A Charge-Pump-Controlled MOSFET-C Single-Amplifier Biquad

Abstract of the paper — The spurious-free dynamic range (SFDR) of a MOSFET-C filter can be increased greatly by generating its tuning voltage with a charge pump. In this paper, we apply this technique to build a
Sallen-and-Key lowpass filter with a pole frequency of 24 MHz and a pole Q of 3. It has an SFDR better than 50 dB and consumes 16 mW from a 3.3V supply. Implemented with a double-poly triple-metal 0.6-pm CMOS process,
it covers an area of only 0.11 mm2. In addition to a description of the filter and the charge pump, we also discuss linear and non-linear clock feed-through from the charge pump's own ring oscillator, and derive a formula for
the optimum voltage swing at the MOSFET-C network nodes.
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Introduction

Why single-amplifier biquadratic filters (SABs)?
They needonly oneamplifier percomplex pole pair. Comparedo
integratorconnectedopologies(at |east oneamplifierper pole),
they consumdesspawer, but their pole quality factoris alsomore
sensitve to variationsof the passie componentaluesandthe
amplifiergain.

Which problem does this paper address?

Themain problemwith MOSFET-C SABsis the harddistortion
introducedby the MOSFET resistorswhich limits the minimum
supplyvoltage.

What is new in this paper?

First, we presentan analyticaldiscussiorof how to choosethe
analoguesignalgroundto maximisethe SNR without changing
theTHD.

Secondwe shav thata chage-pumpfrom the literaturecanbe
madeself-oscillatingandcanthenbe usedto decreas¢he THD of
aMOSFET-C SAB considerably

MOSFET R node-voltage swing

M 61 andM 63 arecascodéransistoravhosegatesareconnected
to mid-rail. In our processVron = Vrop = Vo = 0.85V. Thus
themaximumsignalswing suchthatthe signalat Z is not clipped
becomestVrg. The voltagemamin availableto accommodate
the saturationvoltage Vysat of both transistorsn, e.g.,M 63 is
Vdd/2— V10 = 0.8V for Vgq = 3.3V andVyg = 0.85V.

Moving the bias voltagecloserto the rails by a voltage AV
increaseghe voltageswing to +(Vro + AV) anddecreasethe
voltagemaugin within thecascode$o Vim = Vyq/2— Vo — AV. If
thedistribution of the voltagemaigin betweerthe maintransistor
andthe cascoddransistoremainsthe same Vgsamain decreases
by afactorof

__ Vdd/2—V1o

" Vgd/2— V10— AV’

To achieve this, both transistorsare madewider by a factor
of k2. However, the speedof the CCCSdependsn the ratio
Om/Cgs = C- Visat/ L2 of themaintransistorwherec is a design-
independenguantity To maintainthe samespeedwe needto
scalethe length of the main transistorby 1/v/k andits drain
currentlp by k. It thenfollows from gm = 21p/ Vgsatthat gm
becomek3/2 timeslarger. Finally, the RMS of the noisecurrent
is proportionatto ./Gm andincreasedy afactorof k%/4.
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This cannow becomparedo theincreasef thevoltageswing,
AV + V-
= @
'To
TheSNRis scalecby k'/k%/4. TheoptimumAYV is:
d K

dAV k3/4
In our example,AV = 0.09V, which is not quite the analogue
groundusedin our CCCS. However, a numericalevaluation
shaws thatonly 0.1dB of SNRis lost by connectinghe cascode

transistorsgatesto analogueground,which by no meangustifies
usingabiasvoltagegeneratar
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Circuit Description

Thisfilter is derivedfrom anactive-RCSallen-and-i€y lowpasdfilter by
replacingthe resistorsby MOSFETsoperatingin thelinearregion. The
passie network is connectedo a balanced-signaturrent-controlled

currentsource(or currentcorveyor) with gain —2, suchthatmostof the
even-ordetharmonicdistortionis cancelledvhenthe signaldifference
is takenattheoutput.

Note: Transistorswith box gatesareactuallysimplecascodes.
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CIRCUIT SCHEMATIC OF THE CCCS HALF CIRCUIT

capacitodimensions

nominalcapacitance

Ca-212
cl1-2J4

46.3x 28pum
7.4x28pum

T.13pF
0.19pF

maintransistors

cascodéransistors

M 1=6]1
M81
Mo1
M [1-2]2
M13
M [2-8]3
M93

45x 1.8um
14x 0.6um
45x 1.8um
120x 0.6pm x 2
87x1.8um
70x 1.8pm
87x1.8um

95x 0.6pum
95x 0.6pum
140x 0.6pum

140x 0.6pm
140x 0.6pum

RA-211-2]

12x 6pum

CAPACITOR AND TRANSISTOR DIMENSIONS

Why a charge pump?

Vnode

MOSFET resistorpinch-of. Solid: V¢ = 4.6V.
Dashed:V¢c = 3.3V. (a) DC currentthroughthe two
balancedvaths. (b) Differenceof thesecurrents.(c)

Slopeof the difference(i.e. local transconductance).

Vertical lines: pinch-of voltagesof the MOSFET
resistors.

Charge pump schematic
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Two-stagechage pumpwith 70-MHz oscillator

Clock feed-through |
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Simulatedoutput currentspectrumfor a 2-MHz,
10pA (atthe output)signalanda 5-mV, 90-MHz
controlvoltageripple. 0dB denote0.5nA.

Tuning measurements
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Polefrequeng fp, polequality factorgp andchage-
pumpoutputvoltageVc for differentchage-pump
supplyvoltagesVi,. On our chip, Vi, is anexternal
voltage. In areal-world application,it would be
generatedy anon-chiptuningcircuit.

Measurement of THD

04 06 08 1 12 14 16
Input Current

MeasuremenMethod: First, fp wasmeasuredor
every Vin. Thenapower sweepwith asignalat fp/5
was made,and the total harmonicdistortionwas
calculatedrom theresultingtransfercharacteristic.

Note thatthis methodneglectseven-ordertharmonic
distortion. This does,however, not matter since
odd-ordedistortiondominatesn the outputsignalof
ourfilters, aswasshawvn atISCAS 1999. The method
alsogeneratesrtifactsfor low inputcurrents.

Notealsothatwe couldnot measureipto Vi, = 3.3V
because¢he maximumpossibleoutputcurrentof the
V-I corverteronthechipis limited to 180pA.

Comparison to a MOSFET C S

Clock feed-through Il
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Spectrum

Measuredutputspectrunfor Vi, = 3.3V andavery
stronginput signalat five differentfrequenciesThe
spectrahave beenscaledsuchthatthey canbeshavn
in onecoordinatesystem.A comparisorof thisfigure
to the simulationshaws thatthe clock fed throughthe
substrates strongerthanthe clock fed throughthe
gatesof theMOSFETresistors.

Chip photo

Layoutof V-I corverter(a), CCCS(b), MOSFEFC
network (c), andchage pump(d).

without charge pump

without pump

with pump

PoleFrequeng
PoleQ 3

Pawver consumption
Chiparea

SFDR

24MHz

12.4mW
0.12mm?
32dB

22-36MHz
29-2.3
15.9mwW
0.11mm?
50dB

+28%
—8%
+18dB

Comparisonof the MOSFETC biquad (without pump)in our ISCAS 1999 paperand the chage-pump-

controlledbiquad(with pump)presentediere.

Themainreasorfor theamazingimprovementis that3.3V arealreadythe lowestpossiblesupplyvoltagefor
thefilter in our ISCAS 1999paperif theanaloguegroundis choserin themiddle betweertherails.
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