18 June 2007 A VOLTAGE REGULATOR Field of the Invention 5 The present

I nvention relates to a voltage regulator and, in particular, tp a (lt)jagé
Jegulator for use as a CMOS vol tage cl anp. Background of théslﬁ‘\/n&‘ﬁ n 10
It is known to provide a voltage regul ator which includes_a reference

vol tage source, an operational anplifier, and an output transistor.
However, while such a voltage regul ator ~‘produces a sati sfact mmmwmmmmmg
voltage output, it is relatively expensive, relatively cunbe A

a result not particularly suigt r o V, e requl at or =ikeme* VLSI

\(I:Vin_rcEi ts. d15 It is dgasic r abl eA I " I olbt ag%ﬂ eﬁul| at or
| ch produces a satisfactory regulated voltage output but ”m HH mm“lmm
f on

relatively §:1 | e..and ini%xpensi ve to manufacture. Sunmmary o
2'0 In acco -égﬁgg%%%@é—? i rst aspect of the present invention, thegoe«is
provi ded a voltage regulator for producing a regul ated voltage at a

- regul ator output, the voltage regulator including: a reference voltage
gener at ob arlhgrgresent anyention delatesrief & veliags teghlatgeand; im paptirulass & @nvaltage
output, the referepnce volt enerator including a plurality of first
field effectregl{l?qgrn@rgfeo saﬁgﬁ?@x@g%“'i" Yeries, each first field effect

transi stor being .biased so as to operate as a diode, and the reference

out put being connected to the regulator output;. transistor anplifier neans
arr anged t.owabﬁﬂﬂ%f the reference voltage; and 30 out put
transi stor means connected to said anplified- reference voltage portion

10 Itis known to provide a voltage regulator which includes a reference voltage source, an
operational amplifier, and an output transistor. However, while such a voltage regulator
produces a satisfactory regulated voltage output, it is relatively expensive, relatively
cumberéome, and as a result not particularly suitable for use as a voltage regulator in

VLSI circuits,

15 _
It is desirable, therefore, to provide a voltage regulator which produces a satisfactory
regulated voltage output but which is relatively simple and inexpensive to manufacture.
Summary of the Invention

20 |

In accordance with a first aspect of the present invention, there is provided a voltage
regulator for producing a regulated voltage at a regulator output, the voltage regulator
including: '
a reference voltage generator arranged to provide a reference voltage at a
25  reference output, the reference voltage generator including a plurality of first field effect
transistors connected in series, each first field effect transistor being biased so as to
operate as a diode, and the reference output being connected to the regulator output;
transistor amplifier means arranged to amplify a portion of the reference voltage;
and
30 output transistor means connected to said amplified reference voltage portion

and to the regulator output such that the output transistor means decreases the regulated



and to the regul ator output such that the output transistor nmeans decreases
the regul ated 18 June 2007 - 2 voltage when said anplifi eg refe:g(%:_(/a
voltage portion tends to increase, and the output transist P

increases the regul ated voltage when said anplified reference voltage.
portion tends to decrease. 5 In one arrangenent, the reference voltage
generator further includes a second fietd =effect transistor arranged to
operate substantially as a resistor. The second field effect transistor is
pref erabl y avalasEwhen said anwlificd aefgesnmenvqltagh gortioartsindst toringragsiej fridethe outpus

i nclud first t i st ' ti 10 | jfi d
Lransistor TR TRCRPRT IS rdsslated Relda hen L PP et HiREre WlaBtans
may include goriith fefldd loletregdc ect transistor arranged to operate as an

anplifier and a fourth field effect transistor arranged to operate
substantially as a resistor. The second inverting anplifier neans may

i ncl ude fifth field effe transisto arranged.to operate as an

Al 1100 arld ohsPRYTEEFIeRs dhe FBERCS v aliageckBPay TN Cibish et ageand dield
subst anti al | effedf transistrl fitaged kAGHerate stibb@antifily ds afrediidh, The §dcbndFiddSétrdch
field effect transistors Is preferably a MOSFET. In one arrangenent, the
out put t r andtransistor pepraterabhe s h&é@FIéT-sevent h field effect transistor having
its gate connected so as to receive said anplified reference voltage
portion and 20 having its source connected to the regul ator output. The

seventh fielld diefREhgémansihstifimsistor apiptifier alhds dcMIGFE First! tharR R rafRedhgrent
each di screte component of the voltage regulator is a MOSFET. 25 In
accor daR@e immifier secaphandia second drangipler prvegmgtamplificrmyagns. fThe disstiiBvesting/i ded

aCIV%circ'-'(i%" . yol.t age. r ' or.dance . W he

boverent | oriplil P Epeils Mbyintfipd 0RO R G RREDRBIEE Hicblalen sy o

the Draw ng amplifier and a fourth field effect transistor arranged to operate substantially as a
resistor. The second inverting amplifier means may include a fifth field effect transistor
arranged to operate as an amplifier and a sixth field effect transistor arranged to operate

15  substantially as a resistor. Each of the third, fourth, fifth and sixth field effect
transistors is preferably a MOSFET.

In one arrangement, the output transistor means includes a seventh field effect transistor
having its gate connected so as to receive said amplified reference voltage portion and

20  having its source connected to the regulator output. The seventh field effect transistor is
preferably a MOSFET.

In one embodiment, each discrete component of the voltage regulator is a MOSFET.
25 In accordance with a second aspect of the present invention, there is provided a CMOS
circuit including a voltage regulator in accordance with the abovementioned first aspect

of the present invention.

Brief Description of the Drawing

30
The present invention will now be described, by way of example only, with reference to

the accompanying drawing which is a schematic diagram of a voltage regulator in



30 The present invention will now be described, by way of exanple only,
with reference to the acconpanying drawing which is a schengtjc g# am of
a voltage regulator in 18 June 2007 - 3 accordance wth aﬁgéhﬁﬁ (ﬂg%t of
the present invention. Description.of a Preferred Enbodi nent of the
Present Invention 5 Referring to the drawing, there is shown a voltage
regul ator 10, in this exanple constructed entirely of field effect

transi stors and being particularly suitable for use with a CMOS circuit.
The vol t age aceqgdanwe ovithian ¢mbdirdeny of thegireseahipzentisint age generat or 12 arranged
to generate 10 a reference voltage, transistor anplifier means 14 for
anplifying a portion of the reference voltage generated by the reference
vol t age gengsat@ptiohtof aFiefefddl Buibotiindéhs bSihe PreseBfSentfon The ref erence

vol tage generator 12 includes first field effect transistors (FET) 18, 20,
15 22, 24, in this exanple n-type netal oxide field effect transistors

(MOSFET) . The fi.rst ETs arge connected in.,series.with.each .other in a
Catack. fi  HESIHRE vocbe traier (F o evpes RUBEErERitel oo Bt Bif Hw s
connect ed t Q@RitARed dRYirdlP BNREHE leffBctith@sistdfstdnd bRl [haficularBy suitasle Forl g QEbET
each MOSFET effectively operates as a diode in that a relatively constant
vol tage is @O @Wucr oss the MOSFET when the current flowing 20 through
the MOSFET is above a threshold current. The reference voltage generator 12
al so includes a second FET 26, in this exanple a p-type MOSFET, connected
bet ween t he Thevaltapdieglihtor 40dndlides pagterdnce valtad geneiatdrti2gfranpéetosgneract
MOSFET having its gate termnal connected to the negative voltage 25 supply
so as t d0cadsteterpecesveltags, tmamstar amplifecfiepry I1§ Opampldyiag & pedignsehthe A
connection bk neen. MOREEIndted Y MRTEIRYHAPS bidehi6S1 2 hELRERPEENAbE 20e

node

means 16.

The reference voltage generator 12 includes first field effect transistors (FET) 18, 20,
15 22,24, in this example n-type metal oxide field effect transistors (MOSFET). The first
MOSFETs are connected in series with each other in a ‘stack” with each MOSFET
having its respective drain and gate terminals connected together. By connecting the
drain and gate terminals together, each MOSFET effectively operates as a diode in thata
relatively constant voltage is generated across the MOSFET when the current flowing

20  through the MOSFET is above a threshold current.

The reference voltage generator 12 also includes a second FET 26, in this example a
p-type MOSFET, connected between the first MOSFETs and the positive supply
voltage, the second MOSFET having its gate terminal connected to the negative voltage

25  supply so as to cause the second MOSFET to essentially operate as a resistor. A
connection between MOSFET 24 and MOSFET 26 constitutes a reference voltage node
28. A connection between MOSFET 18 and MOSFET 20 constitutes a reference portion
node 32.

30  Since the reference voltage node 28 is connected to a regulator output node 30, the

reference voltage at the reference voltage node 28 also constitutes an output voltage.



28. A connection between MOSFET 18 and MOSFET 20 constitutes a reference
portion node 32. 30 Since the reference voltage node 28 is nec to a
regul ator output node 30, the reference voltage at the ref éﬁ @5%@ age
node 28 al so constitutes an output voltage. 18 June 2007 - 4 It will be
understood that the magnitude of the reference voltage appearing at the
reference voltage node 28 is determ ned 6y"t he nunber of MOSFETs in the

stack and by the aspect ratio of the MOSFEIs in the stack. 5 The

transi st or i‘n‘pﬂu pramdgesiged that ihe magaidude ‘P%E thet e?‘fr%i Wltsge i appearingny the
anplifier f | A ans ' bsSin ERENTRK

n-type thi rgéf%ﬁfé%x‘ég‘wg%gé?lgﬁ%%ﬁ%?ggm hua%fzéer?%s,ﬁE}rﬁna secoﬁdga%y
transi stor iewepéot RgiouTithd MGSFEsrimtie slackt wo field effect transistors, in
this exanple an n-type fifth MOSFET 40 and a p-type sixth MOSFET 42. 10
The third MOSFET 34 has its gate connected to the reference portion node
52, 115 o SOYRE rahiGUBPENGHAL bR 11CHBIAC, YRk bABASBH RIVENingHliflef FSHhRUN
connected to the source o the fourth MOSFET 36. The fourth MOSFET 36 has
its gate cobpesd €idld cffdcheansisyet, inedhis enirhplgansctyps third MOSFE Tcadnd ccprtivect ed

to the positive voltage_su y So as to.cause fthe 15 fourth FET t
essent i al | y feyptly MQSE 3615& §t58?9n%A“%ﬁWédPY%ﬂn%Mhﬁru 9rmeq by; o ﬁ?eldt ge

third MOSFELm eldiddie SOHIE Exafiplnsh haypd MaNOHGRITAO 400881 b!piype dihi r st
inverting anmplifier output node 3%. The fifth MOSFET 40 has its gate
connected t MOBEET42st inverting anplifier output node 20 38, its source
connected to the negative voltage supply, and its drain connected to the
source b? the sixth MOSFET 42. The sixth MOSFET 42 has its gate connected
to the negaii vfiry %btsgﬁ'rs}wahé’ it8td bonndétad o G RTBleREE bortioRenddesi2t iite

vol tage supply so as
source connected to the negative voltage supply, and its drain connected to the source of

the fourth MOSFET 36. The fourth MOSFET 36 has its gate connected to the negative

voltage supply and its drain connected to the positive voltage supply so as to cause the
15 fourth MOSFET 36 to essentially operate as a resistor. A connection between the drain
of the third MOSFET 34 and the source of the fourth MOSFET 36 constitutes a first

inverting amplifier output node 38.

The fifth MOSFET 40 has its gate connected to the first inverting amplifier output node
20 38, its source connected to the negative voltage supply, and its drain connected to the
source of the sixth MOSFET 42. The sixth MOSFET 42 has its gate connected to the
negative voltage supply and its drain connected to the positive voltage supply so as to
cause the sixth MOSFET 42 to essentially operate as a resistor. A connection between
the drain of the fifth MOSFET 40 and the source of the sixth MOSFET 42 constitutes a

25  second inverting amplifier output node 44.

The output transistor means 16 includes a field effect transistor, in this example a p-type
seventh MOSFET 46 having its gate connected to the second inverting amplifier output
node 44, its drain connected to the positive voltage supply and its source connected to

30 the reference voltage node 28 and the regulator output node 30.

The voltage regulator 10 operates as follows.



cause the sixth MOSFET 42 to essentially operate as a resistor.

connection between the drain of the fifth MOSFET 40 and th ur.c t he
Sixth MOSFET 42 constitutes a 25 second inverting anpllfleﬁsé Jﬁuﬁéde
44. The output transistor nmeans 16 includes a field effect tranS|stor, in
this exanple a p-type seventh MOSFET 46 _having its gate connected to the
second inverting anplifier output node 847 jts drain connected to the
positive voltage supply and its source connected to .30 the reference
vol t age node 28 and the regulator out put node 30. The voltage regul ator 10

operates as oIIo 18 Ju ' SsS

t he vol tagev\tﬂé&ﬂ 3?6 c f)aprgleg Cfoesﬁtthef 1501%/\?@? ‘%‘ﬁat& q ;ﬁtrg Irqﬁglsléﬁg{r%d
MOSFETs 18, figfd.anddecord, M@SFEm.d 18, 2&ar eqcx aml 4 ﬁgﬁemwiﬂﬂagd gm;ernéueby thenber
of MOSFETs in the stack and the aspect ratio of the Ts.in the stack

5 gpptzagr s anhumher ¢fdﬂé}s§ﬁ€é WBM%@K and by theaspegtiatio PﬁkherMp§F Eﬁééﬂ thsi stagke
node S t
vol t age Al Sg&g‘%gsggtr e?efrﬁnc% USiE %q{o% RULR “‘ECCE@ q'eg:gency\g}]agé GoGHOR is

reg out pu e-out put

vol tage. Al b&wt&dttbemé irégill atMOSItpUS ndde, 33, 0the 28feredide avRageotilé gppents sothes t o
operate as diodes, if 10 the positive supply voltage increases, the

reference verguiager eutputimede 39 ay@acutPYbYlHge node 28 and thereby at the

regul at or output node 30 will tend to increase slightly. This, in turn,

causes a slight increase in the reference voltage portion at the reference

portion noggthddgh the flrteMOSFETeN8L204 AR} 24y areeonfiguwred sppetardperptass dibdes, if

reference portion node 28 is anplified b t he [i rst inverti n%? lifjer

. Zuch t R t Hie Rostivesurply yoltage 1ngrased therelgprog go! tags &t tnretderfervoita %ﬂ%d
ecrease |n he

Vol tage at 2PREUARER) ol BE rhnliabe BEL MO0 (et 8 é%a@??‘%‘%ﬁ’e Pl g

t he second ituideedusega shghl ménem’e inlthé réf@hcenvaol e gpasteon at uhheem:dntzagertm the

first inverting_anplifier output node
node 32.

15  The reference voltage portion appearing at the reference portion node 28 is amplified by
the first inverting amplifier such that the increase in the reference voltage portion results
in a decrease in voltage at the first inverting amplifier output node 38. The voltage at
the first inverting amplifier output node 38 is amplified by the second inverting
amplifier such that a decrease in the voltage at the first inverting amplifier output node

20 38 results in an increase in the voltage at the second inverting amplifier output node 44.

Tt will also be understood that although the voltage at the regulator output node 30 tends
to increase with increasing supply voltage, the voltage at the second inverting amplifier
output node 44 also tends to increase, and will increase by an order of magnitude which
25  is greater than the order of magnitude by which the reference voltage increases. As a
consequence, the magnitude of the voltage across the gate-source junction of the
seventh MOSFET 46 will reduce with increasing supply voltage, and the output voltage

at the regulator output node 30 will decrease.

30  Similarly, when the supply voltage decreases, the voltages at the reference voltage node
28, at the regulator output node 30 and at the reference portion node 32 will tend to
decrease slightly. As a result, the voltage at the first inverting amplifier outpuf node 38



20 38 results in an increase in the voltage at the second inverti ng
anplifier output node 44. It wll also be understood that ﬂougg é‘

Vol tage at the regulator output node 30 tends to increase NeePR4si ng
supply voltage, the voltage at the second inverting anplifier output node
44 al so tends to increase, and will increase by an order of magnitude which
25 is greater than the order of nmagnitudé by which the reference voltage

i ncreases. As a consequence, the magnitude of the voltage across the

gat e- source viillrintﬂem arfd theevoltge antthe MOSRE Invidting Iainplliﬁduoetpm nhdé Hérw,‘ﬁdsi ng
supply vol t é_the out ut voIt he re or o ut. node 3

will decrea cregsg lH'?F%}FF% e\/\méﬂmﬂl ng}k?p‘f‘ﬂt}tag?)laf %eluflﬁtéono

vol tages at tﬁé‘?evéﬂﬁ%@@FET%%%?&ed@@gﬁd th%%ut;ﬁirt vm@gera%%a f%gelato%hﬂm nb@de 30
and at the reference portion node 32 will tend to  decrease slightly. As a
result, the3(/)co<bl®g@sat the first inverting anplifier output node 38 18 June
2007 6 w | | |ncrease and the voltage at the second inverting anplifier
out put node 44 will ~decrease. This causes the magni t ude of the voltage
across the ggh&r %YL JvHﬁ‘z?ée'cﬁ’ébs%ﬁgmﬁ&ﬂtl?@N&ﬂh@t OSply $81tdoR it R6¢ Baf theand

t he output voltage at %’he regulator output node 30 to increase. 5 Wien the
supply vol t algsredrrofm;ersc gnltigec thetvoltagaas he referendeepostigrphgded?) tendsetoj decteases

than the d f | t the ref
node 32t eng it Gnle, dhBaaisshght FiiGienel e Frirt By ink Ml EpRRGERSE 440"
second invers ihRY RERLid sigtifieaitRUind"ae tnafitudOo Pt OyolaEE arSSs feQatd-sdimey | Y

.and the magni tude of the voltage across the gate-source 10 junction of the
sevent hl WOSHERAS of ¢he mwhsl‘é%'ﬁ@?ﬁ i40i toanerease sygmificantiy.ulAs a reselt,dbe seitenth

MOSFET 46 d h d h I
I i R e R N A o
reference vebdddér atputid@e 80y the output voltage is

It will be understood that since the reference voltage and thereby the output voltage is
15 governed by the number of MOSFETs in the stack and by the aspect ratio of the
MOSFETs in the stack, the desired regulated voltage can be obtained relatively easily by
selecting an appropriate number of MOSFETs in the stack or by selecting MOSFETs of

an appropriate aspect ratio.

20 Modiﬁcations and variations as would be apparent to a skilled addressee are deemed to

“be within the scope of the present invention.



15 governed by the nunmber of MOSFETs in the stack and by the aspect ratio
of the MOSFETs in the stack, the desired regul ated voltage be ai ned
relatively easily by selecting an appropriate nunber of I\/Déé@%sne' %&ﬁe
stack or by selecting MOSFETs of an appropriate aspect ratio. 20

Modi fications and variations as would be apparent to a skilled addressee
are deemed to be within the scope of thé present invention. 18 June 2007
7 CLAIMS: 1. A voltage regulator for producing a regulated voltage at a
regul ator oIAMS:t he voltage regulator including: 5 a reference voltage
generator arranged to provide a reference voltage at a reference output,
the reference voltage generator including a plurality of first field effect
transi stors iconnecigkagetemBatot for Radutidg 4 sdgufdted ehiakt ach répanst shtpit, Be ng

bi ased so as to operate as_a diode, and the reference output being
connect ed t oolthage regylationinshudgng: put ; transistor anplifier means arranged to
anplify portion of. the referenc ol tage:; 0 out I nmeans
connect eg to sai d §%F?% ‘e’?(;ﬁarggf erngrr?\({:oer %B%S%etgjp%rr%g)ﬁgng rgfr%%fmt‘t'%q{bﬁi&eig% %éual at or
out put such rbfagncé b@p@tyiHRUb endd $bltdge ge @ alds indRRIIRES plurdlite of ARG fialdedfect

vol tage when said anplifier reference_voltage portion tends to increase,
and the out puansistorsappsineeted innseries, pardy Brst disld effect dgnpisior deipg) biasgd sAhantosai d

anplified reference t ' t ng - tage
ogul ator adrE edtifle BREmeRoreREL bR R oh BREFLIRS Repfror SuliBt, PP
further includes tansistepadplifieimeaal heaiget tamnpBfyar patiomofthd réferenpevaitage;
substantially as a resistor. 20
10 and
output transistor means connected to said amplified reference voltage portion
and to the regulator output such that the output transistor means decreases the regulated
voltage when said amplifier reference voltage portion tends to increase, and the output

transistor means increases the regulated voltage when said amplified reference voltage

15  portion tends to decrease.

2. A voltage regulator as claimed in claim 1, wherein the reference voltage
generator further includes a second field effect transistor arranged to operate

substantially as a resistor.

20
3. A voltage regulator as claimed in claim 2, wherein the second field effect
transistor is a MOSFET.
4, A voltage regulator as claimed in any one of claims 1 to 3, wherein the transistor

25  amplifier means includes a first transistor inverting amplifier means and a second

transistor inverting amplifier means.
5. A voltage regulator as claimed in claim 4, wherein the first inverting amplifier
means includes a third field effect transistor arranged to operate as an amplifier and a

30 fourth field effect transistor arranged to operate substantially as a resistor.

6. A voltage regulator as claimed in claim 4 or claim 5, wherein the second



3. A voltage regulator as claimed in claim2, wherein the second field
effect transistor is a MOSFET. 4. A voltage regulator as clgijed i ny
one of claims 1 to 3, wherein the transistor 25 anplifier hgﬁei%@t?ﬁdes a
first transistor inverting anplifier neans and a second transistor
inverting anplifier nmeans. 5. A voltage regulator as clainmed in claimd4,
wherein the first inverting anplifier mfans includes a third field effect
transistor arranged to operate as an anplifier and a 30 fourth field

ef f ect trandheariing amplifinyaeransinghdent 8fthdiskd efffct Hpnsjstersarpngedsiosapgrate & any

June- 9007 dnitiee R £yRriR Hted Wbl fanpdleBraryd HRRERIINR SiRER0F 1O

transi stor arranged to operate as an anplifier and a sixth field effect
transi stor arranged to operate substantially as a resistor. 7. A voltage

regul ator ad.-cl aifseltags regulpter 6s clpisreddasdaimeh vhen depaidgatsn ¢lpigr &i whemsineach
of the thir ducf OHRL Ruird KEth, ARA 224 Kk fELAGILAGLON 2AMASRER [ @ MISFET.
8. A volTage fegulator’as cfarned in any one o e preceding clains,
wherein the output transistor neans includes a seventh field effect
transistor, a gate of said seventh transistor being connected so as to
recei ve sai & anpl4 veirgeregdatenaeclibradigany ongiof hepgeeding glagps, heren theyi g
sevent h trangsi i [ e

- egal ator acuiistandfbhieRiAARMA IRkt EBld b Bt fgte f oy ¥Rch
transi stor itGnsistvEbEikg codfected.soAs t@kdcaiye snidgumpified referencavokapei portionyamshe of
the preceding clains, wherein each discrete conponent of the voltage

regul at &P | @ squigegkeapd sqventharapsistos heing sgupested to gl?d%"gﬁtpf QutpYt. a5

her ei nbef ore described with reference to, and as shown in, the

acconpanyi ng draw ngs. '

9. A voltage regulator as claimed in claim 8, wherein the seventh field effect
transistor is a MOSFET.
15 10. A voltage regulator as claimed in any one of the preceding claims, wherein each

discrete component of the voltage regulator is a MOSFET.

11. A voltage regulator substantially as hereinbefore described with reference to, and

as shown in, the accompanying drawings.



