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-1- FULLY DI FFERENTI AL OUTPUT

CMOS PONER AMPLI FI ER _ BACKGROUND OF THE | NVENTI ON
1. Fi el d ofwe bppskggvention This invention rel at W%J ield
of anal og CMOS Integrated circuit design, and specifically

i ntegrated operational anplifiers driving¥ow inpedance | oads. 2.
Prior Art A fully differential output operational anplifier

is normal |y superior to a single ended out put operational anplifier in
terms of power supply noise rejection and noi se coupling rejection,
since the power supply varlatlon or any noi se source couples equally to
bot h out put branches at the sEEk DI EPERE PO as a conmon node
signal not effecting the differential output of the oper ati onal
anplifier. This is especially MOS FER{ 20 pIERxed node chip
(integrated circuit havi ng bot h analog and dlgltal circuits on the sane
substrate), where the noise is generated fromthe swi tching of the
digital circuits. In the prior art, fully differential output
CMOS  power anplifiers are inplenmented using typically a two (or
sonetines nore) stage operational anplifier which are powered fromthe
nor mal system power supply VC@a G € B

anplifier consists of

1. _ Field of the Invention

This invention relates to the field of analog CMOS
integrated circuit design, and specifically to
integrated operational amplifiers driving low impedance
loads.

2. Prior Art

A fully differential output operational amplifier
is normally superior to a single ended output
operational amplifier in terms of power supply noise
rejection and noise coupling rejection, since the power
supply variation or any noise source couples egually to
both output branches at the same time and thus appears
as a common mode signal not effecting the differential
output of the operational amplifier. This is especially
important for a mixed mode chip (integrated circuit
having both analog and digital circuits on the same
substrate), where the noise is generated from the
switching of the digital circuits.

)

In the prior art, fully differential output CMOCS
power amplifiers are implemented using typlcally a two
{or sometimes more) stage operational ampllfler which
are powered from the normal system power supply VCC.

The typical two stage operational amplifier consists of
a mostly differential yoltage amplifying input stage for



a nostly differential voltage anplifying input stage for WO
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-2- noi se and of fset considerations, and a current gain and/ or MOS
out put driver stwg@yhgbe driving a | ow i npedance | oad. Theself,é.ﬁgsﬁ;lﬁg@s
both get their power fromVCC. Such CMOS operational anplifiers are
difficult to operate froma | ow vol tage power2-supply for driving | ow

i npedance | oads, such as an 8 ohm speaker, since the gate driving
ability of 'the MOS output stage is solimted. The limted gate drive
coul d be nmade up I n substantial part by increasing the size of the

out put ‘devi ces, hois¢haml edikdt tdimsidesatidhgr avdra cuyveniti bathvel y

| ar ge. Con | &R 2] - PPl St S for | ow
vol t age operation a%g(a;;%ﬁ?@esr %P?%Irir?m n?;r%gglgsn"%équt : d%omm%%rr%gg range,
since the input vol tEBedange dgage sfhese twasstaggsybpth gsk CRe1GTPP¥SE eshol d
vol tage) of the EnpmtVEC.MOSuchl cMOS opeyatiomzlalamphbfiemmare node n- MOS
source fol fover out aypedbiCis SHLifs 't & 1duioltage sBPpip et but

voltage in the positiye, directioh ecause of the rop fromit gate
to source. driving low impedanos NoRres (BichHps| mé\rﬂ%mspeaker. A
fu: Iy ;:Ii fferent iha! Sﬂn@elttr@\/aﬁapoﬁﬂvjmgolabuﬁty of thelMQS mlgm@uyzobtm

mul tiplying techniqy I e Iy t SEHR | an
t he system power ?guéglﬂn?'\g%a fgfhei;g‘lg,g gr%ri&eiog}ﬁffﬁgut sdt/gge?g?%ed%i as
generator, the comoh L LabRE i dPFreafide hBe 51z%i9f I’%E?e‘?u%?’r’rtft
stage. This all ows téeeiceml bytgbhis could makesthef MOBRedwoinexut transistors to

go much hi gher t BaOn ik eyl aguver supply, resulting in significantly

reduced required si-ze of the output” transistors. Since the punp is
mainly to provide for th@orﬁraetn%i\égla 4 Sancemem: mode n~-MOS input stages

for low voltage operation also suffer from minimum input
common mode range, since the input voltage has to be at
least larger than the VT (threshold voltage) of the
input n-MOS. Also, conventional enhancement mode n-MOS
source follower output drivers suffer from a limited
swing on the output voltage in the positive direction
because of the VT drop from the gate to source.

BRIEF SUMMARY QF THE INVENTION
A fully differential output CMOS power amplifier

utilizing a voltage multiplying technique to provide a
:egulated power supply higher than the system power
supply to a folded differential input stage, the bias
generator, the common mode feedback circuit, and the
gain/level shift stage. This allows the analog gate

v vbltages of the output transistors to go much higher
than the normal power supply, resulting in significantly
reduced required size of the output transistors. Since
the pump is mainly to provide for the gate voltages
which require little current, it is small. 1In a
preferred embodiment, this CMOS power amplifier is used



which require little current, it is small. In a preferred enbodi nent,

this CMOS power anplifier is used WO 97/ 05696

PCT/ US96/ 12238 - 3- in a m xed node
chip which already has a voltage mul tiplier for the on-chip nmenory
circuit,; andvQ#lse6or e can readily use the on-chip punmPCHUSHIFEBaddi ng
anot her punp circuit. This power anpl_fier also includes a - Vvoltage
regulator to regulate the nultiplied voltage to a fixed level to reduce
.power supply variation and noi se fromthe oscillator of the voltage

mul tiplier. The vol tage regul ator is confi gured In a negative

f eedback operat | onal |,00p, Wit h .dio onnect p- MOS devi-ces
serving as a reSt& &l"gﬁvﬁ“ﬁé e @Hﬁ‘é}é alrea.gx l(‘:?:%rar é’ﬁﬁ't?%ﬁdl ng to the |
vol tage nul ti plmektirddelr for Qh&)@a~cbmew@Grchm1ttasandstmﬁmIel tied to

its source &&n tiwadi®p ﬁﬂé‘ttﬁxet e.nseuiﬁm@l wg@aur.ofadaaﬁe dnddner is
precisely mrrored acr ossF e,vg{ di ode chai n | ve feedback
Se

action. This gi PR £iFFst % gage altl%llﬁﬁ %Jcﬁop g? he regulator, in
the preferred volmermhatm tohzegwlans ithe, maltiplded Reltage to Thi s

fully differenthatisd nere CMS reaee ﬁ@ﬁ&ﬂ fslugmy vaﬁ'a%@ohn&xhdldﬁsé f ol ded
cascode dlffere?}?‘?l en I#Elf-i%% in mt?ftléﬁlgrm (VT = OQv) to

gi ve a near rai |npu c rmon m) e rang hnative n-MOS (VT =
ov) source follower on the output stage tg hi gh sw ng

vol tage output, an EFaYOLRBde TRSAARO: S“E%r’é'ba negafkiut stage, a
mechani sm for réeedbark opessticnal ampliifier tloop with [ odet porinedttieder st age,

and a schene top_yog $Rlvikbs shArGURLeLrddiskBE g Qi then the
i nput signal i s zer s e rig rBRI EF DESCRI P11 %\1 %@ ImeRAW NGS
the current loading to the voltage multiplier.

diode connected p-MOS has its own well tied to its
source so the VGS (gate to source voltgge) of each p-MOS
is precisely mirrored across the diode chain by the
negative feedback action. This gives a’ precise voltage.
at the output of the regulator, in the'pfefefred
embodiment of the invention, 5 times VREF.

This fully differential output CMOS power amplifier
also includes a folded cascode differential input stage
utilizing native n-MOS (VT = Ov) to give a near rail to
rail input common mode range, a native n~MOS (VT = Ov)
source follower on the output stage to give a high swing
voltage output, an enhancement mode n-MOS common source
out_:pﬁt stage, a mechanism for reducing crossover
distottion of the output driver stage, and.a scheme to
set the idle current in the output drivers when the
input éignal is zero.

“ - ’ . .
Figure 1 is a circuit diagram for the preferred

embodiment of the fully differential CMOS power
amplifier of the present invention, comprising Figures



Figure 1 is a circuit diagramfor the preferred . enbodi ment of the fully

differenti al CNCS power anplifier of the present invention, conprising
Fi,gures WO 97/05696 h

PCT/ US96/ 12238 - -4- . 1A and 1C, each
showi ng one of WO&7/PH696 erentlal out put stages, and Fi guré’qws?mihg
anong ot her things the fol ded cascode differential input stage and the
bi as gener at or. Figure 2 is a circuit diagramfor the voltage
regul ator used in the circuit of Figure 1. 'DETAI LED
DESCRI PTI ON OF THE | NVENTI ON Figure 1 is a circuit diagramfor

the preferred t of t fuII di fferentg,

anplifier of the pﬁgp %qﬁﬂV§ﬁFPo g f Eﬁﬁjdl%ke%mmgi%i °PﬁBﬁ? st age
and n- MOS transi st Gtegesr anﬁaFegupetlB shomngeampng other thimpsetheeferred
enbodi ment of the rib@aeatcagwaet H9Pferentiisli MiSiedabe H0a tyedpasst he

out put power anpllflg : an integrated circuit anal og signal recording
and pl ayback s§% eﬁ?%ﬁﬁh as disclosed in U S. Patents 4, 890, 259,
4,989, 179, 5,220,531, 5,126,967, 5,241494 and. 5, 164 915 Such

i nt egrated circuits al r BhoNTe cligde gircuit\Bipgran forpthe \Hitegse
mul tiplier (the voleggkator umedt ipl tler cifrcalt FofWRiguie for ot her purposes,

nanely to provi de the required high voltages for the erase and :
program functions for the on-chip floating gate storage cells froma
single, relatively Iow voltage power supply to the chip, such a | ow
vol tage battery power suppl o TATTH s IaTa SRTENTRE al so as
ground potential . ' MOS charge pu VOT T aC ] 1 are wel |l known

in . : _ '
Figure 1 is a circuit diagram for the preferred

embodiment of the fully differential CMOS power
amplifier of the present invention, using a folded
cascode input stage and n-MOS transistors for the output
drivers.

The preferred embodiment of the present invention
is intended to be used as the output power amplifier on
an integrated circuit analog signal recording and
playback system such as disclosed in U.S. Patents
4,890,259, 4,989,179, 5,220,531, 5,126,967, 5,241494 and
5,164,915. Such integrated circuits already include a
MOS charge pump voltage multiplier (the voltage
multiplier 20 of Figure 1) for other purposes, namely to
provide the required high voltages for the erase and

- program functions for the on-chip floating gate storage
cells from a single, relatively low ‘voltage power supply
to the chip, such a low voltage battery power supply
providing VCC, and VSS, shown also as ground potential.
'MOS charge pump voltage multipliers are well known in
the art, and need not be further described herein.

Also shown in Figure 1 is a voltage regulator 22,
used to regulate the multiplied voltage to reduce the
voltage variation and noise coupled to the power
amplifier from the charge pump, which typically has a



the art, and need not be further described herein. Al so shown in
Figure 1 is a voltage regul ator 22, used to regulate the multiplied

voltage to reduce the vol tage variation and noi se coupled to the power
anplifier fromthe charge punp, which typically has a WD 97/ 05696

PCT/ US96/ 1238$7/0569 - 5- FOTOSoG12¥58 t age on
Its output. The ripple period depends on the period of the punp clock

generator. The ripple magni t ude depé&Pds on the punping capacitors, the
magni t ude of the punping clock waveform (typically equal to VCO), the

out put |oading current and the output | oadi ng capaci tance. Even though
this ripple is reduced by the power supply rejection capability of the
pover anpl ixipple voltagesonl ﬁ.tsugmphtcarfme sipphe pertitcdydepends egul at or

22 is used to redyae ﬁ@f&.&d Rl ene ¥1bér generQQWEr o ifipfe This is
especi al l'y inpor signal is zero),

t an he in
as the ri ppr gn&k # éﬁﬁﬁﬂdsoﬂn EHFBb?é ??Q%quﬁf% ﬁ%?%e whi ch
linmts the sigmegnitudeice thet pumping irdopkvieavesfiopin (twpically equal The
fully differentdoalkcoy} pthe G\@u@oﬂﬂdﬁ@pb&té{t and tRelsitphea d| ffer enti al

stage, a gain C Kk bi ene all of
whi ch get thelﬁ %%ﬁn %%?q?P g?he oﬁPb gg%ﬁht v%f?%ﬁ% VCCM . a
vol tage si gni f |1UaﬁbeP¢W§ﬂ1@uwhﬁnrﬁmtloﬁh@aﬁﬁhléemf of t@tﬁagewer he onl y
stage requiri ngmiiallbﬁ&ﬂl i iBoveill gﬁb&lflcanﬂ S sROV¥RE Yd1@@gkhe nornal -

syst em power Ya ,\_/89 2 is u ed to *}%aﬁé f é%‘qﬁgr at%eegg%% the present

i nvention shown ure nt en ) ©of an

i nt egr at ed C|r@GW?rré§¥kﬁéieFe tBh%ﬁriﬁM§FP€€Wﬂil¥ dmeereant in pbeer down t he
circuit wheneveardlehet&f: (pmenr tHoVinput sighahdls gees) highthés the _
subsequent - desgyy bg&gog 1 ldppear bh ! GaEGur (41 ahPLbPUI A BOURLLPN 1S used

in Figures 1
limits the signal to noise ratlo of the power ampllfler

The fully differential output CMOS power amplifier
includes a differential stage, a gain stage, common mode
feedback and a bias generator, all of which get their '
power from the output of the voltage regulator, VCCM a
voltage s;gnlflcantly higher than vee. The output -
stage, the only stage requiring substantial power, gets
1ts power from the normal system pcwer supply VvCC.

The preferred embodiment of the present invention
shown in Figure 1 is intended to operate as part of an
integrated circuit responsive to a power down signal to

| power dcwnlthe circuit whenever the PD (power'down)
"signal goes high. As the subsequent descriptionlwill

. illustrate, the following notation is used in Figures 1
and 2 herein:. '

p—channel devices are SO 1nd1cated by the
circle in the gate contact, and further by the P
appearing as the second letter of the dev1ce
. designation

- n-channel devices are so indicated by the
absence of a circle in the gate contact, and



p:channel devices are so indicated by the ~circle in the gate
contact, and further by the P appearing as the second letter of

t he device desi gnati on n-channel devices are so

i ndi cated by the absence of a circle in the gate contact, and
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- 6- further by the N appearing ag.the second letter of

t he devi ce designation native devices are indicated by the

t hi ckened - line parallel to the gate and by the letter ‘A

adj acent thereto nost devi ces associated with the power down

function are so indicate ﬁg%ﬁrP& &Pep%agbgg?%«sﬁéhei %eoiﬁﬁ"c?gstfetter % n

fourth letter designatio

the circuit of Figure 1,the devhee|detdgnebidPDl and p-channel device
MPPD1 are used to invert the PD . (power down) signal to provide the

si gnal PDB (PD bar or PDhat Do i detrild88Dire s;rﬁnmaeéaaeytmevesmﬂ:kmédead of

enabl ed (PD - Ov) . PDB i T° Baraied e, thpamed e Byl Qeceer 1 F1 ¢ of ¢
p- channel devi ces VAEEBCSNE / @?@tOAt the same tine, PD = Ov (PD = VSS)

wll also conpletely shut off n-channel devices MNPD2/ 3/ 4. As shal
subsequently be described i nmost fewides adstaidteddwith cshaVipBbt 3dakrd/ 5A and

M\PD2/ 3/ 4 will be tuspRdion ¥ekPPngoesedd b Pp€ Wpdeh hﬁ!ﬂas the
current paths in the cir BIAStot |rCU|t.|sa

control | ed current s %&%ﬂcﬁ?}&%lat%f%ﬁ%ﬁwﬁ i u§ t he

respective devices

In the circuit of Figure 1, n-channel device MNPD1
and p-channel device MPPD1l are used to invert the PD
{power down) signal to provide the signal PDB (PD bar or
PD). Device MPPD1 is connected to VCCM instéad__ of vCC
so that PDB is VCCM when PD is zerc. Thus when the
circuit is enabled (PD = Ov), PDB will be equal to VCCM,
completely shutting off p-channel devices
MPPD2/3/4/5/5A. At the same time, PD = Ov (PD = VSS)
will also completely shut off n-channel devices
MNPD2/3/4. As shall subsequently be described in
further detail, devices MPPD2/3/4/5/5A and MNPD2/3/4
will be turned on when PD goes high to cut off all
current paths in the circuit.

Current IBIAS to the circuit is a controlled
-current source (actually'a current sink, though the
phrase current source may be used gene:iéally hereafter
for source or sink, as will be obvious to one skilled in
the art) mirrored from a bias current generator _
elsewhere in the integrated circuit, as is well known in
the art. This sets the gate-source voltage of
transistor MBIAS1, the input bias reference p-MOS
device, to provide the basic current mirror for biases
of other p-channel devices, namely devices



phrase current source may be used generically hereafter for source or

sink, as will be obvious to one skilled in the art) mrrored froma

bi as current generator el sewhere in the integrated circuit, as is well ,

known in the art. This sets the gate-source voltage of transi stor

MBI AS1, the ywoptbsess as reference p- MOS - device, to proyegisbdRaaasi c

current mrror for biases of ot her p-channel devices, nanely devices
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-7- ) MP6/ 7/ 8/ BAl 14, each therefore acti ng as a bias current

source for vari.ous other parts of thecircuit. The bias current

t hrough p-channel device MP14 al so fl ows through p-channel device MP13B

and n-channel Mpred@yBren/IM\ acM\iekrdforpr act ey hisasasidsocuprdhlS current

mrrors formed Buicenagnela e ComdiNHkMNIdA the, o wgfa.wmm VNL3/ MNI3A
an

of "the fol ded cascode ferenti |nput st agé, al so to provide

bi ases for n- cha devi ces 10A of. the.c dback
network. It also pr os‘ﬁgeglas tfuggefl\‘%”t nRetPafdRlc §V1ce %%?5

connected in serﬂléysmﬁmlwlb@ecbém@ctd@mpe MP13E; pndretchaoned e I\/P15 to
generate a p- MOQdviaesfami4,hemiaa wtgﬂ:%vﬁ!ﬁeﬂ)ﬁﬁénfbrqelt&dse&uﬁf@& MP13 of

t he fol ded gﬁ?%gggrgéﬂe%’ S’ptha& ?Elit dg‘slg&es ‘&Lfﬂﬁﬁﬁﬁ‘a devi ce. - WP13B

is used to forc al N-soUrce vo device MP14 to
be close to thel‘@rla/W%%:r 6@13/Wmt@géh6ff deasagasFodrevi-ces MP7 and MP6
for nore pr eiifferant {£Ntingat Cot ak ,bahdeaTed tohpioel ddl Bl heas MYk and

n- channel devices Ci\’ﬁ\lli%A and
MN12/ MLO2A are mStWeFEd It alEgnpredidesnal birs/ifor wrgbenngli éavieessi nking
t he bias CUMNASYMNL San qontieated| ird@eries withidiode connectedhs- n- MOS

cascade (%rreg/)dﬂa% SRAMBY5 Fo genellRUp-HBY! S8 WIALAN 4A uses a

gates of p-channel devices MP12, MP13 of the folded
cascode dlfferentlal input stage. p-channel device

n-channel deviceg %é%ﬁc?gdm%mﬁApofmn%}s%w&%\@ %36 and

MP13B is used to force the drain-source voltage of p-
channel device MP14 to be close to the drain-source
voltage of p-channel devices MP7 .and MP6. for more
precise current matching between p-channel device MP7
and n-channel devices MN13/MN13A and between p-channel
device MP6 and n-channel devices MN12/MNI2A (since n-
channel devices MN13/MN13A and MN12/MN12A are mirrored
from n-channel device MN14, which is sinking the bias
current from p-channel devices MP14). |

' The n-MOS cascode current mirror formed by n-

- channel devices MN14/MN14A uses a native (VT = Ov) n-MOS
device MN14 in series with enhancement mode n-MOS device
MN14A to minimize the headroom voltage, since the bias

voitage is ‘only ¢ne gate-source voltage of the -

' enhancement mode n-MOS device MN14A (this is in
comparison with the normal two diode connected n-MOS
transistors in series, which requires the sum of 2 gate-
source voltages of headroom voltage). n-chamnel device
MN14A is in saturatioh, since its drain voltage is close
to its gate voltage. n-channel device MN14 is also in



device MN14 in series wth enhancenent node n- MOS devi ce MN14A to

m nimze the headroom vol tage, since the bias voltage is only one
gat e-source vol tage of the enhancement node n- MOS device ML4A (this is
in conparison with the nornmal two di ode connected n- MOS transi stors-
in series, whiwo98%8¢res the sumof 2 gate- sour ce vol t BiRUSIH2238
headr oom voI tage). n-channel device MN14A is in saturation, since its
.drain voltage is close to its gate voltage. n-channel device MN14 is
also in - WO 97/ 05696 -
PCT/ US96/ 12238 ' - 8- saturation since its

threshold voltage is few hundre

| ts. becayse_of the d
effect. Hence, t hesaturéﬁéeléd?weeﬁéc’fg%s}%?ﬁﬁl ZOLLRIR 2f Fo%\%"f qﬂ"é‘%%?éom
vol t age by usi myilliveltscbelmusee of otinedicdly efifecty. edlenteh the

enhancement n- MXS é’é‘éﬂd&%n Theedrat '1\éea8hf&§dj%tﬁel$iié% healitSorfl vi1tagad gate
ti ed together. Th ot her I\%ﬁ gﬁﬁce m rro the current. toa@x channel
devi ces VNL0O/ A‘Slm B/ RMYYVE VAl l\ﬁ@f‘?ﬁc 11\':.‘7 St 3RS Wi

MN15/ MN15A, whi ch eshancemestine-MOShdewice. The napiveiTHEF deviqedas

MN15/ MNISA mirror {ie $diheshd gatle @9ea- @émmelr dem&%ihwlﬂlMﬂ4A to

p- channel device MP15 to generate the Dbias mon gate
connection of RGBT ﬁﬁfﬁer%(f"l\/ﬁlgﬁﬂbne?hgﬁxéf Tevi ce MP15
i s sized such t hatMNIYMB0A:MNIG ARGE3, AN /ANARA | MN13 /BB ear12 and

MP13 sit close to MEEVMveBhY RRHHBkNthe saieUBERemél! Uration vol tage of
p- channel devi ces MP6 and MP7 away from VCCM for naxi mum sw ng on the

nodes CP, ~ ON and hence,gn.0pdgs, 0B wichhyyhflsRPhi e t&;@ecéiéxizé'n@f

n- channel device M\9 and anne evl ces

p-channel devi ces frommschpanghdayiees b/ MEAALE Rchapngh deace
MN12/ MN12A, M\1xp 1N toAgandradél TnNb3ds cfus theutammsor g’ade dconnectlon

N3 are chosen 1 orSf 1B TRBIEL CqRstisipis S S, O Rapnef Saauits V17 A0
vol t age range by oMEBlS5 is s:Lzed such that the source voltages of p-channel
devices MP12 and MP13 sit close to VCCM (only one drain-
source saturation voltage of p-channel devices MP6 and
MP7 away from VCCM) for maximum swing on the nodes OP,
ON and hence on nodes OPP, ONN to optimize the size of
n-channel device MNS and MN9A.

n-channel devices MN2/MN3, p-channel devices
MP6/MP7 and MP12/MP13, and n-channel devices MN12/MN12a,
MN11/MN11A and MN13/MN13A constitute a folded
differential native n-MOS input stage. The native n-MOS
" devices MN2 and MN3 are chosen for the input n-MOS pair
to increase the minimum input wvoltage range by one
enhancement mode threshold voltage and thus lower the
minimum voltage input close to ground. The outputs of
. the folded cascode input stage on nodes OPP and ONN are
differential, and are each applied to a respective
single ended n-MOS output stage. In particular, when
the differential inputs POS and NEG are applied to the
differential input n-channel pair MN2 and MN3, the
differential outputs of nodes ON and OP respond in
opposite directions, in turn causing nodes ONN and OPP



enhancenent node threshold voltage and thus | ower the m ni mum vol t age

i nput- cl ose to ground. The outputs of the fol ded cascode i nput stage on
nodes OPP and ONN are differential, and are each applied to a respective
singl e ended n- MOS out put stage. In particular, when the differenti al

I nputs POSyvewfesshgc are applied to the differential i rnipgustebsgnnel pair
M\N2 and MN\3, the differential outputs of nodes ON and OP respond in

opposite directions, in turn causing néfes ONN and OPP : WO 97/ 05696
PCT/ US96/ 12238 - 9- to follow the

vol tage variations of nodes ON and OP, respectively, through the conmon
gate connected p-MOS devi ces MP12 and MP13. The voltages on nodes ONN
and OPP arto tialdowpphe apltiapeevariatdons ¢ nodest ON antk 9P cal n- MOS

out put st ages.respectively) &&%ﬂ Al tﬁ@‘é&ﬂén%e Wﬁﬁec@e&@ﬁ&@@' device MP8, -
n- channel devi ges.. MN7 neI devi ces '

MNL7, MN18, p-TREITTE Mg %5 e’ gg?g%%pn@od%%pqlm 8% 2, resistor
R and capaci t@RP @re thuecﬂmhlledt élﬁﬁﬁrfmbntmutthstm idemmécakcond

i~denti cal . I;L—ﬂdgsoggb@gtstgg@ge is formed by cortespondi ng devices
havi ng the sane designations fol |l owed by the letter "A", and

accordi ngly the desggrl hQHt-ng é}&m@glﬂ‘i' ﬁ%cfhaa%hie‘% e a%hl cabl e,

t hough bei ng responsive e opposfte vol tage '
of the di fRehanned) dg6iqesy M7 o d@gcmeloﬁp‘ncwwe?&ehnout put
stage, the capelinmel deviesd MNRD, MNIS)i p-thanméleglewied MPPDSGIi rcuit form =

usi ng t echni quas: iRl K?O"%‘ga'h%@ c2, ﬁﬁ&&%@%ﬁ.%ﬁ&@%ﬁéa&%?ﬁﬁﬁ% s part

|ntegrated circult . evi ce
of the shut dovFPRStityre e (-MRS| NP YHe BFage ('%BSRF@H} ideBkicak circuit is

not power ed dowwMASPBukpu . stagehasntdrmiel byecdiiEponding devdeesel at ed T o the
power down funglyiolh tRBAsdme MekdghRitions followed by the letter *A",
' - and accordingly the description to follow is also
directly applicable, though being responsive to the
cpposite node ONN, the opposite voltage of the -
differential voltages on nodes ONN, OPP. In each output ' _ -
. stage, the capacitor is realized on-chip in integrated
circuit form using techniques well known in MOS -
integrated circuits and MOS integrated circuit
formation. '

p-channel device MPPD5S is part of the shutdown

circuit, and is held off (EDB high) when the circuit is
not powered down (PD low). 'p-channel device MP20 is

~ also related to the power down function, and is held on
by PD when the circuit is not powered down. n-channel
‘device MN7 is used in a source follower mode, and is a
native n-mos to increase the high swing by one -
enhancement mode threshold voltage to make the high end

+ output OUTN swing of the output stage close to the power
supply voltage VCC. n-channel devices IMN.4, MN16, p- '
channel device MP8, resistor R2, and capacitor C2
provide gain/level shift for the source follower MN7,
‘with resistor R2 and capacitor C2 providing a _
compensation network for the gain/level network.



by PD when the circuit is not powered down. n-channel device MN7 is
used in a source follower node, and is a native n-MOS to increase the
hi gh swi ng by one enhancenent node threshold voltage to nake the high
end out put OUTN swi ng of the output stage close.to the power suppl y
vol tage VCC. n- VOS89 devi ces M4, M16, p- channel devi FeI/KiP§/12238
resistor R2, and capacitor C2 prOV|de gahpll evel shift for the source
fol | oner MN7, with resistor R2 and capacitor C2 providing a
conpensati on network for the gain/level network. WO 97/ 05696

PCT/ US96/ 12238 -10- 'Resistor R and
capacitor O provid for. the fina

stage conpri sing n_ﬁe&&cﬁp S%;% e I%’aglﬁﬁgt&frgrowlde a.lcf_lOénpgRF ufé& out put

St age
described above opeRetweriagor theofinais gainsentinvg Shégglwlsﬁng\dd'e OPP

goes | ower, n- chamnel gdeybeamid\9 i s gradually turned off, and n-
channel devi ce MM is also gradually turned off. channel devi ce MP8

pulls the gate of n-changgl e gg\/ég[%q kce MN7 in
turn pulls the out put _ Oﬁﬁ:ﬁlg StacFe\/%gc%onve%s]?}eg e voI tage on
node OPP goes hfghkews:n- AREWAENT @ E4ITAD qnsna#ao%ﬂ ISpeBuLPRRE. D~ on,
pul I'ing the out put EhHihdlD\Gekrice-Mmimirekkrdaualls MMned ofifs ahdmgradual |y

turned on harder, pyil |]ng t fs

ground, tending to turn ?jlg%lgéd&d)ls ﬁ&ﬁgt re eag gﬁiﬁ P{@émt e puII up
effects of devi E]éaWP@il deniicet ¥R At t ?aﬁjéeaEanaﬁ,haé‘He?n 1989

st age. n- M2 ntearde VCCH s d&i‘dlaeamdel\mm:mr eutw puadscthé hmatput

crossover distortio p 0
zero differential |§U?Jht1mtoov}a? e{){§€stgj Rreﬂ:ééf} gsggﬁeo l;q;;&ﬁnnocﬁe éflg goes

“fromlow to high, ndegSiiHgher, n 1Nﬂlﬁv?'-%etlﬂﬂ9néﬂ o Vi bgrmek gate
of n-channel dewn £ epiNEntothe Loutighuy.  OUTH r Tbvepro u Nl cletmiel. | dgvrce:thel

device MN7 of f conpket gy grbBubi'fy RAREEEn Rurd2"Ghiling the gate of
n-channel device MN7 toward ground, tending to turn off
device MN7 to release OUTN from the pull up effects of
device MN7. Thus the output stage acts as an inverting
stage.

_ n-channel devices MN17 and MN1l8 are to reduce the
crossover distortion. At the mid point (analog ground,
e.g. 1.5V, or zero d1fferent1al ‘input to the system), as
the voltage on node OPP goes from low to high, n-channel
device MN4 is turned on, pulling the gate of n-channel
device MN7 too quickly toward ground, shutting n-channel
device MN7 off completely. 'In the meantime, n-channel
device MN9 is not yet turned on, so the output OUIN is
floating for a short period until n-channel device MNS
is turned on. This causes distortion. To prevent this,
the voltage on the gate of n-channel device MN7 is

' lowered slowly to turn off device MN7 slowly by a local
feedback path from the output OUTN to the gate of n-
channel device MN17, which does not allow the gate of n-
channel device MN7 to fall too rapidly. n-channel
device MN16 acts as a resistive path to further slow
down the falling of the gate of n-channel device MN7.



device MO is not yet turned on, so the output OQUTN is floating for a

short periaod until n-channel device M\9 I s turned on. This causes
distortion. To prevent this, t he voltage on the gate of n-channel
device MN7 is | owered slowly to turn off device MN7 slowy by a | ocal

f eedback patwo$wesesst he out put OUTN to the gate of n- - ponosws2zievi ce
MN17, which does not allow the gate of n- channel device MN7 to fal

too rapidly. n-channel devi ce MN16 “atts as a resistive path to further
slow . down the falling of the gate of n-channel device MN7. WO
97/ 05696 ' PCT/ US96/ 12238

-11- By not allow ng the gate of device M7 to fall before

devi ce M\O i s t Byneet oxlowingrthe gater ofitdewice M¥7 to faldabeforset ween VCC
?nd |VSS thr ogghfdeleywemdvmz 8agndd\dn, a ddfect ehefénﬁoqsaltadlsThl s is the
amiliar tradeo e n uci S stor ncr easi ng
t he di rect gu(raarl%e %:e?re]%% ch d{jgsgh%rofuggag%v &‘lml devi ce
IMN18, as an opt 6, arﬁi'gprk*}epgﬁb@@ed This iadihs rf-gmllan llimaﬂépff he crossover
distortion at thecedteedueling crdsmeﬁwmdﬁ&eoﬂlmtmwéaﬁﬁg G®esunption.

The idle currenhﬁgcé %&g&gu#ﬁé@g__lg@er&ﬂﬁag ]lr%l a Hof%e‘_rent i al

signal) is preciSely H4nhe I'ces MNO to
MM (and the bi ggvice I@Gtsrveﬁﬁ B GREARER TRRY d@v?@@rw foghredugingset by the
current mrror edui:f.héx.- @maebsmmclw&ndlbtae t:lh@texpenséhef gate vol t ages

of n-channel M}% %/N_é,e the drain vol tage of
n- channel devi céhﬁlﬁga ?gga %%tthe%as t e rai n vol tage of

n- channel devi ce M4, Ly t he actlon gf source follo n tive n-MOS
device MN7. Also becifddife SYRFe o fbe PR gFage (4 eTe 18 | owed to

swi ng hi gher thans @hEfermntrablpsigwial) issppiiselpl sagé:yvcﬁe aize)vm ng the use
gf . a nuch. S”g' | %&tézo ofd ichenhol dév‘i@é&'lfﬁhs FRV MRE Q:Btst Efé{shmit chi ng
Dy, Ot riSed D e ok V7 S ) BhEck £ e B
current mirrored to p-channel device MP8). Note that
the gate voltages of n-channel devices MN9 and MN4 are
the same and the drain voltage of n-channel -device MN9
is almost the same as the drain voltage of n-channel
device MN4 by the action of source follower native n-MOS
device MN7. Also because the gate of the n-channel
device is allowed "tc swing higher than the normal power
supply voltage VCC, allowing the use of a much smaller
device for n-channel device MNQ (better matching between .
devices MNS and MN4 because they are closer together
physically), this allows the 1dle current to be
controlled much better

As stated before, n-channel devices MNGA, MN16A, p-

channel device MP8A, n-channel device MN7A, MN9A, p-

.~ channel device MP20A, n-channel devices MN17A, MN18a, p-

* channel device MPPD5A, resistor R2A, capacitor C2a,
resistor R1A and capacitor ClA constitute another exact
replica of the above n-MOS output stage. This output
branch receives its input from the ONN signal, which is
differentially is always in the opposite direction to
the OPP signal by the action of the input stage. Thus



controll ed nuch better. As stated before, n-channel devices MMU4A,

NN16A, p- channel device MP8A, n-channel device MN/A, M9A, p-

channel devi ce MP20A, n-channel devices MN17A, M18A, p- channel device
MPPD5A, resistor R2A, capacitor C2A, resistor RIA and capacitor CIA
constitute anotWeP7/es6&t replica of the above n-MOS out puRCT&YSHE22238,j 5
out put branch receives its input fromthg_O\NN signal, which is
differentially is always in the opposite direction to t he OPP signal by
the action-of the input stage. Thus WO 97/ 05696

PCT/ US96/ 12238 -12- t he out put OUTP °

al ways swings in the opposite direction . of ,the output,OUTN. .

The outputs QUTP a %B%ﬁp‘aﬂ:eo% ﬁ‘&f"ﬂfs &8 the °§E’P8§§ea‘{\|‘§§é’§%8‘r‘ f or
driving differenti af ytheoocutpute £ETN. t he power output by four tines
(since the voltage sw ng across the speaker is doubled) as conpared to

a single ended powerrhanBlhithid OUler gid | QUTN argoNemadly! tobirtscted

. used in a unity gain node, in i_C age. . e ' ut put
stage is al so conndtTeEE 8 RE%?VY? puf>g a‘?l%r‘?g%é%?“eﬁ‘&% ?aﬁgiei(ril%tﬁ\é%tgage.
Resistors RX1L and R moweroewtontnbiefperduaer (singedher ypltags mdred
bet ween the differefddctls eHbPsbsaker isTHAIBlAShE! EdtipaTedr €od Finglepr event

excessi ve | oadi ng. T | St-Ql:Net ' d
node vol t age onerfq]eed ?%Hé?:é@ﬂ{fﬁggb%ﬁ%ﬁ?ﬁ%%%@#@fwggngack

the conmon node vol4sask inoasuebiisiRiRoReds cddpybkeh casenPPTPik Hi& common
nmode vol tage correctédpbctive output Brajanielaldevcomsedidd bbl NEG NPt

onst 1 tut e the. com®Ph eIt Eeaue L tapRy dbaBBRTNE . OV €8 et onal oS
differential amplifier Vl\getsqsg:ggs nRa}H_\é%d RX2 are common mode feedback
_ resistors connected between the differential outputs.

Their resistances are high to prevent excessive loading.

The resistor network is used to sense the common mode

voltage on the inputs of the power amplifier and to feed

back the common mode voltage to a common mode feedback

amplifier for common mode voltage correction.

‘n-channel devices MN1/MN1A/MN1B, p-channel devices
MP10/MP10A/MP10B and n-chamnel devices MN10/MN10A
constitute the common mode feedback amplifier. It is a
conventional MOS differential amplifier with the native
n-MOS transistors as the input n-MOS pair. The native
n-MOS is used to increase the input voltage range as in
the folded cascode input pair. The common mode input
VCMD is the analog ground level (the mid point, e.g.
1.5V in the preferred embodiment). Assuming the average
of the differential 6utputs OUTN and OUTP is somehow

, higher than normal, the voltage of node CM at the
resistive network junction will be higher than VCMD,
causing n-channel device MN1 to turn on harder, pulling
the gate of p-channel device MP10 lower, which turns p-
channel devices MP10A and MP10B on harder and pulls the
node OP and ON higher respectively, in turn pulling both
nodes ONN and OPP higher by the common gate connected p-



n-MOS transistors as the input n-MOS pair. The native "n-MOS is used to

I ncrease the input voltage range as in the fol ded cascode input pair.
The conmmon node i nput VCVD i s the anal og ground |l evel (the md point,
e.g. 1.5V in the preferred enbodi ment). Assum ng the average . of the
di fferenti awoamiogess s OUTN and OUTP i s sonehow hi gher pdwseatzagl , t he
vol tage of node CM at the resistive network junction will be higher

t han VCMD, causi ng n-channel device R to turn on harder, pul i ng

the gate of p-channel device MP10 | ower, which turns p- channel devi ces
MP10A and MP10B on harder and pulls the node OP and ON hi gher
respectively, in turn pulling both nodes ONN and OPP hi gher by the

common gate confbawesl slevices MP12,\MB}2 056tish the voltages of nodes

I\P/ICD:I/Z Usﬁ/gé %22\?;& ONN and OlPP hJ.gher. the voltages of 1§%th nglgdﬁs @@ﬁih '% dev: tces

' v e | er e vol t ages

of both nodes Og‘ﬁ{P ‘1 ggﬁ}f—? é’(ﬁ’% §E§ta(qer§eog {&b%tm@}éﬁ

anplifier are an??ﬁﬂéH shigges hyaestorirg dilien gommen mmm \;L@I tage in

Hﬁpout put nodeﬁh&&&pmdn@agf oUTs ahleowtis.f easnthalaifferaptisiyt OUTN and
swing int ite .actien ens.

The fol ded di ffﬁ%ﬁ&oqﬁiﬁnpﬁ &fx? %Q%B?a*rh% §pposﬁ§o\%¥ %ajg ‘t he

regul at ed punpeepmlfiﬁ agtemp p@nS- al l owns nodes ON and OP to be bi ased

‘one saturation drai n-source vol tage VDSsat from VCCM ( VCCM -
VDS[err]). This al sdrhmeﬁmddeﬂedmamgeiabfinpm&estﬁ&’ obta:.aad:.t@\lN can sw ng

to two saturati gg,M0S6 d eHk YEM1eYedMumped o g&% e S rr], which
e ﬁaﬁ

all ows the size I deV|ces

channe| devices
even t houghaﬁ%ﬁ’r?élﬁsd%@é'és °ﬁN§?I\?® pration o atjvely
huge current frénainrsduswe vipkthge ¥DSgad from VOI¥ (VEOMI- shift/ gain stages

(n- Cha{mel devi VESmJ% . M%Galeoqmﬂﬁelthé%mgu@of r:ﬁﬁieilt ebpR2 and
MPBA, 1 esi st or mar%ﬂﬁ“e%p%@{‘&r Eu’%ﬁﬁéf’%ﬁm GE5F! (B °¢
- VDSwp6/7sat - VDSM912/13sat) . wh:.ch allows the s:Lze of n~
channel devices MN9/MNYA to be small dev:.;:e_s. even
though n-channel devices MN9/MN9A have to sink a
relatively huge current from the low impedance load.
The level shift/gain stages (n-channel devices MN4,
MN16, p-channel dev:Lce MP8, resistor R2 and capac:.tor
Cc2, and n-channel dev:.ces MN4A, MN16A, p-channel device
MPSA, resistor R2A and capac:.tor C23). get their power
supply from VCCM, which allows the gate of n-channel
devices MN7/MN7A to swing close to VCCM. This allows n-
channel devices MN7/MN7A to be also to be small, even
though n-channel devices MN7 /MNTA have to source a
relatively huge current to the low impedance load. The
cammon mode feedback circuit and the bias generator also
get their power supply from VCCM for proper operation.

v As stated before, when the "éix_‘éuit is enabled {PD =
Ov), PDB will be equal to VCCM, completely shutting off
p-channel devices MPPD2/3/4/5/5A. At the same time, PD
= Ov (PD = VSS) will also completely shut off n-channel
devices MNPD2/3/4. However when PD goes high for power
down, n-channel devices MNPD2/3/4 PDB will be turned on,



supply from VCCM which allows the gate of n-channel devi ces MN7/ WN7A

to swng close to VCCM This all ows n- channel devices MN7/MN7A to be
al.so to be snall, even t hough n-channel devices MN7/ MN7A have to source
a . relatively huge current to the | ow i npedance |oad. The common
node feedback c?‘/Y‘%ﬂ?‘F"Snd the bias generator also =~ get theiPCTHSHfI2238
supply from VCCM for proper operation. -i14- As stated before, when the
circuit is. enabled (PD = Ov), PDB will be equal to VCCM conpletely
shutting of-f p- channel devi ces MPPD2/ 3/ 4/5/5A. At the sane time, PD

= Ov (PD=VSS) will also conpletely shut off n-channel devi ces

WMNPD2/ 3/ 4 PDB wi | | turne
PCT/ US96/ 12238 - MPPD2/3/4/5/5A. This shuts dowrithe varioum®iPBB will go

low, turning on p-chappeht daxirees in tHVPBRBASEALDERA. ks Heghuls down the
burrent paths in ¢ hEUErens BEEE s nd B | Sine” Ririig o bEBY oo
MPPD5/ 5A on power d§WAnRehfevicre MPPDS/SA anep@fero dopnt ckashss tBTN and OUTP
Gown, p-channel devi gon LDSl) Saiar o, O Y e e VL, By Frent
pat h 7om VOO o VLR LG N sheruriel outos of Hkn,) MRS phueiy oo
p- channel devi ces MISWBA P-channel deviqasr MP20/202g ager turned|iof§r ben Wt t he

VMNPD2/ 3/ 4. However Sgge&g%&q ﬁaohigvt], ftor o%%%ggg% &-v%g%gnel devi ces

vol t age regul at of £ 22neISRAriefit t PLcit ifronl vecoftd vgametiroudyh 6h6MMnnel 1N
Figure 2, an operat| I f, b [y nf J X i |

f eedback | oop to relg’%f)gdf%sa{@éﬂ’%?{‘i pl'gl\l‘les(sﬂ/lQR %%Ilﬂt’ gg%\%ﬁggggﬁ%%%'l evel
VCCM based on an i nput . ref.gr ence volta edVREF tq reduce the coupling of
power suppl y vari ati OHEEGE ASi U IRTAR ART) Fie soltege

operational anplifi eeglhllalm:eagi nsecheirprtéﬁaecj.s_mit ofeRbouirerdnt hs ghown

o s v o EoT B 2R peracBBl s s ] ARG

connect ed in"a negative feedback loop to regulate the multiplied _
voltage VCCMP to a fixed level VCCM based on an input
reference voltage VREF to reduce the coupling of power
supply variations and noise to the power émplifier. The
6pe:ationa1 ampiifie: I1 used in the preferred
embodiment is a conventional two stage operational
amplifier. p-channel devices M1/M2/M3/M4/MS, when p-
channel device M5 is on, are a geries of diode connected
devices, and each have their sources connected to their
own well to eliminate body effect) to simulate a
resistor divider of larger value resistors to reduce
current loading to the voltage multiplier. In this way,

.. p-channel devices M1/M2/M3/M4/M5 are small as compared

to the large area that would be needed to realize large
value resistors on-chip. In this Figure, n-channel
devices MPD2 and M8 are used for power down purposes. .
In normal operation (PD low), n-channel device MPD2 and
M8 will be off. This will hold P-channel device MS on,
activating the simulated resistor divider to feed back
one fifth of the regui"ated voltage VCCM to the negative
input of the operational amplifier. On power down when
PD goes high, n-channel devices MPD2 and M8 will be



devi ces, and each have their sources connected to their own well to

elimnate body effect) to sinmulate a resi stor divider of |arger value
resistors to reduce current loading to the voltage multiplier. In this .
way, . p- channel devices M/ M/ M3/ M4/ M6 are small as conpared to the

| arge area tyisér046uél d be needed to realize |arge val URcrRBIeHLRES
on-chip. In this Figure, n-channel devi ces MPD2 and MB are used for
power down purposes. . In normal operatl’®on (PD |ow), n-channel device
MPD2 and MB will be off. This will hold P-channel device M on,
activating the sinulated resistor divider to feed back one fifth of the
regul ated voltage VCCM to the negative I nput .of the operational

amplifier. On pauwenedown wmeehannePldeydeses Myms aramltodeﬁepes MPD2 and

MB will be /.05
PCT/ US96/ 12238 VCCM XRSQJ t% @8@ during power dc:wn]:5 This holdf tned on.

n- Channel devi cPeORFH TR igput sedthe grexptionalemplifine Flohigly ARd ng power
down. This hol dm—t:hennel dwgamumz aihgt on thl lophe ardlegle anphodd er |1

hi gh, and e : lﬁk’h? t gg.0n node
VCCMR to ground turm n }(#18 NIE r%ebggvl?c%e Eg. 8&’ éadtggogcl e the out put
VCCM and the reSESPBPLS] ed@PtP‘l“brﬁCCM a’t"ﬂet%lrte&@étﬂﬂlqll‘ﬁ-ﬂFEr rom

Thus the regul athe voltrge WACMipEieregul at ed preci sely by the negative

f eedback action of the: ~ operational anplifier at 5 tinmes the reference

vol t age VREF, whirglis ithetlra eedmt?ne e 180KEGEL A age O each
of the p-channel _devi

I cur flowi ng there
t hrough at the P§§ﬁf‘%ﬁ dWoItP'% %ega eAEe %t?iacg(e §'éé?f‘f?{)%?‘?he Fi gure,
n-channel devi ceperBtinml aﬂ@&i%l%talﬁvé rimess they referencec Nahrade devi ce MB
is to precharge, tWiticiitigual 8ot imed! €he HatkeosMiFce a@dtage of channel

device I 15 10gSePoY Sl WLHL, OncickHEESE fra s IR HR 0L CC on

startup until t e char ge
current flowzng there through at the regulated voltage.

As can be seen from the Figure, nfchannel devices M6, M8
are native n-MOS devices. n-channel device M8 is to
precharge the output node VCCM close to VCC, and n-
channel device M7 is to keep'VCCM within one threshold
voltage of VCC on startup until the charge pump output
VCCMP is high enough.

There has been described herein a fully
differential output CMOS power amplifier that uses small
output transistors for driving a low impedance load such
as an 8 ohm speaker'at low power supply voltages such as
2.5 volts by utilizing a stepped up voltage for a folded
cascode differential input with native n-MOS devices,

. for the level shift/gain stage, for the common. feedback
network, and for the bias generator. The fully
differential output CMOS power amplifier has a folded

' cascode differential input stage that uses native n-MOS
for near rail-to-rail common mode input range, an output
stage that uses native n-MOS devices in a- source
follower configuration for high swing efficiency, and a
local feedback mechanism for reducing crossover
distortion for the n-MOS output stage. A voltage



There has been described herein a ful Iy differential out put CMOS power

anplifier that uses snmall output transistors for driving a | ow

i npedance | oad such as an 8 ohm speaker at | ow power supply voltages
such as 2.5 volts by utilizing a stepped up voltage for a fol ded
cascode differeMNO®OSMGput with native n-MOS devices, - for PCHUS649238
shift/gain stage, for the common feedback _,gnetwork, and for the bias
generator. The fully" differential output CMOS power anplifier has a
fol ded -cascade differential input stage that uses native n-MOS for
near rail-to-rail common node input range, an out put stage that uses

native n- MOS devices i soyrce .. follower configyration for high swng
efficiency, and a reg'ﬂlnjc?c r F'éeeﬁ%%’tgq‘?eéﬁﬁ\rlﬁ%?nsft@pggd%ivﬁ té?ﬁsg?%er
distortion for the nséfdSremt pittie agereAtveithoe requiring\Dagge(E6RE

PCT/ US96/ 12238 resistors by utilizing diode cohfected %fndéeﬁﬂéﬁéigtdfﬁ
provi ded for the st ittle current

epped up voltage, {hat u er
without requiring | 3&9‘% r\ﬁ:ﬁnﬁféc’r g’g‘f’éiﬁrst orge b@/’i@iﬁfﬁlﬁﬁ %Egg’é Tfect ed
p-MOS transistors inchudes cdsteitry dhatdeccuriitely- 88 dde ddleutpmentt age
Sour oo fol | over nat Py SELELng. € daited follfoudt RaBivEoR Hos tobloits the it
driver n-MOS to be ﬁmt"%agﬁh‘éfs@ﬁe°§§P?%edrdr"ffnnv‘84’§r 5’8’eb8f ai[nf“ erence
n- MOS devi ce. Hoheeamenais| tha quadine vodthragrieddirneafexsncehs-MOS present
invention have beenggyfi&d OSeRwaisr AR8Qk Befreferrear Bhbodinenti bE #ig ObVi ous

be made. - ther el nPRPILCIIEREI IR MOVR, BREE i HEIRRe Al HBER L 7' e
i nventi on. herein, it will be obvious to those skilled in the art :
that various changes in form and detail may be made
therein without departing from the spirit and scope of
the invention. | |



WD 97/ 05696 PCT/ US96/ 12238

-17- What is clainmed is: 1. Adifferentia

out put CMOS power anplifier for | ow vol tage operation conpri sing:

a folded cascade differential input stage having native n- MOS devi ces

formng the ntial input; a level shift a age
coupled to vﬂ“ﬁg&ﬁdlfferentlal I nput stage; ngﬁgkaz%é

out put stages coupled to the |evel shift and gain stage each pomer

out put stage having an output termnal form ng one of the differenti al
out put s of the CMOS power anplifier; a bias generator for
providing bias currents to the fol ded cascode differential input stage,
the level shift . and gain stage, and the pair of power output stages;

the pair of power outhut ist ayg£smdtpMdisRg | nput pomer termnals for
coupling to a | ow vol tage power supply; the bias generator, the

f d! ded cascode differenti al i nput stage and the |level shift and gain

st age havi ng. termnals for coupllng to-a voltage substantially higher

t han the Iom1vo|tage po out put

CMOS power anplifiert: “9%F3§?§$$h§gakhgpgg$s QME%pB?We%) Bﬁgere ut st ages

each have alquusxagelgnexﬁnmmycpemngsxmgsource follomer

a folded cascode differential input stage having
native n-MOS devices forming the differential inmput;

a level shift and gain stage coupled to the
differential input stage;

a pair of power output stages coupled to the level
shift and gain stage, each power output stage having an
output terminal formlng one of the dlfferentlal outputs
of the CMOS power amplifier;

a bias generator for providing bias currents to the
folded cascode differential input stage, the level shift
and gain stage, and the pair of power output stages;

the pair of power output stages having input power
terminals for coupling to a low voltage power supply:

the bias generator, the folded casceode differential
‘input stage and the level shift and gain stage having
. terminals for coupling to a voltage substantially higher
‘than the low voltage power supply.

2. The differential output CMOS power amplifier
of claim 1 wherein the pair of power output stages each
have a n-MOS device connected as a source follower.
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- 18- 3. .The differential output CMOS power anplifier of
claim2 wherein the pair of power, output stages each have | oca

f eedback for réducing crossover distortion. 4, The
differential outY970ME power anplifier of clai m1 wher ei PCHVRPAEIY of
power output stages each have as an out pujg.driver a native n-M3XS device
connect ed as a source follower to provide a high output voltage

swing effictency. 5. The differential output CMOS power
anplifier of claim4 wherei-n the pair of power output stages each

have a reference source foll ower | ve ns evic coupled. to set the
idl e current for the output s 6eé%%ﬁerent;%#{%ﬁ%?uph§MQﬁEﬂqwego B the
output driver to  ofaspedni Auwhineinqbhe paie dfapowen|duiget ostades eefbrence
source fol | ower natipgren-1ER] dfaddtack for reducingSerossBverdaid@ir@iional

out put CMOS power anplifier of claim1 further conprised of a commn
node vol t age f eedback circuit coupled to the output termnals for
feeding the common node out put voltage back to the differential input

st age. 7. The differential oufput CIVL'Ié wer anplifier of
claim 6 wherein the commin m)h%e\fiﬁ @Fé%ﬁtﬁ.&ﬁ?“t @?l’pﬁﬂ’ﬁf%i’(ﬁ“
coupling to a volt agef slbdmahtvwherdein the lpajherft bewex loutboty stagesgeagbwer -
supply. have as an output driver a native n-MOS device connected

as a source follower to provide a high output voltage
swing efficiency. '

5. The differential output CMOS power amplifier
of claim 4 wherein the pair of power output stages each
have a reference source follower native n-MOS device
coupled to set the idle currént for the output stage by
forcing the drain voltage of the output driver to
approximately equal the drain voltage of the reference
source follower native n-MOS device.

6. The differential output CMOS power amplifier
of claim 1 further comprised of a common mode voltage
feedback circuit. coupled to the output terminals for
feeding the common mode output voltage back to the
differential input stage.

v 7. The differential output CMOS power amplifier
of claim 6 wherein the common mode voltage feedback
circuit is for coupiing to a voltage substantially
higher than the low voltage power supply.
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-19- 8. The differential output CMOS power anplifier of
-any one of clainms 1, 6 or 7 further conprised of a voltage nultiplier .
for coupling to a | ow vol tage power supply and for providing the
vol t age subgbanbisas | Y hi gher than the | ow vol tage powqﬁmgﬂ%§%@

9. The differential output CMOS power anplifier of claim urther
conprised of a voltage regul ator cotif-ed to the voltage nultiplier to
regul ate the vol tage substantially higher than the | ow voltage power
supply irrespective of variationsin the output voltage of the voltage
mul tiplier. 10. The differential output CMOS power anplifier

of claim9 wherein #he vhe adjef fetgnt b4 Droutpapr (ES power amplifiexpl urality

of diode Conne%ﬁ-Qn?T%éP‘élﬁ?cﬁé 1, é%@”?chﬁdcﬂg%, ?%ﬁssied of a a-first
poyer supply connection connected 10 one, end_of the series connected

p- MOS devi ces; voltage multinldey £o% COURLing % Mhaeyi ¥oltasBeEveRt o t he
second end of tdwpplegrard fonpeotrbdingy MBS deltayes substantiallya second power

supply connect ifiigher than the Qo&régﬁﬂéﬁgoboﬁé§”§€?g19?t“een the second power
supply connection and the output connection; and, an anplifier

coupled to the transistor for . controlling the current flow fromthe
second power supply connection through the transistor responsive to

the difference betm%en t he %8Itage across one on the :
: . The differential output CMOS power amplifier

of claim 8 further comprised of a voltage regulator
coupled to the voltage multiplier to regulaté the
voltage substantially higher than the low voltage power
supply irrespective of variations. in the output voltage
of the voltage multiplier.

10. The differentiai'output CMOS power amplifier
of claim 9 wherein the voltage regulator comprises:

a élurality of diode connected p-MOS devices
connected in series;

a first power supply connection connected to one
end of the series connected p-MOS devices;

‘a regulator output connection connected to the
second end of the series connected p-~MOS devices;

a second power supply connection;

a transistor coupled between the second power
» Supply connection and the output connection; and,

. an amplifier coupled to the transistor for
controlling the current flow from the second power
supply connection through the transistor responsive to
the difference between the voltage across one on the
series connected p-MOS devices and a reference voltage.



series connected p-MOS devices and a reference voltage. WO

97/ 05696 ' PCT/ US96/ 12238

- 20- 11. A differential output CMOS power anplifier

conpri si ng: a folded cascode differential input stage with
native n- MOS deWP@®856%r ni ng the differential input; and, PCT/US96/12238
pai r of power output stages coupled to the fg ded cascode differenti a

i nput stage, each power out put. stage having an output term nal formng
one of the- differential outputs of the CMOS power anplifier, the

out put stages each having a native n-MOS device connected as a source
follower to provide a high output vol tage swi ng efficiency.

12. The differential output CMOS power anplifier of claim 11 wherein
the pair of power output stages are Cfor couplingAto a | ow vo] ttage power
supply, and the di f fdrenti @i LfeRaRtial gcRuE CHPS RANRY ARPLHELEEY ol t age
substantial |y hi ghedonigrasihfie | ow vol t age power supply. 13. A
differential output CMOS power anplifier ‘conpri si ng: a fol ded

cascode differential inpute $hage JAWdROal rreRichNe DS sUaye GRias the
I nput devices for near, rail- . ) , ' . . .
native n-MOS devices forming the differential input:;

and,

a pair of power output stages coupled to the folded
cascode differential input stage, each power output
stage héving an output terminal forming one of the
differential outputs of the CMOS power amplifier, the
output stages each having a native n-MOS device
connected as a source follower to provide a high output
voltage swing efficiency.

12. The differential output CMOS power amplifier
of claim 11 wherein the pair of power output stages are
for coupling to a low voltage power supply, and the
differential input stage is for coupling to a voltage
substantially higher than the low voltage power_supply.

'13. A differential output CMOS power amplifier
. comprising: :

a folded cascode differential input stage having
native n-MOS devices as the input devices for near rail-
' to-rail common mode input range;

a level shift and gain stage coupled to the
differential inpu; stage: and,

a pair of power output stages coupled to the
differential input stage, each powef output stage having



to-rail common node input range; a level shift and gain stage
coupled to the differential input stage; and, a pair of

power output stages coupled to the differential input stage, each power.
out put stage having WO 97/ 05696

PCT/ US96/ 12238, - 21- 'r@"’i' S |
t er m nal forn1n8ﬂgﬂe of the differential out puts of theé power

anplifier. 14. The differentk®d output CMOS power anplifier
of claim 13 wherein the differential input stage is a f ol ded cascode
differential input stage with native n- MOS devices formng the
differential input. 15. The differential output CMOS power

anplifier Ohn bRt €bAmihall3 FOkmihdidhel WK @il feben®ady of power
out put stages agu%guq,{ %9“8&&'}94&508&%9 ampcil tfil?'g power supply, and the

differential inp ageé rs a vol tage substantially
hlgher than the | ow vol tage power supply '16. A voltage
regul at or conpri si ng: a plurality of di ode connect ed p- MOS

devi ces connected in series; a first power supply connection
connected to one léend The dh@ﬁqnaanQICQunng§t§u0§ psSrdempLitier

of claim 13 wherein the differential input stage is a
folded cascode differential input stage with native n-
MOS devices forming the differential input.

15. The differential output CMOS power amplifier
of either claim 13 or claim 14 wherein the pair of power
output stages are for coupling to a low voltage power
sﬁpply, and the differential input stage is-for'coupling
to a voltage substantlally higher than the low voltage
power supply.

16; A voltage regulator comprising:

a plurality of diode édnnected p-MDS devices
connected in series;

- a first power supply connection connected to one
end of the series connected p-MOS devices;

a regulator output connection connected to the
"second end of the series connected p-MOS devices;

a second power supply connectién:

'a transistor coupled between the second power
supply connection and the oﬁtput connection; and,

an amplifier coupled to the transistor for
controlling the current'flow from the second power
supply connection through the transistor responsive to



& regul ator output connection connected to the second end of the series

connected p- MOS devi ces; a second power supply connection;

a transi stor coupl ed between the second power supply connection and the
out put connection; and, an anplifier coupled to the transistor
for control Iweg7/456# current flow fromthe second power

connection through the transistor responsive_jQ WO 97/ 05696

PCT/ US96/ 12238 L : -22- the difference
bet ween t he. vol t age across one on the series connected p-MOS devi ces

and a reference voltage. . WO 97/ 05696

PCT/ US96/ 12238 . : _ 1%3 - o e on the
AVENDED CLAI M5 [ r e FiFEBYeReR RETMWERPR D YR CRER ARFOS5R 22 Rt diber 1996
(12.12.96): or i sprrizs cbanested PEMOSpletiaeshand e reference Molrage. (4
pages) ] : : _



1. A differential output CMOS power anplifier for | ow vol t age

operation conpri sing: a folded cascode differential input stage
havi ng native n-MOS devices formng the differential input; a -«
| evel shift and gain stage coupled to the differential input stage;

a pair of ppyesesssé put stages coupled to the |evel shigdraighas N St age,
each power output stage having an output termnal form ng one of the
differential outputs of the CMOS p ~anplifier; a bias
generator for providing bias currents to the f ol ded cascode

differential input stage, the Ievelrgm and gain stage, and the palr
BHPéa'i:

O POV U PeHecEASY the Internatis i 12 DeBEnbRH! 1006 Regsiavi ng

i nput power SRR $inrfsOT- 160D ackd by amerided’ cl@ins2 G120 (avpages)Ppl v
t'he bi as generator, the folded cascode differ enti al i nput stage and the

| evel shift and gain stage having term nal s f'or coupling to a voltage
substanti ally higher than the | ow vol tage power supply. . 2.
The differential output CMOS power anplifier of claim1l wherein the

pai r of power outpui.stagedfeastntial Ravpud AMOF DoREY AR isEnaectsd as a

I?’CC)'LII'; fjgggfhlzg\é\gaow voltage ovgrggfo%5%%§mprlslng. o4 - 3 ' The

di fferential output povver anplifier of claim2 wherein the pair of
power output st ages*"e%{‘b]ﬁ'1 cagerie | HELrrentiada drry rstag8uBRY RS r ossover

dlstortlon native n-MOS devices forming the differential input;

a level shift and gain stage coupled to the
dlfferentlal input stage;

a pair of power output stages coupled to the level
shift and gain stage, each power output stage having an
output terminal forming one of the differential outputs
of the CMOS power amplifier; '

a bias generator for providing bias currents to the
folded cascode differential input stage, the level shift
and gain stage, and the pair of power output stages;

the pair of power output stages having input power
terminals for coupling to a low voltage power supply;

the bias generator, the folded cascode differential
input stage and the level shift and gain stage having
terminals for coupling to a voltage substant:.ally higher
than the low voltage power supply.

v 2. The differential output CMOS power amplifier
of claim 1 wherein the pair of power output stages each
have a n-MOS device comnected as a source follower.

| e AVENDED SHEET (ARTICLE 19
mmmn



4, The differential output CMOS power anplifier of claim1l wherein

the pair of power output stages each have as an output. driver a native
n- MOS devi ce connected " as a source follower to provide a high output
vol t age swi ng efficiency. 5. The differential output CMOS
power anplifier wo9rsé96cl ai m 4 wherein the pair of power outp&FCTASHEB8ach
have a reference source follower native n-Mag device coupled to set the
idle current for the output stage by forcing the drain voltage of the
out put driver to approximately equal the drain voltage of the reference
source follower native n-MOS device. 6. The differentia

CMOS lif |_m. '
mode vol tage - feedback ci Aol B it AR, BT ooy BeETO

feedi ng the common ebdeladm guvhexstimgghehpRic (oF PRWer outyufts §FaFRT f2 nput

stage. Have 1Wcdilf Eesdiidkalfod U ediiciOErpsswreradhbt éxteion.
conpri si ng: a folded cascode differential input stage with
native n-MOXS devices formng the differential input; . and,

- 25 - a pair of power output stages coupled to the fol ded cascode

differential input stagg, e%%g 9¥f£réﬂ€igﬂto&ééﬁ¥3cﬁﬁ§i£5hé¥1aﬂﬂiff{er

term nal form ng one )
of claim 1 wherein the pair of power output stages each

have as an output driver a native n-MOS device connected
as a source follower to provide a high ocutput voltage
swing efficiency.

5. The differential output CMOS power amplifier
of claim 4 wherein the pair of power output stages each
have a reference source follower native n-MOS device
coupled to set the idle current for the output stage by
forcing the drain voltage of the output driver to
approximately equal the drain voltage of the reference
source follower native n-MOS device. '

6. The differential output CMOS power amplifier
of claim 1 further comprised of a common mode voltage
feedback circuit coupled to the output terminals for
feeding the common mode output voltage back to the
differential input stage.

v 7. A differential output CMOS power amplifier
comprising:

a folded cascode differential input stage with
native n-MOS devices forming the differential input;
and,
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I er, the output stages ‘

of the differential outputs of ]
jiirce follower to provide

each having a native n-MOXS devi + , ,
a high output voltage swing eff ifferential output CMOS .
power anplifier conprising: —ee——easeoasd di fferential i nput
stage havi ng.Ratdeye N- MOS devi ces as the |nput devi ces f%fﬁlﬁ?ﬁnm
rail-to-rail common node input range; ‘a level shift and 'gain stage
coupled to the differential input stage2Sand a pair of power output
stages coupled to the differential input stage, each power output stage
having an output terminal form ng one of the differential outputs of the

CMOS power anplifier. 9. The differential output CMOS power anplifier
of claim8 wherein ahpaixlidff wa‘riaht;iuuputagésagmub&eaw@laﬂxecasms@
differential i A9Er { Iy ch have a
native n- MOS d%\%lg%ga%onne% tgélia@ut BEds #""2%’3?’3‘3 orm ng the

differential ifMy@gge having anTﬁEtHi‘? f‘@r@h{‘iﬁ%lf‘?ﬂ&lﬂgwm §8®er anplifier of
cl ai m 9 wher ei dififeremzial cutpoverohH thpuCMos apwercanblifies, athati ve n- MOS

gg; 5293?22335 SRkepit Aoty 8chObAAMY a native n-MBs9d4ARR6
connected as a source follower to prov1de a high output
voltage swing efficiency. '

8. A differential output CMOS power amplifier
comprising:

a folded cascode differential input stage having
native n-MOS devices as the input devices for near rail-
to-rail common mode input range:

a level shift and gain stage coupled to the
differential 1nput stage, and,

a pair of power cutput stages coupled to the
differential input stage, each power output stage having
an output terminal forming one of the differential
outputs of the CMOS power amplifier.

_ 9. The differential output CMOS power amplifier'
of claim 8 wherein the differential input stage is a

folded cascode differential input stage with native n-
MOS devices forming the differential input. '

. 10. The differential output CMOS power amplifier
of claim 9 where;m the pair of power output stages each
have a natlve n-MOS device connected as a source
follower.
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- 26 - 11. A voltage regulator for receiving a voltage

i nput and providing a regulated vol tage output conpri si ng: a
plurality of transistors connected in series, the first of the series of
transi stors bei /09%? coupl ed when active, the rest of tgﬁ ﬁEani;sOf
transistors belﬂg) ode coupl ed, the series of transistors having a

first end thereof coupled to a circuit g@bund and a second end

t her eof* coupled to the regul ator output; a differential anplifier
havi ng an anplifier output, a first input coupled to the connection

bet ween two of the series of diode connected transistors, and a

second i nput coupled to a reference vol tage; and, a regulatlng
transistor coupled between the voltage i nput and the first end of the
series of diode connectq t A0 re fgga fier
output to provi de a cgrrent §¥F%9% %éﬁﬁe séf?gg o#ééﬁkﬁﬁé %gﬁ%ect§%
transistors to nmi A% R Qﬁﬂﬁ%ﬁ@égb%t¥ﬁ994aFﬁ YPAFRge Cutpie ¢ he '
differential anplifdmprisbagantially equal . 12. The vol tage
regul ator of claim11l wherein the transistors are MOS transi stors, each
having a source, a- g3l piuddfhitd HtatPansistors connected in series, the

first of the series of transistors being diode coupled
when active, the rest of the series of transistors being
diode coupled, the series of transistors having a first
end thefeof coupled to a circuit ground and a second end
thereof coupled to the regulator output:;

a differential amplifier having an amplifier
output, a firét input coupled to the connection between
two of the series of diode connected transistors, and a
second input coupled to a reference voltage; and,

a regulating transistor coupled between the voltage
input and the first end of the series of diode connected
transistors and controlled by the amplifier output to
provide a current through the series of diode connected
transistors to maintain the voltage between the inputs
of the differential'amplifier substantially equal.

12. The voltage regulator of claim 11 wherein the
transistors are MOS transistors, each having a source, a
gate, and a drain. '

L
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