A CHARGE-PUMP-CONTROLLED MOSFET-C SINGLE-AMPLIFIER BIQUAD
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ABSTRACT

The spurious-freedynamicrange(SFDR) of a MOSFET-C filter
canbe increasedyreatly by generatingts tuning voltagewith a
chage pump. In this paper we apply this techniqueto build a
Sallen-and-ky lowpassfilter with a pole frequengy of 24MHz
anda pole Q of 3. It hasan SFDR betterthan 50dB and con-
sumeslémW from a 3.3V supply Implementedwith a double-
poly triple-metal0.64um CMOS processit coversanareaof only
0.11mn?. In additionto a descriptionof the filter andthe chage
pump, we also discusslinear and non-linearclock feed-through
from the chage pump’s own ring oscillator andderive a formula
for the optimumvoltageswingatthe MOSFEFC network nodes.

1. INTRODUCTION

Most filters used nowadaysin the video-frequeng range have
integratorconnectedopologiesandareimplementecasGm-Cfil-
ters or with MOSFET-C integrators. They requireat leastone
amplifier per pole. The useof an active-RC single-amplifierbi-
quadatic filter, which geneatesa pair of comple polesusingone
amplifier only, reduceshoththe requiredchip areaandthe power
consumption. The main problemis that the pole frequeng can
thenonly be tunedby adjustingsomeof the passve components,
e.g.theresistors.

The possibility of building active-RCfilters in tunableform
by implementingthe passie partasa MOSFETFC network was
first mentionedin [1]. Thereit was concludedthatthe mostin-
terestingtype of single-amplifierfilters, the Sallen-and-lsy fil-
ters, could not be built with a very low distortion. It was re-
cently demonstratedhat the moderate-distortiorfilters usedin
mary video-frequeng applicationscan well be implementedas
MOSFETFC Sallen-and-ky filters [2, 3] (see,e.g., the lowpass
filter in Fig. 1). Measurementdiscussedh [2, 3] shav that,using
a specificcurrent-controlledcurrentsource(CCCS),a spurious-
freedynamicrange(SFDR)of 45dB is very difficult to reachwith
a 24-MHz lowpassdfilter having apoleQ of 3, if it canbereached
atall with a 3.3V design.

In this paper we presentinexamplewhich shavs thatthe 24-
MHz, Q = 3 biquadcanbebuilt with anSFDRof atleast50dB by
generatindgts MOSFETFresistorcontrolvoltageby achage pump.
First, we discussthe benefitsof having a higher control voltage
andtheoptimumsignalswingatthenodesof the MOSFETF-C net-
work. Thenthe effectsof a high-frequeng control voltageripple
aredescribed.A suitablechage pumpis presentedand,finally,
thenew biquadis comparedo theonepresentedn [2].
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Figurel: Single-amplifietbiquadratidowpasdilter.

2. MOSFET RESISTOR CONTROL VOLTAGE

The control voltageof the MOSFET resistorsshouldbe madeas
largeaspossiblefor threereasonsfirst, the possiblevoltageswing
atthenodesof the MOSFET-C network increasesvith increasing
controlvoltage;secondthefilter’'s tuningrangeis alsoincreased,
andthird, mismatch-inducetiarmonicdistortionis reduced.

If thegoalis to build amoderate-linearityilter (i.e. with ahar
monicdistortionaround—50dB, which is enoughfor mostvideo-
frequeny applications)thenthe maximumvoltageat the termi-
nals of the MOSFET resistorsshouldnot exceedtheir pinch-of
voltage[3], whichis

Ve — V- .
Vo=——1  with my=1+ Y
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In (1), Vc is the control voltage of the MOSFET resistor Vrg is
its thresholdvoltage,and my is a factor describingthe body ef-
fect. Thelatteris calculatedrom the body effect parametey, the
analogue-groundoltageVagnq andthesurfacepotentialof silicon
¢o. All voltagesarereferredto the transistors body; i.e., to Vs
for nMOS andto Vg4 for pMOS transistors.Note that the pinch-
off voltagedoesnot dependon transistordimensionsthereforeit
doesnot dependon the MOSFET resistanceeither provided that
short-channedndnarrav-channekeffectscanbe neglected.

The maximumpossiblevoltageswing is then approximately
the differencebetweeranaloguegroundandpinchoff. For exam-
ple, if Vagna= 1.65V, ¢o = 0.94V, V5o = 0.85V andy = 0.8v'V
(i.e. the valuesof the nMOS resistorsin our filter), thenV, =
1.97V and3.01V for Vc = 3.3V and 4.6V, respectiely. In the
latter case,the maximumvoltage swing before pinch-of occurs
is larger by a factorof 4.25,0r by 12.6dB. As explainedin [3],
this essentiallymeansthat the signalmagnitudefor which a cer
tainmoderatéharmonicdistortion(e.g.45dB) is reacheecomes
12.6dB higher Sodoesthe SFDR,sincethe filter’'s noiseessen-
tially comesfrom the CCCSandis hardly affectedby the MOS-
FET resistorstuningvoltage.
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Figure2: MOSFETresistompinch-of. Solid: Vo = 4.6V. Dashed:
Vc = 3.3V. (a) DC currentthroughthe two balancedpaths. (b)
Differenceof thesecurrents.(c) Slopeof the difference(i.e. local
transconductance)/erticallines: pinch-of voltagesof the MOS-
FET resistors.

Thistheoreticalvaluebecomegvenlargerwhensecond-order
effectsaretakeninto account.Fig. 2 shaws resultsof a DC simu-
lation of thecircuitin Fig. 1 for Vc = 4.6V (solid) andV¢ = 3.3V
(dashed)In theformercasebothtransistorarel2 x 6 um, in the
lattercasethey are29x 3 wm, suchthatthesameresistanceesults
in the operatingpoint. The voltageat the input of the MOSFET
C network (the outputof the CCCS),Vyode is sweptfrom 0V to
3.3V, i.e. from rail to rail. Fig. 2 (a) shows the currentsthrough
both balancedpathsand the pinch-of voltagesof the MOSFET
resistors. Fig. 2 (b) shaws the differenceof both path currents,
i.e. the actualoutputsignal of thefilter. The slopeof this differ-
encecanbe seenin Fig. 2 (c). Hereit becomesapparenthatthe
possiblevoltage swing extendsbeyond the pinch-of voltagefor
Vc = 4.6V, but doesnot quitereachit for Vo = 3.3V.

3. MOSFET-C NETWORK NODE-VOLTAGE SWING

Accordingto Fig. 2 (c), the MOSFETC network with Ve = 4.6V
could actuallybe driven from rail to rail. Althoughit is possible
to build a CCCSwhoseoutputcangetarbitrarily closeto therails,
thisdoesnotnecessarilymprove thedynamicrangeandthe SFDR
of thefilter, aswe will now demonstrate.

The half circuit of the CCCSusedin the filter is shavn in
Fig. 3. The cascoddransistorsof the currentmirrors andcurrent

Figure3: Half-circuit of the CCCS(from [2]). All transistorawith
box gatesarecomposedf amaintransistoranda cascoddransis-
tor.

sourcesn the CCCSarebiasedwith analoguagground(c.f. Fig. 3).
Thustheavailablevoltageswingis approximately+0.85V, which
is thethresholdvoltageof the pMOS transistors This alsomeans
that the voltagemaigin availableto accommodatehe saturation
voltage Vysat Of both transistorsn, e.g.,the supertransistorM 63
is Vga/2 — Vro = 0.8V for Vyg = 3.3V andVy, = 0.85V.

Increasinghevoltageswingmeansnoving thebiasvoltageof
the cascoddransistorscloserto therails by a voltageAV. Then
the new voltagemaigin becomes/y, = Vyg/2 — Vo — AV. If the
distribution of the voltagemaigin betweerthe maintransistorand
the cascoddransistorremainsthe same(i.e. 70% for the main
transistors30% for the cascoddransistors)the maintransistors
Vysatdecreaseby afactorof

_ Vua/2— V1o )
© Vag/2—Vro— AV’
Basically this can be accomplishedoy making both transistors
wider by a factor of k?. However, the CCCSmustnot become
slower. Its speeddependson the main transistors gm/Cgys =
C- Vgsay/ L2, Wherec is a design-independemjuantity To main-
tainthe samespeedvithout changingVysaragain, it is necessaryo
scalethemaintransistors lengthby 1/+/k andits draincurrentlp
by vk. It thenfollows from g, = 215/ Vgsarthatthe maintransis-
tor’s g, becomesk®? timeslarger. Finally, the RMS of the noise
currentis proportionato /G andincreasedy afactorof k¥4,
This cannow be comparedwith the increaseof the voltage
swing,
- —AVV+ Vo @3)
TO

The SNRis thusscaledby k'/k¥“. Solvingthis for the optimum
givesanastonishinglysimpleresult:

k/

d K 2
mksMZO - AV:?Vdd—VTo. (4)
In our example, AV = 0.09V, which is not quite the Vagnq used
in our CCCS. However, calculatingthe actualvaluesshaws that
only 0.1dB of SNRis lost by connectinghe cascodéransistors’
gatesto analogueground,which by nomeangustifiesusingabias
voltagegeneratar

4. EFFECTS OF A CONTROL-VOLTAGE RIPPLE

Themainproblemwith usinga chage pumpto generate control
voltageof 4.6V is thatclock feed-throughoccurs. Therearetwo
pathsthroughwhich theclock hasaninfluenceon thefilter output
current: oneis via a ripple on the control voltage,andthe other
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Figure4: Outputcurrentspectrum(0dB denote0.5nA).
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Figure5: Self-oscillatingtwo-stagechage pump. (The inverters
areconnectedetweenV, andthechip’s Vss.)
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is throughelectro-magneticouplingandthroughsubstratenoise.
(This cannotbe simulated.SeeSec.8.)

The controlvoltageripple is fed throughto the outputby two
very differentmechanismsFirst, it leaksin throughthe gate ca-
pacitanceof the MOSFET resistor To keepthis effect small, the
clockfrequenyg fx mustbein the stop-bandf thefilter. For our
24-MHz lowpassbiquad, we chose fox ~ 90MHz. Simulations
shav thata voltageripple of 5mV (c.f. Sec.5) causesan output
currentripple of 10nA, independenbf the signal. Comparedo
themaximumoutputcurrentfor 50dB harmonicdistortion,30pA,
thisis aripple of —70dB, whichis negligible. Moreimportantthan
thelinear clock feed-throughs thatthe voltageripple modulates
thesignal.Fig. 4 shavs the simulatedspectrumat thefilter output
for a 2-MHz, 10pA (at the output) signaland a 5-mV, 90-MHz
controlvoltageripple. It canbe seenthatmixing productsappear
at88MHz andat 92MHz. Their magnitudds proportionalto the
input signal magnitude. Simulationsshaved that both peakslie
58dB belaw the signal,giving a total distortionof —55dB, which
scarcelyaffectsthe 50-dB SFDRof thefilter.

All NMOSTs 10x 0.6um
All pMOSTs 33x 0.6pum
Ry 4.8k
Cd, Cz, C3 OSpF
C1,Cy 1pF
Co 20.5pF

Table 1: Transistordimensionsand componentvaluesin the
chage pump.

5. SELF-OSCILLATING CHARGE PUMP

The chage pump shown in Fig. 5 combinesfeaturesof the one
proposedby Duistersand Dijkmansin [4] with thoseof a five-
inverterring oscillator It actuallycompriseswo chage pumps.
The main pump, consistingof M1, M4, M5, M 6, C;, andC,,
fills the reserwir capacitorC, with chage, whereM 5 and M 6
alternatvely conductthe chaging current. A secondpumpdriven
by the sameinverters,consistingof M 2, M 3, C,, andCs, setsthe
gatevoltageof M 5 andM 6 to 2V, while they chage Cy. Thus
theoutputvoltagebecomes

Ve < 2Vin— V75, %)

whereM 5’s thresholdvoltageVrs is comparatiely large because
of thebulk effect(we areusingann-well process)In ourexample,
Vc = 4.6V for Vj, = 3V. Thechage pumpoperategproperlyfor
Vin = 1.3...3.3V, resultingin Vo = 1.5...5.3V.

Thevoltageripple of this chage pumpis smallerthanthatof a
corventionalchage pumpby afactorof gms/ddss ~ 30...100.As
mentionedn [4], thevoltageripple of a single-stagehage pump
is
1 ot
Vrlpple— 2 CO fclk ’ (6)
where o is the DC currentflowing out of the reserwir capaci-
tanceC, and fq is the pump’ clock frequeng. This meanghat
if Viipples lout @and fey are the same,the two-stagechage pump
needsareserwir capacitorwhich is 30...100timessmallerthan
the onein a corventionalchage pump. The factthatit still re-
quires 20.5pF of capacitanceshows that one could not actually
afford the chip areaa corventionalchage pumpwould use.

The oscillatorwasbuilt suchthatits oscillationfrequeng is
well beyondthefilter’s polefrequeng, i.e. around90MHz. Since
theinvertersneedto deliver small currentsonly, they canbe built
with small transistors. Using only inverterswould resultin an
oscillationfrequeny of almostl GHz, thustwo passve one-pole
lowpassfilters, eachconsistingof onehigh-resistve poly resistor
andonepoly-poly capacitor hadto be usedto slow the oscillator
down to 90MHz. This hasthe additionaladvantagethatit reduces
thetemperaturelependencef fyx. A transientsimulationusing
worst-caseprocesgparameterand temperatureshaved that the
oscillationfrequeny canbe expectedto be betweenfOMHz and
115MHz, with atypical valueof 93MHz anda chage-pumpout-
put voltageripple of 4mV. Table 1 shaws the transistordimen-
sionsandcomponentaluesusedin the chage pump.

Fig. 6 presentshelayoutof thechagepump,thefilter, andthe
V—I corverterusedfor measuremenpurposes.The chage pump
increaseshe filter's chip areaby 60%. Note that the reseroir
capacitorCy wasplacedin betweerthe active partsof the chage
pumpandthefilter for shieldingpurposesNotealsothatthereare
comparatiely large substratecontactbarsbetweernthe pumpand
the MOSFETF-C network. Thereis acommonguardring (scarcely
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Figure 6: Layout of V-I corverter (a), CCCS(b), MOSFEFC
network (c), andchage pump(d).

visiblein Fig. 6) aroundtheinverters the pumpingcapacitorsand
the passie filters aswell. Finally, the biquaditself wasbuilt as
describedn [2], but usingdifferentcomponentaluesto improve
the CCCSS inputimpedanceits phasdag, its area,andits noise
spectrum.Thenev componentaluesaregivenin Tah 2

6. RESULTS

The maximumvoltage swing at the MOSFET-C network nodes
was slightly belov 0.1V in the filter presentedn [2]. This has
nov beenincreasedo 0.85V, or by a factor of 18.6dB. Since
mismatch-inducedistortionwill alsobereducedit is reasonable
to expectthatthe SFDRis larger by at least18dB, which is the
valuegivenin Tah 3. ThehigherSFDRIs paidfor by anincrease
of 28% in power consumption. The chip areais even slightly
smaller sincethecurrentmirror transistorsn thenew CCCScould

capacitordimensions nominalcapacitance

C[1-2]2 46.3x 28pum 1.13pF
C[1-2]4 7.4x 28um 0.19pF
maintransistors cascoddransistors

M [1-6]1 45x 1.8pm 95x 0.6um
M 81 14x 0.6pum —

M 91 45x 1.8pm 95x 0.6pm
M [1-2]2 120x 0.6pm x 2 —

M 13 87x 1.8um 140x 0.6pm
M [2-8]3 70x 1.8um 140x 0.6pum
M 93 87x 1.8pum 140x 0.6pum
R[1-2][1-2] 12x 6um —

Table2: Transistorandcapacitordimensionsn the biquad.

withoutpump  with pump

PoleFrequeng 24MHz 24MHz
PoleQ 3 3
Power consumption 12.4mwW 15.9mW  4+28%
Chiparea  0.12mn? 0.11mm? —-8%
SFDR 32dB 50dB +18dB

Table3: Comparisorof the MOSFETFCbiquad(withoutpump)in
[2] andthe chage-pump-controlletiquad(with pump)presented
here.

be madeshorterandthe layoutis now morecompact.If the opti-
mizedCCCShadalreadybeenusedn [2], addingthechagepump
would haveincreasedhechip areaby 60%. Finally, notethatonly
onechagepumpwould benecessaryo tunethecut-of frequeng
of acascadef severalbiquads.

7. CONCLUSION

We have demonstratedn this paperthat a chage pump canin-

deedbeusedio generatehecontrolvoltageof MOSFEFCsingle-
amplifier biquads,resultingin filters with animproved spurious-
free dynamicrangeof 50dB. The effects of the higher control
voltageandof its ripple have beendiscussedn detail, andit has
alsobeenshovn mathematicallythat the filter with the bestdy-

namicrangeis notthe onethatmaximiseshevoltageswingatthe
nodesof the MOSFET-C network, but onein which the amplifier
(herea CCCS)limits the possiblevoltageswing to abouthalf the
distancebetweeranaloguegroundandtherails.

8. NOTE ON MEASUREMENTS

Problemswith the fabricationprocessmadeit necessaryhatthe

foundry refabricatethe circuit. The delay madeit impossibleto

provide measurementesultsin this paper However, experience
with a first chip using similar techniqueswith the sameprocess
[2,3] letsusexpectthatthe simulatedvaluesarereliable.It canbe

assumedhat, by the time of display all measurementwill have

beencompleted A copy of theposterdisplayedattheISCAS2000

canbeobtainedrom thecontactauthor(pleaseequestt by e-mail

from h.p.schmid@ieee.gy.
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