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Abstract

In this paper, we designa foldedcascodeoperational
transconductanceamplifierin a standard CMOSprocess,
which has a measured

�������
DC gain, a �	��
� band-

widthandcompatibleinput-andoutputvoltagelevelsat a���
powersupply. Thisis donebya novelCurrentDriven

Bulk(CDB)technique, which reducestheMOSTthreshold
voltagebyforcinga constantcurrentthoughthetransistor
bulk terminal. We also look at limitations and improve-
mentsof this CDB technique.

1. Intr oduction

Oneof themostseriousdesignconstraintswhenmak-
ing integratedanaloguecircuitsfor systemswith low sup-
ply voltagesis the value of the MOS thresholdvoltage�����

. Several approachesto ultra low voltagesupplycir-
cuit designhave recentlybeendescribed;eg. basedon
charge pumps[1], bulk drive [2] or floating gates[3].
In this paperwe shall designa standardtopologyfolded
cascodeOperationalTransconductanceAmplifier (OTA)
which work on a

���
power supplyby usinga technique

to lower theMOSTthresholdvoltage.

2. Curr ent dri ven bulk

Thethresholdvoltageof aMOStransistorasafunction
of thebulk-sourcevoltage

�����
is givenby� ����� � �������! #"%$ & �('�)+* �,�,� & * $ & ��'�) & -/.

where
�0�����

is thezerobiasthresholdvoltage,
 

is thebulk
effect factor, ' ) is the Fermi potential. For p-channel
transistors,��' )/1 *32�465 � and

 1 *32,4 798 � , typically.
By biasing

� �,�;: 2 � we can(numerically)decreasethe
thresholdvoltage[4, 5].

To reducethe thresholdvoltageasmuchaspossible,
wewantthebulk bias

& �,�,� &
ashighaspossible.Thiswill,

however, forwardbiasthebase-emitterdiodeof theasso-
ciatedparasiticbipolar transistor(BJT) [6]. Now, this is
theideaof thenew currentdrivenbulk (CDB) circuits,see
figure1: weforceacurrent,< ��� � <>=	?A@�B�CEDGF � � D�F�H � �JI ,

throughthediode,wherethe D ’sarethetwo base-collector
currentgainsof the BJT and <>=	?K@ is the largestemitter
currentwe will allow. Simulationson the thresholdvolt-
ageas a function of the bulk bias currentcan be found
in [7]. To keeptheBJT currentgainsaslow aspossible,
the layout shown in figure 1C can be used: to keepthe
substrate-collectorgain( D�F � ) low, thebulk connectionis
completelysurroundedby thesourcejunction;to keepthe
drain-collectorgain ( D�F�H ) low, a longer than minimum
MOSchannellengthshouldbeused.

3. CDB unwanted effects

Currentdriving the bulk introducesa numberof un-
wantedeffects in the resultingdevice. Oneis the paral-
lel connectionof theBJT emitter/collectorwith theMOS
source/drain;this lower the device output impedance.If
the BJT emitter current is much smaller than the MOS
sourcecurrent,theeffect is negligible. If not, to geta rea-
sonableoutputimpedance,the BJT mustbe in theactive
region.

The largestcurrentavailablefor discharging the bulk-
drain capacitanceis < ��� ; likewise, the largest current
availablefor chargingit is thesourcequiescentcurrentdi-
videdby thebaseemittercurrentgain: < � B�CED F � � D F�H ��LI

. This might causeslew-rate effects if the bulk-drain
voltageis changed.Togetherwith the bulk transconduc-
tanceandthe base-emitterimpedance,the drain-bulk ca-
pacitancealsocausesa low frequency pole-zeropair [7].

As boththeslew-rateandthepole-zeropairarecaused
by the drain-bulk current due to a non-constantbulk-
sourcevoltage,both effectscanbe cancelledby placing
a decouplingcapacitorbetweenbulk andsource. If the
sourceis at a constantpotential,a cascodecan be used
to keepthe drain potentialconstant,thuseliminatingthe
currentin thecapacitor.

4. Ultra low voltageamplifier

Figure2 showsourOTA. It isastandardfoldedcascode
transconductanceamplifier with a CDB differentialpair,
andaCDB outputcurrentmirror (for simplicity astraight-
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forward bias circuit is shown). Assuminga standard,
strong inversiondesignwith

� H�H � ���
,
� ��� � 2 � ,& ����� &©� 2,4 �	� and

� H �Oª « ? � � 2�4 ��� , the rangeof the in-
put common-modevoltagewould be *32�4s7 � :¬ � F, :¬2,4 � � , which is not compatiblewith the output voltage
range2�4s� � :¬¥®O¯�° � :¬ 2,4 ± � .

Reducingthe thresholdvoltageof the differentialpair
directly improvesthe common-modeinput range. Also,
operatingtheinputpair in sub-thresholdreducesthegate-
sourcevoltage, and improves the common-modeinput
range.Assumingwe canreducethethresholdvoltagetill& ��²��� &� 2�4 ³ � by currentdriving the bulk, we now get*32,4 ��� :¬ � ²F� :¬ 2,4 �	� , andhave a 2,4 ³ � overlapin the
valid in- andoutputranges.To getmorevoltageroomfor
the currentmirror, we alsocurrentdrive the bulk of the
transistorsin this.

As the drainsof all the currentdrivenbulk transistors
arecascoded,we will not expectany parasiticpolesfrom
the CDB technique. However, when a large common-
modeinput signalchangeis applied,the bulk-drain volt-
ageof theinputpairwill change,whichmightcauseslew-
ing in this stage.We reducethis slewing effect by adding
a couplingcapacitoŕ9µ betweenthebulk andthesource
of thepair.

An experimentalamplifier has been fabricatedin a
standard2�4s7|¶�· CMOS process. It hasbeendesigned
with a quite high total bias current, ³(2	¶�¸ , suchthat it

can drive a ��2	¹,º off-chip capacitive load while having
a
� ��
3� -rangegain-bandwidth(a versionfor on-chipap-

plicationsis straight-forwardto do by transistorscaling).
The coupling capacitor ´ µ can be chosento

� 2	¹,º or2	¹,º . The nominal value of the bulk currentis < ��� �� 2�»,¸ , which (given a BJT current gain of about100)
gives a

� 2�¼ increasein differential pair quiescentcur-
rent. Thestronginversiontransistorshave beendesigned
to operatewith a

� 2�2	· � effectivegate-sourcevoltage.

Figure3 shows the measuredDC transferfunction of
our amplifier for differentcommon-modeinput voltages,
usinga

���
power supply. Figure4 shows the DC trans-

fer functionusinga 2,4s5�7 � power supply;this figurealso
show the transferfunctionwhenno transistorsaredriven
with a bulk current. It is evident thatour CDB technique
enablesus to usethis ultra low power supply. Figure5
showstheDC gainasa functionof thecommon-modein-
put voltage.We see,thatat a

���
power supply, we have

a 2�4 � 7 � common-modeinput rangein which the ampli-
fier hasat leasta

� � �,� gain; and an overlap of about2�4 ½ � in the input- andoutput voltageranges. Figure 6
comparesthemeasuredandsimulatedAC characteristics
of the amplifier when loadedwith ��2	¹,º . Apart from a
slightly worsephasemargin, measurementsandsimula-
tions agreevery well. Quantitatively, the measurements
are the samefor all common-modeinput voltages;also
they are the sameregardlessof whether ´�µ is present
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Supplyvoltage

� 4 2 � 2�4 ± � 2�465 �
Common-modeinput range 2,4 2 � –2�4 � 7 � 2�4 2 � –2�4 ³ � 2�4 2 � –2�4 ½ �
High gainoutputrange 2�4 ½(7 � –2�465h7 � 2,4 �(7 � –2�4s7 � 2�4s� � –2�4 ³ �
Outputsaturationlimits 2�4 ��� –2�4 �	� 2,4 � 7 � –2�4 � 7 � 2�4 ��� –2�4 �	�
DC gain

� � ��� –
���9��� ³ ����� –7�½ ��� ½(½ ��� –½ �9���

Gain-bandwidth ��4 2��§
3� 2,4 ±9��
3� � 4 ½��§
3�
Slew-rate 2�4s7 � BJ¶�Á 2�4 ³ � BJ¶�Á 2�4 ��� BJ¶�Á
Phasemargin 7%5	Â 7h³�Â ³%±9Â
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or not. Theslew-rateis alsovirtually independentof the
presenceof ´ µ , andtheCDB inducedslewing showsonly
at a 2�465 � power supply, which couldbebecausetheBJT
currentgainis low. It hasagain-bandwidthof �	��
� and
a phasemargin of 7%5	Â . All respectabledatafor any

���
amplifier.

5. Type II CDB circuit

As we have seen,therearetwo problemswith theba-
sic CDB MOST: the uncertaintyof increasein quiescent
current becauseof the unknown BJT currentgain, and
thetroubleassociatedwith thedrain-bulk capacitancebe-
causeof the very small currentavailable to charge this.
In [7] we solved the first problemwasusinga feed-back
techniqueto measuretheBJT currentgain,andour mea-
surementsshow thataddingcascodesandcouplingcapac-
itors can solve the other problem. At the expenseof a
morecomplicatedcircuit, thereis anotherway of solving
bothproblems,though.This,TypeII CDB technique,can
beseenin figure7. Theideais to addanothercollectorto
theBJT, andthencoupletheBJTasacurrentmirror, feed-
ing this a current <�Ë in replacefor the bulk current < ��� .
Doing this, we will know approximatelywhat the emit-
ter currentis (seefigure) andhencewhat the increasein
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quiescentcurrentis. Also, this techniquewill give a cur-
rent <�Ë for charging the drain-bulk capacitance;i.e. the
base-emittercurrentgainasmuchcurrentaswith thetype
I CDB circuit. Adding anothercollector to the BJT re-
quiresanotherMOST if the collectorsareto match;also
this MOST mustbe biasedasthe primary MOST which
is mosteasilydoneusinga currentmirror asshown in the
figure. This MOST will introduceanotherparasiticBJT
asshown in thefigure.Assumingall emitter-collectorcur-
rentgainsareapproximatelythesame,this structurewill
addabout ³%<�Ë to the MOST quiescentcurrent. A cross
sectionof theTypeII CDB MOSTcanbeseenin figure8.

6. Conclusions

In thispaper, weimplementedanultra low supplyvolt-
age folded cascodeOTA in a standardCMOS process.
At a

���
power supply, it hasa 2,4 ½ � overlap in the al-

lowed input common-moderangeandthe outputvoltage
range,a DC gainof

�(�����
anda ����
3� bandwidth.The

amplifier works with a power supply of lessthan 2�4 ± �
(with a somewhat degradedperformance,though). This
designwasmadepossibleby anew techniqueto lower the
MOSTthresholdvoltage,CurrentDrivenBulk, wherewe
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forcea constantcurrentout of thebulk terminal.Initially,
thedrain-bulk capacitancegivesthesecircuitspoorhigh-
frequency performance,but its effect canbecompensated
for usingcascodesasexperimentallyverified– or by using
additionalcircuitsin theCDB structure.
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