stage comprises said active resistor structures.



second vari abl e sources each conprise a variable voltage source. 4. The
resistor structure as clainmed in claim3, wherein said variable vol tage

source CoONDpRo®es1acsource transi stor for mapping a requipcescealotoage drop to
a variable current source. 5. The resi¢stor structure as claimed in claiml1,
wherein a source and bul k of one of the transistors are coupled to the gate
of the other transistor and vice versa. 6. The resistor structure as

claimed in claijm1, _wherein said.transistqrs conpyise P transjstors. 7.
A VOB anpl 111 4 w THE FOLIEF 36 SR o B M BHL e MRt e B L SRRIES | g one
or nore agiel bigsedds aSubthreshbldabgivs inder IGW-abka@ suppigidperstionof clainms 1 to 6.
8. The anplifier as clained in claim7, conprising a separate

preanplification stage and a gain tuning stage. 9. The anplifier as clai nmed

in clgim8, wherein_the pre-anplification age conprises said tive

r esi stagor str ucﬁjr es-.r’tl?)?"‘%[‘fgera?ﬁrﬂ|?'?1?§r’“ Si'?'"?:ﬁéri e'f’%pa@f’“é' 'Y @PUWPgﬁ'%‘? n

transi st op-amhplifiee age iské esmplogeditaseiect rD@ anbtpredsiimedd ionefiéquentynder

| ow vol t age SL{gp| y operation. 11. The anplifier as clainmed in claiml10,
wherein c ?fﬁ%’l‘ ive inputs of the pre-anplifier stage are enployeéd to reject
DC and predefined | owfrequency contents. 12. The anplifier as clainmed in
claim11l, wherein the high-pass corner frequency is arranged for reaching
down to sub 1 2 anthé anblifiernad chimédin daiehitp, ahéreiretheckighipass corhdr The
anplifier_as c erejin i stors exhibit

cubstiht PRPhRR 1 Rrandbaiiof [Aching dfbiircls b b Erand 17 Gl S b ofp

el i m nati agiveirgsistorsdependent out put shift. '

13.  The amplifier as claimed in claim 8, wherein the said active resistors
éx_hibit substantially no external state related i'mba!ance for reducing or eliminéting
15 signal dependent output shift. '

14.  The amplifier as claimed in claim 8, wherein the said active resistors
exhibit substanﬁally no signal dependent resistance variation for reducing non-
linearity. |

20

- 15. The amplifier as claimed in claim 8, wherein a THD with rail-to-rail
output of the ampilifier is less than 1% for offering a substantially»optimum signal
amplitude in dynamic range evaluations. |

25 16. The amplifier as claimed in claim 8, wherein a dominant pole of the
amplifier provides the low-pass function.

17. The amplifier as claimed in claim 16, wherein the dominant pole is
adjustable by tuning a current of an OTA of the pre-amplification stage.

30

18. The amplifier as claimed in claim 17, having a low power consumption
of less than 1 pWw. ‘



14. The anplifier as clainmed in claim8, wherein the said active resistors
exhi bit substantially no signal dependent resistance variation for reducing
nonl i nearwdyooolBz1406he anplifier as claimed in claim8, woese20moiold With
rail-to-rail output of the anplifier 17s less than 1% for offering a
substantiall'y opti num signal anplitude in dynanic range eval uati ons. 16.
The anplifier 8 cl EBheramplifiercasiclairged wﬁeiaen rﬁ avhgoeinrthetgaio funing stage
anplifier, as clainmed in
cl aim 16, ‘gr}rélgg%@t%mc# %agﬁtﬁgoldgg&s a dé%%?‘éloggﬂdo% g%g a current of. an
OTA of the pre-anplification stage. 18. The anplifier as clainmed in claim
17, having a | ow power consunption of less than 1 niW19. The anplifier as
cl ai med of cl a2in 8, Theheareplifier ras gdimed uini ﬁlgmtbﬂgecemnmm@ea; swiichatlabl e
capacigiv b@e%é nO; fier as
cl ai rre% i ‘ﬁa%‘éﬁ&m O&%hm? |°§$ﬁgé%te\r)\nc% cﬁgﬁ Jaer%ggpfg(é:lﬁht?aor net wor l'(n%[@ébl ip over
bet ween aadJusstpnent.and a feedback paths during gain adjustnent. 2 1. A nethod
of anplifying an input signal using an anplifier as clained in any one of
clains 8 to 20. 22. A nethod of fabricating an anplifier as clained in any
one of clains 81to ROmethod of amplifying an input signal using an amplifier as

claimed in any one of claims 8 to 20.
10
22. A method of fabricating an amplifier as claimed in any one of
claims 8 to 20. |



