A Met hod For Converting A Sensor Capacitance Under Parasitic Capacitance
Condi ti ons And A Capacitance-To-Vol tage Converter G rcuit FlIELD OF

| NVENTI ONvOze1opm3aeent i nvention rel ates broadly to a netrhodGhars/co@iserti ng
a sensor capacitance under parasitic capacitance conditions and to a

capaci tance-to-voltage converter circuit for converting a sensor

capaci tance under parasitic capacitance conditions. BACKGROUND I n
applications that use a capacitive serfsor el enent, capacitance-to-voltage
(CV) converters are typically needed. Such applications include
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i ncludes readout circuits, or an internal capacitive sensor enbedded within
the same chip of the ASIC w t hConeerlertCincuitii t . One chal l enge for current
capacitive sensor interfaces is having a high inpedance readout node and
susceptibility of the node to parasitic and el ectromagnetic interferences.
The regadout of a capacitive sensor typically involves the conversion of the
sensor cggacitance or its changes to an electrical signal such as voltage,
current JHELEPQLINENTION design of the sensor is typically devel oped by
considering the sensor and packagi ng. specifications since both affect
circuit perfornmances. Typically, de endigg)on t he m. croel ectromechani cal
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groups. Tdodttioas.e t hreemain different groups currently: an AC-bridge with a

vol tage anplifier (continuous-tinme voltage), a transinpedance anplifier
(continuous-tine current) and transcapacitance

BACKGROUND
15
In applications that use a capacitive sensor element, capacitance-to-voltage (CV)
converters are typically needed. Such applications include accelerometers, gyroscopes,
pressure measurements systems, etc. Systems for such applications typically include
either an external capacitive sensor that is outside an épplication specific integrated
20 circuit (ASIC) that includes readout circuits, or an internal capacitive sensor embedded
within the same chip of the ASIC with a readout circuit.

One challenge for current capacitive sensor interfaces is having a high

imbedance readout node and susceptibility of the node to parasitic and electromagnetic

25 interferences. The readout of a capacitive sensor typically involves the conversion of the
sensor capacitance or its changes to an electrical signal such as voltage, current or
frequency. The design of the sensor is typically developed by considering the sensor

and packaging specifications since both affect circuit performances. Typically,
depending on the microelectromechanical systems (MEMS) and IC packaging (e.g.

30 same die or not), the input parasitical capacitance of a readout IC can be high in relation
to the sensing capacitor itself (e.g. more than 10 times). As a consequence, the readout
circuit topology is typically chosen accordingly from the following groups. There are three



circuits which can be based on a continuous-tinme or discrete-tine approach
(as discussed in Navid Yazdi, Haluk Kulah and Khalil Najafi, "Precision
Readout GvoOcuins3d78r Capacitive M croaccel eroneters”, PPOTSEdInsys03ss | EEE
Sensors, 2004). An additional challenge for capacitive sensor interfaces is
that for many applications, the circuitry for powering the capacitive
sensor interface is typically battery operated. One such application is in
the bionedical field, nore particularRy, inplantable integrated circuits
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Baschirotto, A. Gola, E. Chiesa, E. Lasalandra, F. Pasolini, M. Tronconi, and T.
Ungaretti, “A 1-g Dual-Axis Linear Accelerometer in a Standard 0.5-ym CMOS
Technology for High-Sensitivity Applications”, IEEE Journal of Solid-State Circuits, vol.
20 38, no. 7, pp. 1292-1297, July 2003 describes a differential amplifier in 0.5-pm CMOS
technology coupled with a switched-capacitor filter used in an accelerometer. However,
the power consumed in Baschirotto’'s work is about 45mW and the supply voltage used
is about 5V. J. Wu, G. K. Fedder, and L. R. Carley, “A Low-Noise Low-Offset Capacitive
Sensing Amplifier for a 50-pug/YHz Monolithic CMOS MEMS Accelerometer”, |EEE
25  Journal of Solid-State Circuits, vol. 39, no. 5, pp. 722-730, May 2004 describes a CMOS
capécitive sensing ampilifier for a monolithic MEMS accelerometer using a differential
configuration in 0.5-um CMOS technology. However, the power consumed in Wu's work
is about 30mW and the supply voltage used is about 5V. B. V. Amini, S. Pourkamali, M.
Zaman, and F. Ayazi, “A New Input Switching Scheme for a Capacitive Micro-G
30 Accelerometer’, 2004 VLS| Symposium on Circuits, Digest of Technical Papers, pp. 310-
313 describes an input switching capacitive microaécelerometer interface circuit in 0.25
pum CMOS technology in a differential configuration. However, the power consumed in
Amini’s work is about 6mW and the supply voltage used is about 2.5V. H. Kulah, J.
Chae, N. Yazdi, and K. Najafi, “Noise Analysis and Characterization of a Sigma-Delta



Accel eroneter”, 2004 VLSI Synposiumon Crcuits, D gest of Techni cal
Papers, pp. 310- 313 describes an input switching capacitive

m cr oaccewenromasar’si nterface circuit in 0.25 nm CMOS t e®RmSIGAS/ 000858
differential configuration. However, the power consunmed in Amni's work is
about 6mWV and the supply voltage used is about 2.5vV. H Klah, J. Chae, N
Yazdi, and K Najafi, "Noise Analysis and Characteri.zation of a

Si gma- Del t aCapaci tive M croaccel eroneBer”, | EEE Journal of Solid-State

Crcuits,. vol. .. NQ. .2 esGr
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work is %bg%gn{g:ﬂqg %}?‘H §8¥ SHARhYa Wil &His U@ﬁﬁuﬂaﬁoﬁm&fve@v thEepfr there

exists an or convertin ensor capacitance under
par asi t i consupediin Kiileb's wonkiistabowts’ . 2mw %Dd(l%e seppleyaliage Bsedis PPOYtR!V. converti ng
a sengor capacitance under parasitic capacitance conditions that seek to

addreSs at | east one of the problens discussed above. SUMMARY | n accordance
with one aspetienes, theie eyisisseAeed foy @nethed fPhE?"é’eﬁﬁ‘gp? SENIREFARAGHANGED f or

converti ggqgé Eé‘r%% cﬁaﬂé’r@h&é‘%ﬁdlﬂﬂﬁ’@én@fﬂ ey édrﬁeﬁapafduitafaﬁeowmg aons, the
met hod conprisin e ste using a two sta tion I|f|er

(op- anp) SPW%mﬁﬁﬁfVedﬁlérééfﬁﬁ'%g q%ﬁ“%%’?‘ﬁ‘i‘ th@ %fg’g Stamp i s
chosen t gReondSitRdpBblemsWiiclysedaibove.onf i guration for redum ng power
consunption. The nethod may further conprise using a non-unity-gain reset

circdPt for performi ng of fset cancellation operations. A reset may be
carried out by nodifying a bias current intensity flowing in a first stage

of the W&g&?{ op-anp. The nethod may further conprise using a
conmon- back (CVFB) circuit for providing fully-differenti al

operations. The CVFB circuit may conprise a non-unity cl osed-|loop gain. The
non-unity cloged:|ogR, @Al %F\etJ%Se%Eihgiprrgégnrt ifRYtSE tRERSE broAgssl a0n
15 method for converting a sensor capacitance under parasitic capacitance conditions,
the method comprising the step of using a two stage operational amplifier (op-amp)
_in non-unity-gain configuration, wherein the two stage op-amp is chosen to be

unstable in unity-gain configuration for reducing power consumption.

20 The method may further comprise using a non-unity-gain reset circuit for

~ performing offset cancellation operations.

A reset may be carried out by modifying a bias current intensity flowing in a first

stage of the two stage op-amp.

25
The method may further comprise using a common-mode feedback (CMFB)
circuit for providing fully-differential operations.
The CMFB circuit may comprise a non-unity closed-loop gain.
30

The non-unity closed-loop gain of the CMFB circuit may be chosen based on

a resistive divider and a current gain divider coupled to an output of the op-amp.



a resistive divider and a current gain divider coupled to an output of the
op- anp. Anot her resistive voltage divider may be used to provide a reference
vol t age twothe/@GBHB circuit according to a chosen cl ose@€lrsopoo3anesss | n
accordance with another aspect of the present invention, there is provided
a capacitance-tc-voltage (CV) converter circuit for converting a sensor
capaci tance under parasitic capacitance conditions, the converter circuit
conprising a two stage op anp in non-dnity-gain configuration vvherein t he
two stage op is ch b stable in i ai_n onf tion for
reduci ng pome?mé arpe V8 °t't?ﬂ%%8'b‘%vé1ﬁyet?e 8?‘?%%’ ?‘r@? af[??rﬁg %@Fl se a
non- uni t yte ¢fad GMF8saicuit iaccardingftorn cheséroclosetjloopfgaet cancel | at i on oper ati ons.
The non-unity reset circuit may conprise at |east two switches having

di fferent inpedances such that activating the reset- circuit generates a
non-uni ty gai nn petdrdarer witls andtbecaspest ofthe piresant invemtien, dogreds peavidedr cui t

may furtheg, éfa?mdest%—golfaﬁésb\ﬁ I cbfirer c%wm‘f“cfaxvém alieRSorCdypatitincknt ensi ty

flowi ng in I'rTst stage o t wo- st'age op-anp. e reset circuit may
conpri se undgmpareRitic pppaciance gonditiensyithes Fonyerigr FiEHit eanepTising? W stager st

stage suchy ihglin AGH- 'uKﬁ\LbQiﬂ doRGgtide wa?&thfth@%,vé ReagRi GshRg i€ Bhésitto

intensity flow ng first stage of the two-stage o . The converter
circuit rP&)Nrﬁiﬁbﬂ%@rur&%rﬂ?l"l %@fQUGVFBfoer‘é‘Eﬁ"EQ PWeFMP'B'PR@" ful l ydi fferenti al
operations. The CMFB circuit may conprise a non-unity closed-loop gain. The
CVFB circuit n n-unitx cl osed- Iogf r‘gal n ma. be chosen hased on a resistive
di vi d& and a TOGrGaENE %fa?'FFuﬂl Ry &t 61981“88 & B'ﬂffyp%ﬂ'”d?s§tl?§°‘(ﬂ'bf%{rrp

Anot her rpeEbmihy 6ffs6d barR@Ratidn\Upeetiomay be used to provide a reference
voltage to the CMFB circuit according to a chosen cl osed-|oop gai n. BRI EF
DESCRI PTI ON OF THE DRAW NGS Enbodi nents of the invention will be better
under st ood andheeadn-uyity ppsete titcuito magecarhprised iah degsts twad [switthéshdasiing from

the foll O&f\éfer}gntvvltnipg&grpceges%%ﬁ 'ttpatt ia%ﬁ\latih¥ tH@VeSQI circuit generates a non-unity gain

15 ratio across the converter circuit.

The converter circuit may further comprise a reset circuit for modifying a bias
current intensity flowing in a first stage of the two-stage op-amp.

20 The reset circuit may comprise a switch implemented in a biasing current
branch of the first stage such that activating the switch modifies the biasing current

intensity flowing in the first stage of the two-stage op-amp.

The converter circuit may further comprise a CMFB circuit for providing fully-
25 differential operations.

The CMFB circuit may comprise a non-unity closed-loop gain.

The CMFB circuit non-unity closed-loop gain may be chosen based on a

30 resistive divider and a current gain divider coupled to an output of the op-amp.

Another resistive voltage divider may be used to provide a reference voltage
to the CMFB circuit according to a chosen closed-loop gain.



exanple only, and in conjunction wth the drawings, in which: Figure 1 is a
schemati c bl ock di agram of a Capacitance-To-Voltage (CV) converter circuit
coupl ed twoaommwswel ect r onechani cal systens (MEMS) sens®@CTiSG2608/0003a8! e
enbodi ment. Figure 2(a) is a schematic circuit diagramof an input stage of
an operational anplifier (op-anp) of the CV converter circuit. Figure 2(b)
is a schematic circuit diagram of an output stage of the op-anp. Figure 3
is a graph of gain (in dB) vs. frequeficy (in Hz) for illustrating CV
converter stability for different closed-loop gains. Figure 4 is a
schematic bl ock diagramillustrati ng connections between the opanp and a
non- uni t BRIEFDESORIPTHONCRF TRIEIDRAMWINGS-B) circuit 110 of the CV converter
circuit. Figure 5is a schematic circuit diagramillustrating a
non-unity-gain CMFB circuit architecture in the exanple enbodi nent. Figure
6(a) is a sch&mtddimehtagf the inkentiongvil belhedter ondérstebentd readityhapp@k@® circui t
archi tecture i ] e - Fly i i ; | gop gain
and an etéé(;t?ag k&f@(jzﬁgfy %@1 é{F %ﬁffrg)érg%%écﬁoll?g&%@ﬁﬁ%ﬂ@&%&i@ﬁ%ﬂe&g%g I ment,
for expl gkainplg et agNMBcopenctionyithdthe dedvanas, M whick: 7(a) is a schematic
diagramillustrating a non-unity-gain reset feedback schene using two
switches in the exanple enbodi ment. Figure 7(bé is a schematic circuit

di agr am r epr eSigyte fgist Beschameatis dlocks diggrgmy ef 2( gpPagiteRce-darliagat ((\dsi st or s
for 11 ugbhwdeP@irdURecapridadol & mislbobleetrdthéch@hichlNsysieni- AMENS) sémptin @hheme
performng a non-unjity gain reset. Figure 8 is a schematic circuit diagram
i |1 udPratx?mgpri esRedEE™ or nodifying a bias current flowing in the first
stage of the op-anp in the exanple enbodinent. Figure 9 is a Bode graph of
¢l osed-1 oop g?—"gﬁre( IZz]a) ClisB )a svc?ném];{ice gi‘r’&ﬂcéfaér% g_sz gn %But stage of an operational

amplifier (op-amp) of the CV converter circuit.

15 Figure 2(b) is a schematic circuit diagram of an output stage of the op-amp.

Figure 3 is a graph of gain (in dB) vs. frequency (in Hz) for illustrating CV

converter stability for different closed-loop gains.

20 Figure 4 is a schematic block diagram illustrating connections between the op-
amp and a non-unity gain common-mode feedback (CMFB) circuit 110 of the CV

converter circuit.

Figure 5 is a schematic circuit diagram illustrating a non-unity-gain CMFB circuit

25  architecture in the example embodiment.

Figure 6(a) is a schematic diagram showing a functional effect of the CMFB

circuit architecture in Figure 5.

30 Figure 6(b) is a graph showing an open loop gain and a feedback factor of a
CMFB feedback loop in the example embodiment, for explaining the CMFB operation

principle.



anot her inplenentation of the exanple enbodinent in a non-unity gain reset
configuration. Figure 10 is a Bode graph show ng open-loop gain (in dB) and
phase (i rwoegroass)7’sas functions of frequency (in Hz) of pamsiGens/000358

i mpl ementati on of the exanple enbodinent. Figure 11(a) is a Bode graph
showi ng open-loop gain (in dB) and phase (in degrees) as functions of
frequency (in Hz) of another inplenentation of the exanple enbodi nent.
Figure 11(b) is a Bode graph show ng 6épen-loop gain (in dB) and phase (in

degrees) as fuyncti .of frequengy (in. of a typi.cal .CV copverter CVFB
circuit. Fi guh%”ﬁ?{]ai '%agﬁpbﬁ'ﬂa%‘? g%ﬁéaﬂhi"t%zﬁt'f'gﬁe"?rf{ﬁm@)g% _rest’f‘?SS%?%
seconds) sshemé ngingvaneswitches nhiseexantbl@embodiment i ve term nal and a negative
termnal of a differential CV converter output in another inplenentation of
t he exanpl e enbodi ment. Figure 13 is a zoomview of Figure 12. Figure 14 is
a graph of CVFigune &(tf) és acschpuonatioy or¢uitgiiagram repregentingi thre siitohaseefonigure of
anot her inpl i . 4 Ogb 1B Eilirds | 0am vi ew
of Fi g)ure 4&%%@%8@6%%@{02& 5&2%&%%5@‘5 powerg']éﬁ;g::lﬁlfrc’g?nédgﬂr’ld’si|S\t&l;a/:(l;H (in
21 Hz) vs.reset echesrecgerformingi)nonfunidyi gaindgeset.npl ement ati on of the exanpl e
enbodi ment for different chopping frequencies. Figure 17 is a schematic
flowmchart for illustrating a nmethod for converting a sensor _capacitance
under par asi t iFt9uERBde Prsghereaticopiteuit idiagean Hlugtratiag sewitchdpb BWAiiE 2 bigsTAl LED
DESCRI PT'cQNeﬂi%rﬁrPameﬁﬁrﬁ@%é'mOﬁjﬁﬁﬁm the exARpieenbaBinhevi de an

[

operational anp ier (op-anp) that produces | ow noise, consunes | ow power
as wdf as is able to operate in |lowvoltages (e.g. lower than 1.8V). That

i's, transistorrgurd otib& BEdAGiapAl & cidded-Idop i Kini dB) vs. frequency (in Hz) of
another implementation of the example embodiment in a non-unity gain reset

configuration.

15 Figure 10 is a Bode graph showing open-loop gain (in dB) and phase (in
degrees) as functions of frequency (in Hz) of another implementation of the example

embodiment.

Figure 11(a) is a Bode graph showing open-loop gain (in dB) and phase (in
20 degrees) as functions of frequency (in Hz) of another implementation of the example

embodiment.

Figure 11(b) is a Bode graph showing open-loop gain (in dB) and phase (in
degrees) as functions of frequency (in Hz) of a typical CV converter CMFB circuit.

25
Figure 12 is a graph of output voltage (in V) vs. time (in seconds) showing
waveforms observed at a positive terminal and a negative terminal of a differential CV
converter output in another implementation of the example embodiment.
30 Figure 13 is a zoom view of Figure 12.

Figure 14 is a graph of CV converter output voltage (in V) vs. time (in seconds) of

another implementation of the example embodiment.



weak inversion. The exanpl e enbodi ment can provide an inpl antabl e
integrated circuit that can deal with weak bio-electrical and

bi o- mechawmocalo/ssgaal s whi ch are typically | owf r equency PET$Gads/000B58
exanpl e enbodi nent can provide good linearity, high-resolution and
effective noise rejection. The exanpl e enbodi nent can provide
fully-differential architectures to achieve a high conmmon-node rejection
ratio (CMRR) and a power supply rejecffion (PSRR) ratio with high-linearity.
In addition, the exanmple i n provide an inproved signal -to-noise
rati o (SNR) ¢ reaﬁé’lgﬁ_zgﬁ,ﬁﬂgﬁfgﬂ%%rgﬁ%g rail-torail. The exanpl e enbodi nent
can nmake use of a class AB output stage and obtain higher power efficiency.
The exanple e i t L Loh-0al j i liage
pover auppl y. THAL 518 2 (B0 2F RSy Bobbfihedialshih (i VaHEm HeBlenty (297 o
exanpl e étzbodi anather implemarttation efgtheo axarople eemeodipent Wadﬂféerﬁmtnﬁhcenp@sal
procegsi%gqgggﬁﬁr chopper techniques can be used. In addition, the exanple
enbodi ment "'can deal with high parasitic input capacitance (e.g. due to the
i nt erconnection between a capacitive sensor and ASIC) to achieve a _

hi gh-resol uti @& 19-is Ho&iHenaBO HoWtithh RANMELNY &fMEthob dBPebnwdramy ki sat i on)
circuitry whilée consum ng a | ow current %e.g. l'ess than 100mA) with a 1.5V
suppl y vERDERje, CARRCIANCR g UAdEL0PYESIYE GRPATHINERIr CRRYNYIS, Nt RE SXAMBIe

enbodi megingedimerfidr ess bandwi dth requirenments for reducing gain | osses that
can arise due to chopper operations. The exanpl e enbodi nent can al so

addr d8s power overhead/ consunption that can arise when a second anplifier
stage is used. The exanpl e enbodi nent descri bed herein can provide

el ectroni ¢ cj ' kafed with CV converter circuits and
fuIIy-diﬁﬁgﬁgkﬁﬁgﬁéﬁﬁgﬂ-ﬁ5@£lution | ow- vol tage and | ow power versions of
these circuits for use in continuous-tinme capacitive sensor readout
circuits for ki i cal. ' ' - b AW e -
architecturesa%g%%ggﬁgﬁ%ﬁgﬂﬁﬁ%ggkﬁgﬁFaggﬁﬂgfﬂﬁagﬁﬁg%@3ﬁkhg8§%@§@ﬁg?;iciency
of a16V dopramp) that prodptasdow-moisa. eonsEmMAs loVCRWRSiasi well aseif #6le to operate in

low-voltages (e.g. lower than 1.8V). That is, transistors in the op-amp are able to work in

weak inversion. The example embodiment can provide an impla_ntable integrated circuit
that can deal with weak bio-electrical and bio-mechanical signals which are typically low-
frequency signals. The example embodiment can provide good linearity, high-resolution
20 and effective noise rejection. The example embodiment can provide fully-differential
architectures to achieve a high common-mode rejection ratio (CMRR) and a power
supply rejection (PSRR) ratio with high-linearity. In addition, the example embodiment
can provide an improved signal-to-noise ratio (SNR) with an op-amp output being rail-to-
rail. The example embodiment can make use of a class AB output stage and obtain
25  higher power efficiency. The example embodiment can achieve high-gain while using a
low-voltage power supply. The example embodiment utilises a two-stage op-amp. In the
example embodiment, for achieving low-noise, a continuous-time signal processing

and/or chopper techniques can be used.

30 ~In addition, the example embodiment can deal with high parasitic input
capacitance (e.g. due to the interconnection between a capacitive sensor and ASIC) to
achievé a high-resolution (e.g. 16bit) and high-bandwidth (for chopper stabilisation)
circuitry while consuming a low current (e.g. less than 100pA) with a 1.5V supply

voltage, by using a two-stage op-amp.



The exanpl e enbodi mrent can provide a CV converter architecture that

i npl ements a | ow noi se conti nuous-tine approach and a cl ass- AB out put stage
t hat mai nvei2nB/@3d8esi rabl e | ow qui escent current. The aPchiSGeaUsWPESs8an
produce a rail-to-rail output voltage swi ng and can be capabl e of operating
at a low supply voltage. Figure 1 is a schematic block diagramof a CV
converter circuit 102 coupled to a MEMS sensor 104 in an exanple

enbodi ment. The CV converter circuit 802 conprises an op-anp 106, a
non-unity-gain reset feedback circuit 108 coupled to the op-anp 106 and a
non-unity-gain CMFB circuit 110 coupled to the op-anp 106. In the exanple
enbodi ment , t Rerti@vmorn tter &xampe embodimeotcansaddoessi bpndwidth wapikereentsfori n a

non-unity gain e - unity:- qai i gn d :{~Q0 12,4 or med
pet veen 192000 SRR *tpotod et Ao Ve Bud 87 hopder R icng T e ot
t he MEMSeméngioentl @4n griste pddress gowelhaedrieasieonsuapiipn fabap tarsaarhanoat he
accel graye% %[%@ﬁ&'s@éig[’%/é@ ng the MEMS sensor 104 with a voltage

8e en 0 and Vdr

al terhating v , a current |1n having magnitude
proportional to the capacitance change flows into and out of the CV

converter cirgyhteditie HriSodtheMea8ssFiBEd MHerdih e pAsvideP eleeiorfd irtlgtst he
capaci tance change S|\(7:;nal residin .g to the.

( : _ % in a ba%ebang‘ e.g.‘ P.to 1kHZ'L§
vi ci ni ty agsociatest With (fgV \ranYestge cFwits, #ngt fWlyrofferantiainbion-resqiytinh Jowyatagey i i ng
the MEMBaagNiewR oﬂ;@rﬁér&oﬁé’@htk@s%}fc%ﬂstfbr aséﬁugdr}tinumistr—]t&gﬁcumciﬁivbaﬂnsﬁe sane
purpose as i nplenenting an input chopper used for .the so- er
st agﬂpi sé?qdeap‘i"éb"ltﬁoﬁ Bgmeﬂ'%%@}é‘ﬁﬁ gndré?fbozla?rrféﬂ?‘f't"feﬁga%b’? %%’h@%ﬁ ggpgur r ent
i s i nt egrrak askalipleaBmbadi@nBitam glsc aphandeothe Gawer esfitrienty &f @G| exvertgrween an
out put and a} ' 0 106 in the CV converter circuit 102. The

n,jnput of the -
i nt egr at iCBVP?ﬁ?sJ)“;'B%eéPQtC@Ba% Veg%ﬁfﬂt vol tage signal Vout - Vout-)

proportional to the capacitance change sensed in the MEMS sensor 104. An
| npedance Rbi e, g 71 ecred i a e | 4 tniBdrd Shatsed to
define a bi asﬁ%l ?’gaéré&gt e#ﬁ%&'ﬁlg@h%%ﬁp%%gﬁgeéiﬁgultcoﬁ%ggs Jorzf 't her CV converter
ci rcubt l9gleméhis zhoppoisg dontnpueestimeaarpirsch araasseAfiioptpgt s8981that on can

be used trr?airﬁgib% trah@esﬁgﬂbw(gg%g% ARektSf hiARetsre/d@h pdrétuceRr @iffo-14A6 for

t he CV conver clrcul )
output voltage swing and can be capable of operating at a low supply voitage.

Figure 1 is a schematic block diagram of a CV converter circuit 102 coupled to a
20 MEMS sensor 104 in an example embodiment. The CV converter circuit 102 comprises
an op-amp 106, a non-unity-gain reset feedback circuit 108 coupled to the op-amp 106
and a non-unity-gain CMFB circuit 110 coupled to the op-amp 106. In the example
embodiment, the CV. converter circuit 102 is configured to function in a non-unity gain
mode. A non-unity-gain signal feedback loop 112 is formed between the op-amp 106

25 and the MEMS sensor 104.

in the example embodiment, the MEMS sensor 104 generates a capacitance

change proportional to the acceleration sensed. By driving the MEMS sensor 104 with a
voltage alternating between 0 and V., a current |;, having magnitude proportional to the

30 capacitance change flows into and out of the CV converter circuit 102. This process can
be viewed as up-converting the capacitance change signal residing in a baseband (e.g.

0 to 1kHz) to the vicinity of a driving voltage alternation frequency. In this case, driving

the MEMS sensor 104 in such a way with a square voltage wave has the same purpose

as implementing an input chopper used for the so-called chopper stabilisation technique.



I n the exanpl e enbodi nent, the output noise spectrumdensity of the
continuous-tine CV converter circuit 102 can be approxi nated by the

f ol | owi ngweqoard3sTs( eq. 1) after down-conversion: / ) . SRCESGRéOs/0&gs 1) )
where Cin,anP is the input parasitic capacitance of the op-anp 106, Sn,anP
is the input referred white noise spectral density of the op-anp 106, fk is
the flicker noise corner frequency of the op-anp 106, fchop is the chopping
frequency for the chopper stabilised @ converter circuit 102. Cs refers to
t he capacitance of each sense capacitor e.g. 114 of the MEMS sensor 104 and
gnt refers to the capacitance of each integration capacitor e.g. 116 of

t he CV conver tiertheiexamipte 26Bodifent, sthehep-penvaded i aurreatp &ciintegretedebyy.an120 at
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as possible ereéy i ncurring |aS|q? currents. In addition
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gain is dgfinesbarfiwidh Péqﬂuher%@nt&mﬁtth@b&amblme@drlthé'certdmb@t&rewwt 1@pror can be
obtai ned. Thus, in the exanple enbodi nent, a two-stage fol ded-cascode

op-a
in the example embodiment, the output noise spectrum density of the

continuous-time CV converter circuit 102 can be approximated by the following equation
(eq.1) after down-conversion:

,
2C,+C, +Cmamp] (i 17 fi
C; 2r fchop

int

Sn,out o)) z(] ]'Sn,amp(f) (eq. 1)

where Cj,.mp is the input parasitic capacitance of the op-amp 106, S,.m, is the input

15 referred white noise spectral density of the op-amp 106, f; is the flicker noise corner
frequency of the op-amp 106, f,p is the chopping frequency for the chopper stabilised
CV converter circuit 102. C; refers to the capacitance of each sense capacitor e.g. 114
of the MEMS sensor ﬁ04 and C;, refers to the capacitance of each integration capacitor
e.g. 116 of the CV converter circuit 102. C, is the parasitic capacitance e.g. 120 at the

20 sense node due to e.g. the MEMS intrinsic parasitic capacitance and interconnection
between the MEMS sensor 104 and the CV converter 102.

The input referred noise spectrum density of a fully differential op-amp can be
approximated by:

16 kT
3

amp—m (f ) (eq 2)

m.eq
25  where gn . is the equivalent transconductance of the input differential pair of transistors

in the op-amp.

It has been recognised by the inventors, that to achieve a large SNR, the input
op-amp transconductance g, is desired to be as high as possible, thereby incurring



is used wwth a rail-to-rail output stage and a w de-sw ng i nput conmon-node
range (i.e. to be less sensitive to input common-node voltage drift due to
current |Iwakaga3ai’sa hi gh i npedance i nput node). In rel CIrSG2008/08¢330i | ity
probl ens of conventional two stage op-anps, generally at the design phase,
attention is paid to possible problens of frequency response. To design a
stable two-stage op-anp in a unity-gain configuration, the transconductance
gnl eq and gn2,eq (i-e. equival ent tra@sconductance of the first and second
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unity-gain configuration is a worst case scenario. Besides, designing an
op-anp that is not stable in the unity-gain configuration assunes that a
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compensation approach) should satisfy the following condition [as discussed in Willy
M.C. Sansen, “Analog Design Essentials”, Springer 2007, p149-180]:

4.5
gml,eq CC

Em2, C
== = gm2,eq=4'c_z'gml,eq (eq. 3)

15
An op-amp that satisfies eq. 3 typically has a resulting large output quiescent

current which gives rise to poor power efficiency.

It will be appreciated by a person skilled in the art that a two-stage op-amp is

20 typically designed to be stable in a unity-gain configuration so as to ensure the op-amp
stability regardiess of the feedback, since the unity-gain configuration is a worst case
scenario. Besides, designing an op-amp that is not stable in the unity-gain configuration

" assumes that a non unity-gain feedback condition is always held during any period of the
system operation. However, typically during reset phases, the op-amp is configured in a

25 different way, involving a unity-gain feedback arrangement. Further, in the case of a
fully-differential op-amp, it will be appreciated that one has to take into consideration the
stability of the CMFB circuit loop (ie. the CMFB feedback loop is not the same as the

main op-amp feedback loop), the CMFB circuit loop being in a unity-gain configuration.

As a consequence, using a non-stable op-amp in the unity-gain configuration typically

30 results in a poorer stability behaviour for the CMFB circuit as the CMFB circuit loop



As a consequence, using a non-stable op-anp in the unity-gain configuration
typically results in a poorer stability behaviour for the CVFB circuit as

t he CVFB wonrewids3d7eopi ncl udes the op-anp itsel f. Thus, ipaTsiGewsehosskhe above
considerations, a two-stage opanp is typically designed to be stable in the
unity-gain configuration. An alternative approach is described in US

5,990, 748 for providing an adaptive sel f-conpensat ed two-stage op-anp that
is stable in a unity gain configuratidm that requires higher power
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or the clamﬂdwmny designedso bastable imthd unity-gainfvenfigunationdt h f or a gi ven power
consunption. US 5,990, 748 does not propose any solution in the case of a
fullydifferential architecture, and nore particularly, any solution on how
to deal with tAnealehfeBvé approathaisidestybediin USHBOp0VAS fatvins/idieg iagradaplivensi st or s
wor k g rrent,
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addi tion, e op-a gal n- bandw d product iI's desi to be high
conpar ed f?‘%ﬁblaﬁb f%?FRﬁpﬂ the qqséélfé}ﬁ(:@?'%cﬁ%%s foomaximizg; the b@ﬁ?‘ﬂd@rf%? HYRI or gain

vari at i orpowkh 8orRnpith. U8 5 967 48VdeeIndtPekest ahg seluiéinkie c@/\ﬁﬁé\ fugeq. 4)
Sm, e The O%pﬂal cl osed-1 oop bandwidth is related to the i e\gragl on

capadi arfiffer grajitectyrg, a?%@qrﬁﬁ?ﬂcﬂﬁf'&s?ﬁy E°'Eté&‘)‘a8 t"eMc o %al "0 and
the sensecpRawbistibiig. Cs €. g. 114. It has been recogni sed by the i nventors
that, in an exenplary acceleronmeter with external MEMS sensors (assum ng
that the MEMS and the ASIC are not designed on the sane silicon substrate),
parasi ti c capaeiowapaer CMOD design) dtansistoes Wwarwirpmoderkigr add/apwéak—inversion

region. Thus, for a given current, the transconductance is substantially independent of

15  the overdrive voltage [as discussed in Gray, Hurst, Lewis, Meyer, “Analysis and Design
of Analog Integrated Circuits”, John Wiley & Sons, Fourth Edition 2004, p68-69]. In "
addition, the op-amp gain-bandwidth (GBW) product is desired to be high compared to
the chopping frequency so as to minimize gain error and/or gain variation. The op-amp
gain bandwidth product is given by:

G =—C¢ (eq. 4)
Eml.eq
20
The op-amp closed-loop bandwidth is related to the integration capacitance Ci;
e.g. 116, the input parasitic capacitance C, e.g. 120 and the sense capacitance C; e.g.
114.
25 It has been recognised by the inventors that, in an exemplary accelerometer with

external MEMS sensors (assuming that the MEMS and the ASIC are not designed on
the same silicon substrate), parasitic capacitance can be equal to a few pico-Farad up to
hundreds of pico-Fafad. Therefore, the closed-loop gain of a CV converter used with the
exemplary accelerometer is always greater than one. This follows from the closed-loop

30 gain equation, eq.5, below:



hundreds of pico-Farad. Therefore, the closed-loop gain of a CV converter
used with the exenplary accel eroneter is always greater than one. This

fol |l ows fwormntids3wBosed-1 oop gai n equation, eq.5, bel owPRTSG2@3GOE3ES =- (eq.
5) G 1nt In the exanpl e enbodi nent, the follow ng values are set, C =
0.9pF, Cp max = 5pF and d nt = 200 F. The value of Cint is chosen so as to
maxi m-ze the output voltage with regard to e.g. a maxi num i nput
acceleration (e.g. 6.5g) of an accel efl@reter. Thus, the closed-loop gain in
t he exanpl e eg&odi ment can be as | ow as about 10 and as high as about 35
dependi ng;on_ etlal ue of Cp. The inventors have further recog(ghs d that-
for the tvﬂ-sta@;;, op-anp in the exanple enbodi ment, there is no need to
ensure stability in the unity gain configuration for the CV converter
circuit 102 to be stable when it is working to sense capacitance change.

The exanpl e eigbgdidxBMpletHRSodindrniRns IR6RIng NaRED atd sl QLM DY, )8 B 5pF
configuration, wherein the twy-stage op Is intentionall }é/%,chosen to be

-a
unst abl e 3" GmFt3POFaiThe valei% Giralfi DASELFO Ao tRIERNE 5 RE CURYh LliRgEI Y. Fi gure
(2|(: a) is ?e@eﬁ@@c{fﬁlglﬁrﬁéﬁrfiwhtinﬂhggée?éfhﬁﬁn @l.“g.ihﬁwtof%h(@eeler@&g_fér. Tm,mﬁrarrp 106
i gure in the exanpl e enhodinent. In the exa e i pent ., the input

st age5zof}q5§d'éP°P&aHb'aﬂE%§’é%ﬁe FWBHT""@PL . bel'ﬁ%%&'un%)sp%oé’wgaﬂ? ?ﬁbiglvlﬁés selr[:sor
104 ( Fi gubeutl3ds dupending be tHeadiuemfiGzspecti ve i nputs 204, 206 of the input
stage 202. The output of the anplifier follow ng the non-unity gain CVFB
circuit 110 (see 118 of Figure 1) is connected to node 214 of the input
stage 202. Fi Jheen&ngrsitmave fedinenmetognissdr that tfordthegiwarstage ap-aowt puthest age

208 of t - Fi.qur. L.t Lo i ) exanpl e
enbodi e Reretiferk IS niherdd SRR BERNS o FRA BN cohflh Afon
st agd 020Jor the dohnenvestar airquit 102cto gt gtable when it is working to sense capacitance

change. The example embodiment uses a two-stage op-amp in non-unity gain

configuration, wherein the two-stage op-amp is intentionally chosen to be unstable in
unity-gain configuration for reducing power consumption.

15 Figure 2(a) is a schematic circuit diagram of an input stage 202 of the op-amp
106 (Figure 1) in the example embodiment. in the example embodiment, the input stage
202 is a folded-cascode input stage. The outputs from the MEMS sensor 104 (Figure 1)
are connected to respective inputs 204, 206 of the input stage 202. The output of the
amplifier following the non-unity gain CMFB circuit 110 (see 118 of Figure 1) is.
20 connected to node 214 of the input stage 202.

Figure 2(b) is a schematic circuit diagram of an output stage 208 of the op-amp
106 (Figure 1) in the example embodiment. In the example embodiment, the output
stage 208 is a class-AB output stage. The input stage 202 is connected with the output
25 stage 208 at four nodes; ie. nodes 220, 222, 224 and 226 in the input stage 202
correspond to nodes 228, 230, 232 and 234, respectively. A back-to-back connected
diode pair 210 in the input stage 202 appears in Figure 2(b) at numeral 212 to show its
actual transistor-level implementation. Output nodes 236 and 238 of the output stage
208 are the outputs of the op-amp 106 (Figure 1) and are connected to the non-unity

30 gain CMFB circuit 110 (Figure 1).



stage 208 at four nodes; ie. nodes 220, 222, 224 and 226 in the input stage
202 correspond to nodes 228, 230, 232 and 234, respectively. A back-to-back
connect edwOizoten3pei8r 210 in the input stage 202 appear s PCH/SE2e08r08032¢ b) at
nuneral 212 to show its actual transistor-|evel inplenentation. Qutput
nodes 236 and 238 of the output stage 208 are the outputs of the op-anp 106
(Figure 1) and are connected to the non-unity gain CVFB circuit 110 (Figure
1) .Figure 3 is a graph 300 of gain (i3 dB) vs. frequency (in Hz) for
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advantage i s that the po cons t he se 208 b
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contr ast HaadMStrﬁea@Ehn?emsmtélmeGysmeyerme:nerau316us befb@2Ahé Eegmd@olb)S(mf the

exanpl e enhodi nent is. ng t sianed to be frequency sel f-conpensated
accor di n@%?ﬁ‘?@q‘&q ‘% bsg |f the closed-1oop gain GCL is greater

than 1 (ie. non-unity), then eq. 3 becones: L Gi Smm| ..eeqq gnR.eq = ~ -
- (e d - 6) Bg/:h(a?’v%gla non-unity closed-loop gain, an additional advantage is that the power
15  consumption of the second stage 208 can be reduced by almost one order of magnitude.
It is repeated here that in contrast to US 5,990,748, the CV converter circuit 102 (Figure
1) of the example embodiment is not designed to be frequency self-compensated

according to the closed-loop gain.

20 If the closed-loop gain G, is greater than 1 (ie. non-unity), then eq. 3 becomes:
C gml e
=4.=L .27 eq. 6
gm2,eq CC GCL ( q ) )

in weak inversion, eq. 6 can be interpreted as a reduction of the output quiescent current

by a factor G¢;, which improves substantially the power efficiency of the CV-converter

circuit 102 (Figure 1). This is true since in weak inversion regions, the transistor

transconductance gn is proportional to the current. In other words, current consumption
25 of _the output stage can be reduced by a factor of G¢;.

It will be appreciated that a fully-differential op-amp uses a CMFB circuit to

bperate properly. Typically, a CMFB circuit senses the output common-mode voltage of

a fully-differential amplifier and provides a common-mode control signal which controls

30 some current biasing structures within the differential amplifier to maintain a proper
common-mode output voltage, and hence a correct fully-differential operation. Thus,
typically, the CMFB loop-gain is equal to unity. In contrast, in the example embodiment,
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mode sense signal 403. A resistor 506 is added in the first resistive network 504 to

configure a non-unity-gain CMFB loop. A second resistive network 502 is provided to

generate the common-mode reference voltage signal 406 (Veumr) of Figure 4 and

20  another bias voltage 516 to improve the power efficiency of the CMFB circuit 110 (Figure
1) further.

In the example embodiment, as the common-mode control signal 118 is

connected to node 214 of the op-amp first stage 202, the CMFB stability is improved by

25  increasing the ratio (W/L)ua / (WIL)us (see numeral 218 of Figure 2(a)) within a certain
range (e.g. ratio of not larger than 4 to ensure normal operation of the CMFB under the
worst-case process variation or large common-mode disturbance from the environment).
(WIL)ua and (WIL)us are the ratios between channel width W and length L of MOSFETs

M. and Mg in Figure 2(a), respectively. Typically, due to the limited range of the ratio

30  (W/L)ua / (WIL)ug in this technique, a large current or power still needs to be consumed

to achieve a stable CMFB Iobp.

It is noted that large current biasing for the CMFB circuit is to be avoided, to

reduce the overall power consumption. Thus, in contrast, in the example embodiment, to



generate the comon-node reference voltage signal 406 ( V CMref) of Figure
4 and another bias voltage 5 16 to inprove the power efficiency of the CVFB
circuit MO 20foger7e 1) further. In the exanpl e enbodi nerCT/sa2008/v80358
comon- node control signal 118 is connected to node 214 of the op-anp first
stage 202, the COVFB stability is inproved by increasing the ratio (WL) MA
I (WL) m (see nuneral 218 of Figure 2(a)) within a certain range (e.g.
ratio of not | arger than 4 to ensure ibrmal operation of the CVMFB under the
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consunpt IC%HSUFI&%FI%BB 'sficon area consumption can advantageously be reduced.

Figure 6(a) is a schematic diagram showing the effect of the CMFB circuit
architecture in Figure 5. In this example, the differential output voltages of an op-amp
20 .602 are connected to a common-mode sense circuit 604 to generate a common-mode
sense signal which is a scaled replica of the common-mode output voltage of the op-
amp 602. The scaling ratio used in the common-mode sense circuit 604 is N : 1 where N
can be set based on a CMFB architecture of the example embodiment (compare 504
and 502 of Figure 5), and it can be shown that N equals to (n+1) in Figure 5.
25
Figure 6(b) is a graph showing the effect of the non-unity-gain CMFB on the loop
gain of the CMFB feedback loop and its stability. A curve 608 represents the CMFB loop
gain and the frequencies £, 614 and f,, 618 are the first and second poles respectively.
The effect of using the CMFB circuit architecture (compare Figure 5) is to “raise” the x-
30 axis of the graph by a factor of 10 log (N), or 10 log (n+1) in dB scale. The x-axes 610
and 612 correspond to the case when the CMFB loop is configured in unity gain and
non-unity gain respectively. In a unity-gain CMFB configuration (refer to x-axis 610), the
loop gain falls to 0 dB at frequency of f; 620, which comes after f,, 618 and causes
instability. On the other hand, in a non-unity gain CMFB of the example embodiment



using the CMFB biasing circuit architecture with network 502, both passive
power consunption and silicon area consunption can advantageously be
reduced. WOQoro3s(7a) i s a schemati c di agram show ng t hePefriseeoosmhoishe CVFB
circuit architecture in Figure 5. In this exanple, the differential output
vol tages of an op-anp 602 are connected to a common-node sense circuit 604
to generate a common-node sense signal which is a scaled replica of the
common- node out put voltage of the opafP 602. The scaling ratio used in the
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Therefore, to avoid entering the unity gain configuration during the reset phase,

the non-unity-gain reset feedback circuit 108 (Figure 1) is provided to perform a non-

20  unity-gain feset. The circuit in the example embodiment can be provided using the two-
switch circuit as illustrated in Figure 1 (see switches S reset aNd Sy reset)-

Figure 7(a) is a schematic diagram illustrating the non-unity-gain reset feedback
scheme using two switches for each reset feedback path. A first switch Ms, 702 and a
25 second switch Mg, 704 are implemented with MOSFETSs in this example embodiment.
During the reset phase, a signal dst 706 is asserted such that Mg, 702 and Mg, 704 are
turned on and operate in a linear region. A bias voltage Vcum,input 708 is connected to one
end of Mg, 704 to define the input common-mode voltage, which is usually set such that
Veminput = Vemounwr (OUtput common-mode voltage) = 0.5xVpp, where Vpp is the voltage
30 supply. The MOSFET switches Mgy 702 and Ms, 704 are sized such that (W/L)us :
(WiL)us2 = K : 1 and hence, a loop gain of K (>1) can be obtained (i.e. non-unity gain).
(WiL)ys: and (WiL)us, are the ratios between channel width W and length L of
MOSFETs Ms; and Mg, respectively. In the example embodiment, Ms, 702 corresponds

t0 S reset and Mg, 704 t0 S; reset in Figure 1.



the MEMS sensor 104 (Figure 1) and the CV converter circuit 102 (Figure 1),
the opanp 106 is connected in a follower configuration to perform offset
cancel | atworomyBsE8i on at the sane time as the reset op@catsGaons/oMsss, if a
typical reset circuit that sinply shorts the two plates of the Cint
capacitor 116 is used, the CV converter circuit 102 (Figure 1) enters the
unity gain configuration and can have an oscillatory response. Therefore,
to avoid entering the unity gain confilguration during the reset phase, the
non-unity-gain reset feedback circuit 108 (Figure 1) is provided to perform
a nonunity- gain reset. The circuit in the exanple enbodi nent can be
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phase. In this way, the condition set by eq. 3 can be satlsﬂe W|th less current

consumption in the second stage 208 of Figure 2(b). However, this method deals directly
with the op-amp circuitry and. not with the feedback configuration. Although this
20 alternative is simpler to implement, one drawback of this alternative compared to the
reset switch network of Figure 7(a) is that the switch 802 allows only a partial offset
cancellation as the bias current of the input stage is different from its actual value set

during a normal readout operation.

25 Thus, thé example embodiment described above can achieve a high-resolution
(e.g. 16bit) and a wide-bandwidth (for chopping purposes) circuitry while consuming a
low-current (e.g. less than 100pA) with a low 1.5V supply voltage, by using a two-stage
op-amp. The example embodiment described above can meet bandwidth requirements
to avoid gain losses that can arise due to chopping. The example embodiment described

30 above can also reduce power overhead/consumption that arises from using a second

amplifier stage and a fully-differential architecture.

In one implementation of the above example embodiment, it is found that power

consumption of a second amplifier stage is reduced from about 150uW operating in a



Alternatively, instead of mani pulating the closed-loop gain of the reset
switch network or the reset circuit 108 (Figure 1) (as illustrated in

Fi gures Aexommd3(®)), the bias current flow ng in the Prrsceisagess02
(Figure 2(a)) can be controlled, depending on the CV converter operation
nodes (e.g. reset and normal readout nodes). Figure 8 is a schematic
circuit diagramillustrating a switch 802 for nodifying a bias current
flowing in the first stage 202 of Figt8e 2(a). In this alternative, the
switch 802 to SW ortion ur - fl n e first
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DC Loop Gain >76.5 dB

GBW >21 MHz

Total Harmonic Distortion | <0.03 % Jested (‘j"g[t?n;u"tiztﬁ152\>/ cupply
Phase Margin >70° '
Loading 0.5 pF /100 kQ
Output-Referred Noise 12 uVrms Integrated over 1u to 400 Hz
Area 0.072 mm?
10
Table 1

Figure 9 is a Bode graph of closed-loop gain (in dB) vs. frequency (in Hz) of

another implementation of the example embodiment used in a reset mode. In a reset-

15  mode configuration, with a closed-loop gain of 4 through the use of a switch size ratio of
4, the CV converter circuit is stable as no overshoot is detectable in the closed-loop gain

AC analysis.



1st fol ded-cascode stage and the 2nd cl ass- AB stage, respectively. Table 1
bel ow summari zes the CV converter circuit performances in another

i mpl enentwiDi20r/38078he above exanpl e enbodi nent. Tabl e 1PET$GRers®0é3ss a Bode
graph of closed-l1oop gain (in dB) vs. frequency (in Hz) of another

I mpl enent ation of the exanple enbodi ment used in a reset node. In a

reset node configuration, with a closed-loop gain of 4 through the use of a
switch size ratio of 4 , the CV convef®er circuit is stable as no overshoot

is detectable_in t cl osed- | 0o i n. AC anal ysi s. Fi.gu [ d h
showi ng open- FE&F 3@. 1§ TisﬁOd&B?raEH%%Wygeoﬁng'oééggraéneéﬁ a@ % ﬁdnlc?t% F%en ofe orap
f rquep](c:)de@iess)l-hé fupkctiensodfhiesquenty émiz) af anotherf imphementatiopl &f tbertexainptent f or
two di fferent. ou t i e [
curve foP e B vy yBReny sEPuCHbE B pulort, FARCToR® WRARe 88 BREBACTE 27
2882 I ﬁo;ga@adum;]e:fbr ae ofitput stagmhiﬁput:rrerttagebdut a8us and elot 1004 stiwwstanogneA. Pl ot
ows a ase curve for .the .10mA scenari h
curvegf o#oqprﬁa?”sﬂ‘f% Eoégﬂzgf'{pg{Stﬁeeb%fuff)rﬁ%n?f’o%(? UFR&W|@Atﬂ%%g%1{€ i orelai E 22?
as ?. 5pF{cﬁﬂ(@kWthEGDSAfbgeﬂ@mﬁarﬂLﬁrllcﬁILﬂlDOS'rsagns g phesz eurve éarrtnee BOAS seEmarie.o, at -
unity gain (ie. at e phase r gi lot .10 ' bout 45
et e o2 e Rea O e LG a0t B AP e e
not e_nts UreRiesticlirént sbé‘;a_’ﬂol auagrrﬁy Qain (RNat O @)ﬁ&fe’oﬁhase meogin ¢fosplof 1006) iss used
in unity-gain configuration. e L avent ors e recoani se h If th
non- uni tfgga‘;??”?ggeﬂeéeééﬂﬁ‘&m?raéi1|0&§}i' ﬁﬂfoﬁ‘%"’ﬁﬁéﬁ‘r @eﬁxgén:?ge ?‘?Pierﬁ%nrét{?rr\'i tg- gain
CMFB 10i 1 cige ney ensutecstabilite i slegro€esgand témparaterencarnerp|ifl if isdised meurgy-gbinl i ty of
the systemhas tao be inproved in the unity-gain configuration. Typically,

na
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bandw dth or increasing the output stage bias current, which incurs a

hi gher power ' Lol el 1 Meisy ANin | ' sout put
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pl ot 1008)08r(Eigoteet) atisbie re0-Ynitetein GMFB circuit architecture (see Figure 5) are not

15  applied, the stability of the system has to be improved in the unity-gain configuration.
Typically, this would comprise compensating the two-stage op-amp resulting in a poorer
bandwidth or increasing the output stage bias current, which incurs a higher power
consumption. For illustration only, by increasing the output stage bias current to about
50pA, it can be seen that the phase margin (for plot 1008) reaches about 60° (refer to

20 numeral 1012). It is pointed out that compensation or increasing bias current is not
carried out in the example embodiments because the two-stage op-amp is intentionally
chosen to be unstable in unity-gain configuration for reducing power consumption. in
the present implementation, the CV converter cannot be configured in unity gain

~ configuration. The reset circuit and the CMFB circuit of the example implementation are

25 configured so as to ensure that the CV converter does not operate in a unity gain mode.

Table 2 summarizes the simulation results of phase margin of another
implementation of the example embodiment obtained for different closed-loop gain
values for the op-amp and different output stage biasing currents. Particularly, it

30 shows that to obtain a phase margin of about 70°, for a closed-loop gain of 10, the
biasing current of the output stage is about 7uA compared to about 3pA only for a
closed-loop gain of 20. This can advantageously reduce the power consumption of
the class-AB output stage. The column showing the phase margin for the closed



numeral 1012). It is pointed out that conpensation or increasing bias
current is not carried out in the exanple enbodi nents because the two-stage
op- anp i swonbvenisasal | y chosen to be unstable in unity- gerscaasiongsss ati on
for reduci ng power consunption. In the present inplenentation, the CV
converter cannot be configured in unity gain configuration. The reset
circuit and the CVFB circuit of the exanple inplenentation are configured
so as to ensure that the CV converter 200es not operate in a unity gain
node. Tahle 2 su i.zes the simulation results of se _margin anot her
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Table 2

10 Figure 11(a) is a Bode graph 1102 showing open-loop gain (in dB) and phase (in
degreés) as functions of frequency (in Hz) of another implementation of the example
embodiment. Figure 11(b) is a Bode graph 1104 showing open-loop gain (in dB) and
phase (in degree) as functions of -frequency (in Hz) of a typical CV converter CMFB
circuit. Plot 1106 shows an open loop gain curve and plot 1108 shows a phase curve

15  for the CMFB circuit for the example implementation. Plot 1110 shows an open loop
gain curve and plot 1112 shows a phase curve for the typical CV converter CMFB circuit.
It can be observed that the example implementation improves the stability of the loop for
the CMFB circuit. Under the same Ioading condition, the CMFB phase mafgin for the
typical CV converter (refer to numeral 1116) is approximately 47° as compared to about

20  67° (refer to numeral 1114) for the CMFB phase margin for the example implementation.
Thus, it can be observed that the example implementation results in a 20° phase margin
improvement for the CMFB circuit. It is noted that for the typical CV converter to obtain a
60° phase margin for the CMFB circuit, the quiescent current of the output stage should

be increased that in turn incurs higher power consumption.



It can be observed that the exanple inplenentation inproves the stability
of the loop for the CMFB circuit. Under the sane | oading condition, the
CVFB phaswormarogizgo78or t he typical CV converter (refer t@®CmsGRom00BEL6) is
approximately 47 as conpared to about 67 (refer to numeral 1114) for the
CMFB phase margin for the exanple inplenentation. Thus, it can be observed
that the exanple inplenentation results in a 20 phase margi n i nprovenent
for the CMFB circuit. It is noted tha21for the typical CV converter to
obtain a 60 phase margin for the CVFB circuit, the quiescent current of the
out put stage should be increased that in turn incurs higher power
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cireult LorahARy Sl cohfifrdibn de it BOOLLHINBE MRCIFBRircMPLH bedaBle

scenari o)a e stable at hon-unity configurations.
Fi gure 12t nen- lanltgrcapﬁgtmatlooat put voltage (in V) vs time (in seconds) show ng
wavef grms observed at a positive termnal (refer to nuneral 1202) and a

negatrve termnal (refer to numeral 1204) of a CV converter out%t (conpare
Figure 1) in Higvtehd? isrepioeapbnelaytent \oitage dineYhip|tEnee (b SEFPRAH 89gr aph

shows 1 he, QUd kg oB@é’r@écPraFBa b&¥itiva t@h’ﬁiﬁ@le@leféf &l SRf&Ad| 12@2}Jfan§|agﬁ§éatlvélurfer al
1206 represents th deal common-node out put vo ranshﬁr naIyS|s

can conf iterminah gefef Fﬁe”‘@e"ébﬁ%} pieg C¥jqopvRrer Bf’tpf"'h{cg eFiowe; fation is
stabl e agnpemehtaBiorner tH@\éQérﬁ;Blébﬁ'@BdlhﬁnDHﬁérgvm shiolvg tiecodtputiveavaforras forvi ew

1300 of Fi 12, Th t put t 06 b df
this' éra&lhg"'°;3§%ﬁ' Sinupifa A B N L RB Spiraccy o Ridl P rRPRRREL s

st abl e asufpat rvbmengrmi ainglysig rcanecotine rtiatdthienCY hepndertdrecientt icdl thisi gnal s
1302 and 1304 and al sp.in. t onmmon- node u I 306. Figure 14 is
an out puXPPEAGRe[eRtation \755?%1%5 9 %ngérégc%%\%s(%r% érag\ér% otb? g&ﬁ%t her

i npl enentation of the exanple enbodinment. This graph shows the CV converter

Clioult out PUd 205t eRLoYBNELP Ity SBAE 2! PrdBahies 1diE dEhavbitie of ! he

circuit durin conpar e ts reset nod n‘Q/are 1
i ts rér neI300pam be iobseryexbingratis grapB) Agam. dhis igearh confimasthat the e Veeveiteh t hat

the CV cofu&fik&tattd BSEHY hinGihg WalSofi BSPbE observed in the differential signals 1302

and 1304 and also in the common-mode output voltage 1306.

Figure 14 is an output voltage (in V) vs time (in seconds) graph of another

20 implementation of the example embodiment. This graph shows the CV converter circuit
output transient waveform in order to analyze the behaviour of the circuit during start-up
(compare 1402), its reset mode (compare 1404) and its normal operation (compare
1406). Transient analysis can confirm that the CV converter circuit of this example
implementation is stable as no ringing waveform can be observed during operation

25 across these different modes.

Figure 15 is a zoom view 1500 of Figure 14. The graph confirms that the output
voltage is set to half the power supply voltage (compare 1502). The chopping clock
frequency can be observed in the reset phase waveform (compare 1504). Again, the

30 graph confirms that the CV converter circuit is stable as no ringing waveform can be

observed.

Figure 16 is a graph of noise power spectrum density (in V?/Hz) vs frequency (in
Hz) of another implementation of the example embodiment. The noise spectrum density



i npl enentation is stable as no ringi ng waveform can be observed during
operation across these different nodes. Figure 15 is a zoom view 1500 of

Fi gure 14wOThw/gs@ph confirnms that the output voltage i 2CISG2008/0b@38 t he
power supply voltage (conpare 1502). The choppi ng cl ock frequency can be
observed in the reset phase waveform (conpare 1504). Again, the graph
confirnms that the CV converter circuit is stable as no ringing waveform can
be observed. Figure 16 is a graph of Bdise power spectrum density (| n

V2/ Hz) vs_f )
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20k and SMSIE@EwngVeFWﬂ'QKeFEWe‘R/ ﬂh‘ghq&rqulﬂﬂér noi se to a further extent.
Tabl ec3 bel ow t abul at es the performance of another inplenentation of the

exanpl e enbodi nent . can be observed, the |gpemanta |on cons% s very
| ow power and Tablgp? 3}39!}‘6‘! fahydatesn ithe PsFeMaREs f Anoter JRPIems

%iner at i RYampY é}ﬁ%;@neﬁtgwfsdéa'ﬁg% tdb@éh/ecﬁrlﬁe hﬁmleﬁ@n&tlbﬂr@ﬁs@'wkalif}awplbﬁng((3
nam c range or is defined tq, be t ower (noi se
floor). PRWPeard WPWH’QP‘T’H%‘@"‘*&”?Y'@UQ 8" ’?’n%’gﬁ?m(*&d |g§nﬂ§F E)nl&q RE% ol | ows
in S Rahéw dusﬁmoﬁ anlaé\magahegeldﬁxam.@raygéammuﬁh mnGe gnBROs|definddtd eat or i n
" ircuits, vol. 32, no.6, pp. 783-796,
June 1999) @aﬁ%’§QWJ$§8Ye{§ﬂEﬁ °?:r nstant, DR is the dynanic range, BW
is the bandwi dth of the signal of interest (e.g. vibrations in the case of
accel eronete Vi ce.
Experinental | resul {s shome:that the FOYl for the e 5'(5TPH§ i npl ementption is
about 500. The above'°RENE T84 %Y¥anpl e lenbodi nent 'provi des a two-ft age
Capaci t ancet

@

Total Differential Output Noise for 120V
400Hz Bandwidth HV ms
Power Consumption 124pW

Total Harmonic Distortion at Full
Signal Swing (1.2V,, at 1.5V <0.03%
supply)
Dynamic Range 100dB
Table 3

Furthermore, a figure of merit (FOM) is defined as follows in S. Rabii, B. A.
15  Wooley, “A 1.8-V Digital-Audio Sigma-Delta Modulator in 0.8-um CMOS”, IEEE J. Solid-
State Circuits, vol. 32, no.6, pp. 783-796, June 1997:

-DR*-BW
Fom =251 (eq. 7)
Power

where kg is the Boltzmann constant, DR is the dynamic range, BW is the bandwidth of

the signal of interest (e.g. vibrations in the case of accelerometers) and power is the total

20  power consumption of a device.

~ Experimental results show that the FOM for the example implementation is about
500.



Vol tage (CV) anplifier conprising an input stage, a class-AB output stage,
a CMFB, an integrator capacitance feedback, a reference bias voltage

ci rcui t rywoet/d3s7st he CMFB and a reset circuit. The aboce/sdessrnizss

exanpl e enbodi nent provides an anplifier whereby the stability requirenents
are not net for the unity gain configuration but can operate in a higher
gain configuration in order to take into account parasitic capacitors due
to a MEM5 and ASIC packagi ng. The res@® circuitry is designed so as not to
configure the anplifier in a unity gain configuration during the CV
anplifier reset phase. The bias current of the first input can also be
reduced duri ngihd hbovecdexicripdthexanme feribbdimenh prayities ya- tywi-siaga GBpaditagce-

require Th . - I
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desired wbearebn tmma@bbnrtrsmlremaMSag@ “qt|'@€ﬁrf%f the yniy Qa@c‘f?@ﬂ%ﬁr?tto"f 'E‘B\/&?Hart 1700

for illugpLiatding ﬁﬁﬁ&tdgﬁdcélﬁbu&ﬂaﬂ & Br'dﬁlgtoataﬁ@ﬂﬁ@écé‘o@ﬁﬁﬁér&ﬁﬂ@@aﬂé&ﬂ@'&
parasitic capacitance conditirons in an exanp gﬁl ment . At Stcﬁ t91702 a

t wo- st agéU%FBQ #MEMS @8 ASl PRAKAGIRY yh"gé?sr?t &HH‘F'T”(JU? gred Fh@seh
t wo- Stageorﬂ@u?érmelaﬁw;ﬂimsqﬁadrﬂ lgamwaaﬁ@bbﬁbnldnrmgltﬁe/eganrpnﬁarrése;mhate on for

reduci ng_power consunp Ke nbqdi

i ghiP oo 3haPRs FITERGH 8 HRHPEGAD SRORe TR dor i o oed, ek gl bl powar

ecv g. 1200¥Wy-§_§id@sﬂéﬁmrreg|?_tﬂmwﬂmfﬂhlemM?% Bacajrglxlofndearddsyedmlgaerthaﬂ”la'retayqu cal

-converter de e exa e e I ment n | e h_ |

consunpt 37 ‘B]?c‘éﬁj&ag?tﬁea RIS 'V@ﬁ{ﬁﬂﬁgﬁe?ﬂ"eﬂggga c%fﬁone{/{;&r ? s ar Qﬁf [ﬁg\é\tel‘” e

t hat f:an niddreraiic1 betwae thenCMFBeanddine onairt giffgrantial fawﬂmmnma@ﬁlgw%/s(aﬁcl udi ng

signal s om.t he 0 t
using o TBRTERSHPS PoeMPLbe oyl phagby i tuPE IR ke SRB A LIRE Inolrl 1ol 1 3"

requitbe Bon-anitybdiosebHasn galnan@pmmlb@ mwcmmpn mede eutput \altage.mor e

conpati ble for e.g. bionedical

Figure 17 is a schematic flowchart 1700 for illustrating a method for converting

a sensor capacitance under parasitic capacitance conditions in an example
embodiment. At step 1702, a two-stage op-'amp is used in non-unity-gain

20 configuration, wherein the two-stage op-amp is chosen to be unstable in unity-gain

configuration for reducing power consumption.

The above example embodiments can achieve a high-resolution (e.g. 3.3aF)

converter circuit while consuming low-power e.g. 120uW. The power consumption is

25  significantly smaller than typical CV-converter designs. The example embodiment can

achieve such low-power consumption because the example embodiment has a CV-
converter architecture that can take into account the non-unity gain feedback circuitry

including signals from the MEMS sensor. Further, the example embodiment can function

using a low supply voltage e.g. 1.35V while typical CV-converters usually require 3V or

30, 5V. Thus, the example embodiment is relatively more compatible for e.g. biomedical

embedded systems. In addition, the example embodiment can provide a fully differential

op-amp that functions in a non-unity-gain closed loop. Such architecture can be used in

accelerometers and gyroscopes based on capacitive MEMS sensors.



enbedded systens. In addition, the exanple enbodi nent can provide a fully
differential op-anp that functions in a non-unity-gain closed | oop. Such
archi t ectwoeomans3dye used in accel eroneters and gyr oscopesTaIas/000358
capacitive MEMS sensors.It will be appreciated by a person skilled in the
art that numerous variations and/or nodifications my be made to the
present invention as shown in the specific enbodi nents w thout departing
fromthe spirit or scope of the invenB#on as broadly described. The present
enbodi nents are,. therefore .t S| i I

illustrative n‘ﬁ'" rP@t a?%g?%légtb&vgépéfs%ﬂ!\%g’%m&t’r’ré\;taﬁtoié‘a*f’ ggmgg’%\%e\{aﬁ ?tilb%sa sensor
capaci t amed/ot ndeificatiomasnay be cuareciot the ceresanh divientions as shewnrin H’@dSRﬁ(y‘%Sri si ng
the step i . - %‘H i if | ( RPa )ad

non- uni tfﬁgbé’?ﬁ*e@%n ft%%@a(ﬁ)gﬁ'ﬁgq er Ziiﬁéngﬁﬂ{eole\%gédé ggfeheo%?%ﬁpmi? gﬁgglén to be
unst abl e describailt Thegeriesent enfbiogiments &g, thereforadiochenePnsisinead IBAHIBIASCISIR. 2. The
met hod as.Gl aj j [y further conprising using a nonunity- gain
reset gci ?’83!%@5’% éggrn?é)%ﬁlmﬁgvebffset cancel | ati on operations. 3. The net hod
as claimed in claim1, wherein a reset is carried out by nodifying a bias
current intensity flowwng in a first stage of the two stage op-anp. 4. The
nmet hod as clainmed in any one of the preceding clains, further conprising
usi ng a common-node feedback (CVMFB) circuit for providing fullydifferential
operations. 5. The nethod as clainmed in claim4, wherein the CMFB circuit
conprises a non-unity closed-loop gain. 6. The nethod as clainmed in claim
5, wherein the non-unity closed-loop gain of the CVFB circuit is chosen
based on a resistive divider and a current gain divider coupled to an

out put of the op-anp. 7. The method as clained in any one of clains 4 to 5,
wherei n another resistive voltage divider is used to provide a reference
voltage to the CMFB circuit



according to a chosen cl osed-loop gain. 8. A capacitance-tc-voltage (CV)
converter circuit for converting a sensor capacitance under parasitic
capaci t anwe 20mndad7Bons, the converter circuit conpri si ngca/scemssvesge op- anp
in non-unity-gain configuration, wherein the two stage op-anp is chosen to
be unstable in unity-gain configuration for reducing power consunption.9.
The converter circuit as clained in claim8, further conprising a nonunity-
gain reset circuit for performng of fs& cancel |l ati on operations. 10. The
convertercgiaipygit as clained in claim9, wherein the non-unity reset
circuit conprises at |east two switches having different inpedances such
that activating the reset circuit generates a non-unity gain ratio across

the converter ¢ircuhtmelnbd Fo€ BAMY rﬁﬁé €4 §ér¥s%5‘” &a[ﬁ%%bgrll&i Trdet Fha%ﬁtxén 8,

further conprising a reset circuit Ias curre in enS|ty
flow ng i citancs capditirnsyfthe Haethpg- %@@@'%éh@ StﬁFZ of TeRing: en o tstagesi r cui t

as cla& nBderéﬂdHaﬂibmpﬂtﬂer (Bhar®) th AdrRuRiBS&in %bﬁﬁdUrétld?PWﬂHe?ﬁﬁweatw%V!t%gt{]

|nplenented |n a biasing current branch of the first stage such

activati ngP e BWPRSENnB4P# junstablfe inugky- E@'"c%ﬁrtﬁ@Htat'Pﬁtféh§$fﬂby$lﬁg 8AVARY in the
first stagmsamptibe two-stage op-anp. 13. The converter circuit as clained
in any one of clains 8 to 12, further conprising a CVFB circuit for
providing fully-differential operations. 14. The converter circuit as
clainmed in cla@am13] ha/\hettmdnas blanﬂdzlih clairau tfuﬁﬁéfpécbrﬁ@ﬁsuﬁg Q8iAg U inbH-

cl os I Ci.rcui imed in clarm 14, wherein
t he gé-FB P%J'?rer%ﬁc'ﬁc-r@?@ R ose SPE eécagﬁehatfog oé’ﬁt?é'@ﬂs based on a resistive
di vi der and a current gain divider coupled to an output of the op-anp. 16.

The converter £ircuids Adohdd "@Qwﬁé@i ﬂnéfalﬁp &L?r%l eregél’t 'Efchrlﬁ?c%” erein

anot her resistive voltage diVi 'S use ovi & ltage to
t he C\VFB Modifying a bias current intensity flowing in a first stage of the two stage op-amp.

15 4. The method as claimed in any one of the preceding claims, further
comprising using a common-mode feedback (CMFB) circuit for providing fully-
differential operations.

5. The method as claimed in claim 4, wherein the CMFB circuit
20 comprises a non-unity closed-loop gain.

6. The method as claimed in claim 5, wherein the non-unity closed-loop
gain of the CMFB circuit is chosen based on a resistive divider and a current gain
divider coupled to an output of the op-amp.

25
7. The method as claimed in any one of claims 4 to 5, wherein another
resistive voltage divider is used to provide a reference voltage to the CMFB circuit
according to a chosen closed-loop gain.
30 8. A capacitance-to—voltage (CV) converter circuit for converting a

sensor capacitance under parasitic capacitance conditions, the converter circuit
comprising a two stage op-amp in non-unity-gain configuration, wherein the two
stage op-amp is chosen to be unstable in unity-gain configuration for reducing power
consumption.



circuit according to a chosen cl osed-1oop gain.
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9. The converter circuit as claimed in claim 8, further comprising a non-
unity-gain reset circuit for performing offset cancellation operations.

5 10. The converter circuit as claimed in claim 9, wherein the non-unity
reset circuit comprises at least two switches having different impedances such that
activating the reset circuit generates a non-unity gain ratio across the converter

circuit.

10 11.  The converter circuit as claimed in claim 8, further comprising a reset
circuit for modifying a bias current intensity flowing in a first stage of the two-stage op-

amp.

12. The converter circuit as claimed in claim 11, wherein the reset circuit
15 comprises a switch implemented in a biasing current branch of the first stage such
that activating the switch modifies the biasing current intensity flowing in the first stage

of the two-stage op-amp.

13. The converter circuit as claimed in any one of claims 8 to 12, further
20 comprising a CMFB circuit for providing fully-differential operations.

14. The converter circuit as claimed in claim 13, wherein the CMFB circuit

comprises a non-unity closed-loop gain.

25 15. The converter circuit as claimed in claim 14, wherein the CMFB circuit
non-unity closed-ioop gain is chosen based on a resistive divider and a current gain
divider coupled to an output of the op-amp.

16.  The converter circuit as claimed in any one of claims 13 to 15, wherein
30 another resistive voltage divider is used to provide a reference voltage to the CMFB
circuit according to a chosen closed-loop gain.



