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Background of the Invention

1.
15

Field of the Invention

The present invention relates generally to amplifiers and more
specifically to output stages of operational amplifiers.
2 Description of the Related Art
20

Generally, an operational amplifier (op amp) is used in many

o applications which include, but are not limited to, radiotelephones. In
fact, current radiotelephones include multiple op amps for increasing
! signal power in both the receiver and the transmitter. Such op amps
are typically mounted, along with other circuitry, on a substrate of an
integrated circuit (IC). As radiotelephones become smaller and more
portable, there is a growing need for the op amps to operate effectively
at low power supply voltages.

Op amps consist of an input stage, an intermediate stage, and an
output stage. When the op amp is mounted on an IC at a signal output
thereof; it is necessary for the output stage of the op amp to provide a

30

low impedance output. The low impedance output prevents the
remainder of the circuit mounted on the IC from becoming unstable
from large amounts of capacitance provided by other directly coupled



FIG 2 is an illustration in graph formof a known voltage transfer
“characteristic 200 of the buffer 100 of FIG 1. In response to the input
voltage 105, the first and second buffering devices 108, 110 20 alternate .
operation to provide the output signal. As the input voltage 105 exceeds
+VBB/ 2, as designated by portion 202 of thg transfer characteristic 200,
the output current 117 is primarily sourceg'to the output 116 of FIG 1 by
the first buffering device 108. As the input voltage 105 falls bel ow

+VBB/ 2, as desi 0

200, the out putﬁgﬁ’fgﬁ@él IS &}tlgrrg%l f/ﬁl}sﬁ%ﬁ%;‘fmtah tpﬁe%{’ﬁf@by t he
second bufferi ngutlmtlat%gﬁlmclftdmgihoﬂ withy the capp.b lt}’a@lf swinging mailitoum

vol tage range 208 IRehifRhiGHBMPULMDeHaRES 208 is defined by the
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bi pol ar j unct i owoltagesaib(-6YBB) 102 and a second supply voltage rail 104. The buffer
100 includes an input 106 for receiving an input voltage 105. The input
106 is coupled to first and second buffering devices 108, 110 via
10 respective first and second biasing devices 112, 114. In response to the
input voltage 105, the first and second buffering devices 108, 110
provide an output voltage 115 and an output current 117, collectively
an output signal, at an output 116 coupled thereto. The output signal is
capable of driving a load, such as another IC, (not shown) that is
15 coupled to the output 116 and éimilarly powered by the first and second
supply voltage rails 102, 104.
FIG. 2 is an illustration in graph form of a known voltage
transfer characteristic 200 of the buffer 100 of FIG. 1. In response to the
input voltage 105, the first and second buffering devices 108, 110
20 alternate operation to provide the output signal. As the input voltage
105 exceeds +VBB/2, as designated by portion 202 of the transfer
characteristic 200, the output current 117 is primarily sourced to the
output 116 of FIG. 1 by the first buffering device 108. As the input
voltage 105 falls below +VBB/2, as designated by portion 204 of the
25 transfer characteristic 200, the output current 117 is primarily sunk
from to the output 116 by the second buffering device 110. The first and
second biasing devices 112, 114 ensure that the first and second
buffering devices 108, 110, respectively, remain on to prevent crossover
distortion as the input voltage 105 approximately equals, or passes
30 through, +VBB/2, as designated by point 206 on the transfer
characteristic 200.
Due to base-emitter junction electrical limitations of the bipolar
junction transistors comprising the first and second biasing devices 108,
110, the buffer 100 is unable to provide the output signal and drive the



Therefrore, the buffer 100 is effectively limited to operation in a buffer

" voPtage range 210 defined by the difference in the first supply voltage 10
rail 102 less a diode drop and the second supply voltage rail 104 |ess

anot her di ode drop. Assuming that the diode drop is approximtely 0.8V, the
buffer voltage range 210 extends from approximately 0.8V to approxi mately
+VBB- 0. 8V as depicted in FIG 2. In |ow power applications, the |oss of
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Therefore, the buffer 100 is effectively limited to operation in a buffer

voltage range 210 defined by the difference in the first supply voltage
10  rail 102 less a diode drop and the second supply voltage rail 104 less
another diode drop. Assuming that the diode drop is approximately
0.8V, the buffer voltage range 210 extends from approximately 0.8V to
approximately +VBB-0.8V as depicted in FIG. 2.
In low power applications, the loss of operating range, or lack of
15 ability to swing rail-to-rail, due to the two diode drops creates a
substantial limitation. For example, if the first supply voltage rail 102
is 3V and the second supply voltage rail 104 is 0V as shown, the
maximum voltage range 208 becomes 3V and the buffer voltage range
210 becomes approximately 1.4V. In such a scenario, the buffer 100
20 would be incapable of providing the output signal and driving the load
for more than half (approximately 1.6V) of the 3V maximum voltage
range 208.
Therefore, what is needed is an output stage for an op amp
having rail-to-rail swing capability so as to be suitable for use in a low
25 voltage application and having a low output impedance so as to be
suitable for mounting at the output of an IC.

Brief Description of the Drawings
30
FIG. 1 is an illustration in schematic form of a known output
stage of an operational amplifier;
FIG. 2 is an illustration in graph form of a known voltage
transfer characteristic of the output stage of FIG. 1;



FIG *is an illustration in schematic formof a known out put stage of an
~operational amplifier; FIG 2 is an illustration in graph formof a known
vol tage transfer characteristic of the output stage of FIG 1; = -4- FIG
3is an illustration in block diagramformof a radi o frequency

communi cati ons system enpl oying a radi ot ell_ﬁphone; FIG 4 is an illustration
in block diagramform with limted detai of a synthesizer of the

radi ot el ephone of FIG 3, the synthesizer 5 enploying an operational

anplifier; FIG 5 i ﬁslaq‘sﬂﬁﬁﬁﬁﬁgnﬁ‘ﬁ%ﬂ{?égﬂﬁ f angRuUt put stage

of the operational a ifrer o S an ustra lon in graph
formof a vol tafgeqwrmysmnnmacmm $5§tem gnplaying @& pdiotalephonst FIG 5; 10
FIG 7 is an |IIust rﬁ'(;qp | dh fplro@kqflggﬁrﬁlféﬁﬁnmm Bilifedt stage of
t he operatlonal |er ﬁifleIG stration in flow
chart form of ad §Tﬁ§ ﬁfﬁbeé iofR) h‘?Rﬂ?fagﬁ:‘ esynthes1zer

5 employmg an operational amplifier;

FIG. 5 is an illustration in schematic form of an output stage of
the operational amplifier of FIG. 4;

FIG. 6 is an illustration in graph form of a voltage transfer
characteristic of the output stage of FIG. 5;

10 FIG. 7 is an illustration in schematic form of an alternate output

stage of the operational amplifier of FIG. 4; and

FIG. 8 is an illustration in flow chart form of a method of
amplifying an input voltage.

15
Detailed Description of the Preferred Embodiments

An output stage for an operational amplifier powered by a first
supply voltage rail and a second supply voltage rail includes a buffer
20 and a current booster for amplifying an input voltage into a low
impedance output signal. The buffer amplifies the input voltage into
the amplified output signal when the input voltage is within a buffer
voltage range, the buffer voltage range contained within a maximum
voltage range defined by a voltage difference between the first supply
25 voltage rail and the second supply voltage rail. The current booster
assists the buffer in amplifying the input voltage into the amplified
output signal when the input voltage is outside of the buffer voltage
range but within the maximum voltage range.
FIG. 3 is an illustration in block diagram form of a radio
30 frequency communications system 300 wherein a transceiver 302 and a
radiotelephone 304 communicate via radio frequency (RF) signals 306.
The transceiver 302 is a fixed site transceiver serving a radio coverage
area populated by radiotelephones, such as radiotelephone 304. The
radiotelephone 304 includes an antenna 308, a receiver 310, a



15 Detrai l ed Description of the Preferred Enbodi nents An output stage for an
opérational anplifier powered by a first supply voltage rail and a second
supply voltage rail includes a buffer 20 and a current booster for
anplifying an input voltage into a | ow i npedance out put signal. The buffer
anplifies the input voltage into the anplified output signal when the input
voltage is within a buffer voltage range, YThe buffer voltage range
contained within a naxinun1vo|tage range defined by a voltage difference
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of the buffer vabiﬁasbream&rylazowm ﬂi'aﬁéé@nfé%&_()ﬂfﬁn%ﬁhi@ﬂ? signe30d! G 3 is
an illustration,in gﬁﬂ'aé di a ramfogm Ofl?g q&@dlt% 30 di freg enc?\(5
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B T
i ncl udes an ant mwexcﬁiﬂ aTh%MeW@r H00omixes the electrical RF receive signals
309 with a local oscillator frequency to generate intermediate frequency
(IF) receive signals 311. The receiver 310 couples the IF receive signals
10 311 to the synthesizer 314. The synthesizer 314 provides additional
mixing frequencies for converting the IF receive signals 311 into
baseband (BB) receive signals 315. The synthesizer 314 adjusts and
maintains the BB receive signals 315 at a desired amplitude for use by
the controller 316. The controller 316 processes BB receive signals 315
15 into data receive signals 317. The data receive signals are coupled to
the user interface 318 and output to the user as audible speech via a
speaker (not shown) and as operational information via a visual
display device (not shown).
Speech input by the user via a microphone (not shown) of the
20 user interface 318 is transduced and coupled to the controller 316 as
data transmit signals 319. The controller 316 converts the data transmit
signals 319 into BB transmit signals 321. The BB transmit signals 321
are coupled to the synthesizer 314. The synthesizer converts the BB
transmit signals 321 into IF transmit signals 323. The IF transmit
25 signals 323 are coupled to the transmitter 312, which mixes the IF
transmit signals 323 with a local oscillator frequency to convert the IF
transmit signals 323 into electrical RF transmit signals 325. The
electrical RF transmit signals 325 are further transduced by the antenna
308 and transmitted to the transceiver 302 as RF signals 306.
30 FIG. 4 is an illustration in block diagram form of the synthesizer
314 of the radiotelephone 304. The synthesizer 314 includes a
downconverter 401, a voltage controlled oscillator (VCO) 402, an op
amp 403, and an upconverter 404. The IF receive signals 311 generated
by the receiver 310 of FIG. 3 are coupled to the downconverter 401. The



-5- transmitter 312, a synthesizer 314, a controller 316, and a user
“interface 318. The radiotel ephone 304 operates via power provided by a

det achabl e battery 320. The transceiver 302 transmts RF signals 306 into
its radio coverage area popul ated by the radiotel ephone 304. The 5

. antenna 308 transduces the RF signals 3064}“0 el ectrical RF receive
‘'signals 309 and couples the electrical eceive signals 309 to the

recei ver 310. The receiver 310 m xes the electrical RF receive signals 309

wth a I ocal &%eé%rwremeg&og@%q;gaa&g&ge U IdIRgliah &of pRateEncy (1F)

receive signals e fecei receive S|gnals 10
311 to the syntieceivesigmis 31Ty m;mngéhe regive plg@anHéWdhlmp ase ni xi ng

frequenci es foraxfcpgusafatﬁﬁh EapbRent8 S &/ BB 41208 .ﬁﬁﬁ@&ﬂ&{% ( BB)
receive signals,31 The sy §S| z %&28# rral nt BB
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operational i nfap eep 408 adjusts ﬂueaubérnmbcﬁpﬂea&B deceuwsignals 48cary deﬁp&bch
I nput by the usghy,khiPafd SRPAR he(iRrmt&A4R BB reldife signals 408 to the
controller 316 of FIG. 3 as BB receive signals 315. The op amp 403
10  includes an input stage 414, an intermediate stage 416, and an output
stage 418.
The BB transmit signals 321 generated by the controller 316 of

FIG. 3 are coupled to the upconverter 404. The upconverter 404 mixes
the transmit BB signals with inphase and quadrature components of an
15 IF frequency signal 420 generated by the VCO 402. The mixed inphase
and quadrature IF signals are combined and output from the
upconverter 404 as IF transmit signals 323. The IF transmit signals 323
are further coupled to the transmitter 312 of FIG. 3.
In the preferred embodiment, the components of the synthesizer
20 314 shown in FIG. 4 are integrated and bonded to a suitable substrate
430, such as a ceramic substrate. The substrate 430 is mounted into an
IC package (not shown). The IC package provides pinouts for
connecting components of the synthesizer 314, such as the output stage
418 of the op amp 403, to external components, such as the controller
25 316 of FIG. 3 which may consist of one or more IC packages. When
coupling the BB receive signal 315 from an output of the IC package of
the synthesizer 314 directly to an input of the IC package of the
controller 316, the BB receive signal 315 encounters a large amount of
capacitance from the input of the IC package of the controller 316. In
30 order to prevent the synthesizer 314 from becoming unstable from this
high capacitance, it is necessary for the output stage 418 to provide a
low impedance output.
FIG. 5 is an illustration in schematic form of the output stage 418
of the op amp 403 of FIG. 4. In the preferred embodiment, the output



20 wuSer interface 318 is transduced and coupled to the controller 316 as
"data transmt signals 319. The controller 316 converts the data transmt
siignals 319 into BB transnit signals 321. The BB transnmit signals 321 are
coupled to the synthesizer 314. The synthesi zer converts the BB transmt
signals 321 into IF transmt signals 323. Jhe IF transmt 25 signals 323
are coupled to the transmtter 312, which ™ xes the IF transmt signals 323
with a local oscillator frequency to convert the IF transmt signals 323
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311 -wi t h i nphasweoltage rails wherein the first supply voltage rail 102 remains +VBB
and the second supply voltage rail 104 is designated, for example, -VBB.
The buffer 100 is coupled between the input 106 and the output
10 116 of the output stage 418 and includes the first and second buffering
devices 108, 110 and the first and second biasing devices 112, 114
generally described with respect to FIG. 1. More specifically, the first
buffering device 108 includes npn transistor 501 having a base, a
collector coupled to the first supply voltage rail 102, and an emitter
15 coupled to the output 116. The first buffering device 108 is biased to a
diode drop above the input voltage 105 by the first biasing device 112.
The first biasing device 112 includes pnp transistor 502 having a base
coupled to the input 106, a collector coupled to the second supply
voltage rail 104, and an emitter coupled to the base of npn transistor
20 501 of the first buffering device 108, a first current source 503, and the
first supply voltage rail 102. In the preferred embodiment, the first
current source 503 could be implemented by a PMOS transistor.
The second buffering device 110 includes pnp transistor 504
having a base, a collector coupled to the second supply voltage rail 104,
25 and an emitter coupled to both the output 116 and the emitter of npn
transistor 501 of the first buffering device 108. The second buffering
device 110 is biased to a diode drop below the input voltage 105 by the
second biasing device 114. The second biasing device 114 includes npn
transistor 505 having a base coupled to the input 106, a collector
30 coupled to the first supply voltage rail 102, and an emitter coupled to
the base of pnp transistor 504 of the second buffering device 110, a
second current source 506, and the second supply voltage rail 104. In
the preferred embodiment, the second current source 506 could be
implemented by a NMOS transistor.



and qbadrature conponents of a BB frequency signal 406 input to the

" dotwnconverter 401 fromthe VCO 402. The resulting inphase and 5 quadrature
receive signals are filtered by the downconverter 401 and coupled to the op
anp 403 as internedi ate BB receive signals 408. The op anp 403 adjusts the
~internedi ate BB receive signals 408 to a dgesired anplitude and outputs the
i nternmedi ate BB receive signals 408 to the®controller 316 of FIG 3 as BB
receive signals 315. The op anp 403 10 includes an input stage 414, an
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conponents o voltage 105 is outside o% ‘the bufer vo tage gfin{gelggo ofaIgIG 2 (when
10 the input voltage 105 comes within approximately 0.8V of either the
first supply voltage rail 102 or the second supply voltage rail 104). In

order to increase rail-to-rail swing capability so that the output signal
can be generated when the input voltage 105 is outside of the buffer
voltage range 210 of FIG. 2, the current booster 500 is coupled to the

15  buffer 100. _

The current booster 500, which is powered by the first and second
supply voltage rails 102, 104 and coupled between the input 106 and the
output 116 of the output stage 418, assists the buffer 100 in providing an
output voltage 520 and the output current 117, collectively the output

20 signal, at the output 116 when the input voltage 105 is outside of the
buffer voltage range 210 of FIG. 2. The current booster 500 permits the
output stage 418 to operate over approximately the maximum voltage
range 208 of FIG. 2 and still provide low impedance at the output 116.

The current booster 500, which is a rail-to rail swing circuit,

25 includes a first booster device 508 and a second booster device 510. The
first booster device 508 includes NMOS transistor 507 having a gate
coupled to the input 106, a source coupled to the second supply voltage
rail 104, and a drain coupled to the output 116. The first booster device
508 further includes a first current mirror 512. In the preferred

30 embodiment, the first current mirror 512 comprises PMOS transistors
511 and 513. The first current mirror 512 is coupled between the drain
of NMOS transistor 507 of the first booster device 508 and the output
116. The second booster device 510 includes PMOS transistor 509
having a gate coupled to the input 106, a source cbupled to the first



418 of the op anp 403, to external conponents, such as the controller 25
316 of FIG 3 which may consist of one or nore |IC packages. Wen coupling
the BB receive signal 315 from an out put of the | C package of the

synt hesi zer 314 directly to an input of the |IC package of the controller
316, the BB receive signal 315 encounters | ar ge anobunt of capacitance
fromthe input of the | C package of the coniroller 316. In 30 order to
prevent the synthesizer 314 from becom ng unstable fromthis high
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The current booster 500 operates as follows. As the input voltage
105 approaches the first supply voltage rail 102, the first booster device
508 turns on and causes a first booster current 515 to flow into the drain
10 of NMOS transistor 507 of the first booster device 508. The first booster
current 515 is mirrored or inverted by the first current mirror 512 and
coupled to the output 116. As the input voltage approaches the second
supply voltage rail 104, the second booster device 510 turns on and
causes a second booster current 516 to flow out of the drain of PMOS
15 transistor 509 of the second booster device 510. The second booster
current 516 is mirrored or inverted by the second current mirror 514
and coupled to the output 116.
FIG. 6 is an illustration in graph form of a voltage transfer
characteristic 600 of the output stage 418 of FIGs. 4 and 5. In response to
20. the input voltage 105, the first and second buffering devices 108, 110
and the first and second booster devices 508, 510 alternate operation to
provide the output voltage 520 and the output current 117. As the
input voltage exceeds +VBB/2 and approaches +VBB, as designated by
portion 602 of the transfer characteristic 600, the output voltage 520 is
25 generally provided by the first and second buffering devices 108, 110
and the first booster device 508. Specifically, the first buffering device
108 primarily provides the output voltage 520 and the output current
117 for values of the input voltage 105 between point 601 on the
transfer characteristic 600 (or approximately +VBB/2) and point 603 (or
30 approximately +VBB-0.8V). Between point 603 and point 605 (or
approximately +VBB-0.2V), the output voltage 520 is provided by the
second buffering device 110 and the output current 117 is provided by
the first booster device 508.



voltage rails wherein the first supply voltage rail 102 renai ns +VBB and

t he second supply voltage rail 104 is designated, for exanple, -VBB. The
buffer 100 is coupled between the input 106 and the output 10 116 of the
out put stage 418 and includes the first and second buffering devices 108,
110 and the first and second bi asing deV|iﬁs 112, 114 generally descri bed
wth respect to FIG 1. Mre specifically, the flrst buf fering device 108

i ncl udes npn transistor 501 haV|ng a base, a collector coupled to the first

supply vol tage rail g fut 116. The
first buffering device ngﬁ gbt%%-'-%g %ﬂdﬁﬁﬁhﬁgﬂ:e I nput
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vol tage 105by fike buffering device 108 and the output current 117 is provided by the
second booster device 510. Because the first and second biasing devices
112, 114 ensure that npn transistor 501 and pnp transistor 504 of the
first and second buffering devices 108, 110, respectively, remain
continuously on, the impedance at the output 116 remains low.
15 Unlike the known output stage of FIG. 1 comprising only the
buffer 100, here, the output stage 418 exhibits rail-to-rail swing
capabilify and increased operating range; that is, the output stage 418
produces the output voltage 520 and the output current 117 when the
input voltage 105 falls both within the buffer voltage range 210 and
20 outside the buffer voltage range 210 but at least approximately 0.2V
away from either the first or second supply voltage rail 102, 104. In the
preferred embodiment, the first supply voltage rail 102 is 3V and the
second supply voltage rail 104 is ground or OV as shown defining the
maximum voltage range 208 as 3V. In comparison to the known buffer
25 100, which is limited to operation in the buffer voltage range 210 that
encompasses only 1.4V of a possible 3V, the buffer 100 plus the current
booster 500 are capable of providing the output voltage 520 and the
output current 117 over a boosted voltage range 610 that encompasses
2.6V of the possible 3V. The boosted voltage range 610 is depicted in
30 FIG. 6 as extending between approximately 0.2V and approximately
+VBB-0.2V.
FIG. 7 is an illustration in schematic form of an alternate output
stage 700 for the op amp 403 of FIGs. 4. The alternate output stage 700 is
substantially identical to the output stage 418 illustrated in FIG. 5 except -



second bi asing device 114. The second bi asi ng device 114 includes npn

t ransi stor 505 having a base coupled to the input 106, a collector 30
coupled to the first supply voltage rail 102, and an enitter coupled to the
base of pnp transistor 504 of the second buffering device 110, a second
current source 506, and the second supply.yoltage rail 104. In the
preferred enbodi nent, the second current Q%hrce 506 coul d be inplenented by
a NMOS transistor. -8- The buffer 100 operates in response to the input

vol tage 105 apphy . ' hE ' 4 g}% ' spect
to FIGs. 1 and a?%ﬁ(ﬁl?% 5%%‘ secgng Euwgﬁﬁg‘i gfefs?féggﬁlo d\%él%rgdlet ernate
operati on basedoegster dexjres Sfe 530 soivs torpreveniowRResFIy WsreRtslrRlle the 5
3 Fovever, as. Rreh e Hednd sADrd her S4fiCeRs, BI0 SREHOPK S6e STheo! FIG
: : , , ich realizes

base-ent Lt er ) VAR AB SPSPRA BOOPIckdeRioen H08, T10 ReRc ol PIOVARE K iEstianed of y
svx1 Pgi ng1 B gis - t&cbﬁ{il?o@@?rmumh ;ﬂé ?115,’616 towissist the fiyse andfsecoridbufferin
vol t age i s Qut.si L. 0 (when 10
t he i nput vol ta‘g%wi%%f%é;rjré@ a&/il?;#lE ﬁ%éﬁ%&&%&t‘@%@ aé?(grgg{:lﬁéesr he

upper limit +VBB-0.8V or the lower limit 0.8V of the buffer voltage

range 210 (see FIG. 6). To realize current savings by not operating the

first and second booster devices 508, 510 within the buffer voltage range

10 210, an alternate current booster 701 includes a first switch 702 and a
second switch 704 coupled to the first and second booster devices 508,
510, respectively.

The first switch 702 includes a first switching device 706. The

first switching device 706 includes NMOS transistor 707 coupled to the

15  first booster device 508 in a differential pair configuration. NMOS
transistor 707 of the first switching device 706 includes a gate, a drain
coupled to the first supply voltage rail 102, and a source coupled to the
source of NMOS transistor 507 of the first booster device 508. The first
switching device 706 includes a third current source 708 coupled to the

20 sources of NMOS transistors 507, 707 of the first booster device 508 and
the first switching device 706, respectively, for biasing the differential
pair configuration. The third current source 708 could be implemented
by a NMOS transistor.

The first switch 702 includes a first switch biasing device 710

25 coupled to the first switching device 706. The first switch biasing
device 710 includes npn transistor 711 having a base, a collector
coupled to the first supply voltage rail 102, and an emitter. The base is
coupled to the collector to realize a diode drop across npn transistor
711. The first switch biasing device 710 includes a first resistor 712

30 coupled between the emitter of npn transistor 711 and the gate of
NMOS transistor 707 of the first switching device 706. The first resistor
712 is valued to provide approximately one-half of a diode drop
thereacross. The first switch biasing device 710 includes a fourth
current source 714 coupled beneath the first resistor 712 and between



first~supply voltage rail 102 or the second supply voltage rail 104). In
"order to increase rail-to-rail swing capability so that the output signa
can be generated when the input voltage 105 is outside of the buffer

vol tage range 210 of FIG 2, the current booster 500 is coupled to the 15
buffer 100. The current booster 500, mhicg_is powered by the first and
second supply voltage rails 102, 104 and '8ﬁpled bet ween the i nput 106 and
the output 116 of the output stage 418, assists the buffer 100 in providing

an output vol t g S48 AIMAE bRl 70 SO flf wBEREESILNEL Y04 i 0t PUI

20 signal, at u the input voltage I'S outside of the
buf f er vol t age thewgsondeupplyveltage raihd04.y Thefoupdoaireentsoyref .t s t he

out put stage 41FHich epfidBeEredliobd ByPd NV ©hisistoe, BIRds'HMBfitod éy3fteéh r ange
208 of FIG 2 a.g%éstl |, | ,p%%éde | ow i npedance at the output 116. The
r

current booste mg devic Intq gPeIatign; o | swing circuit, 25 includes a
first booste devi ceThe$irstsvitcls F02 pieans the fidstvborstdrldevidhs0d froat boost er

devi ce 508 incl udes ' ' I t.G=t he i t
106, o cour co cBiatNg dhp (BICkaoRE: BlorSid tnfy B0 Bufifipfde sl N0 | N0
coupl ed to the appraches éhe Wpper limit 8V ofdhe iy dliageirenge 230udes a
first current ”Tﬁg?fgsﬁjegist&“ﬂi‘&d? E\?)fnelrrﬁl%ist%Q 718 5P el E?ﬁtswiiaﬁbfa%?xg

the

Current m1ror Seviced10sepiba Mageah the gain af NMOS transistor 707 of
10 first switching device 706 to approximately one and one-half diode
drops below the first supply voltage rail 102. The differential pair
configuration prevents the first booster device 508 from turning on and
supplying the first booster current 515 until the input voltage 105 at the
gate of NMOS transistor 507 of the first booster device 508 meets or
15 exceeds approximately one and one-half diode drops below the first
supply voltage rail 102. In the preferred embodiment of the alternate
output stage 700 of FIG. 7, the first booster device 508 turns on and
supplies the first booster current 515 when the input voltage 105 at the
gate of NMOS transistor 507 of the first booster device 508 exceeds
20 approximately +VBB-1.2V. As the input voltage at the gate of NMOS
transistor 507 of the first booster device 508 falls below approximately
+VBB-1.2V the first booster device 508 turns back off.
The second switch 704 includes a second switching device 716.
The second switching device 716 includes PMOS transistor 717 coupled
25 to the second booster device 510 in a differential pair configuration.
PMOS transistor 717 of the second switching device 716 includes a gate,
a drain coupled to the second supply voltage rail 104, and a source
coupled to the source of PMOS transistor 509 of the second booster
device 510. The second switching device 716 includes a fifth current
30 source 718 coupled to the sources of PMOS transistors 509, 717 of the
second booster device 510 and the second switching device 716,
respectively, for biasing the differential pair configuration. The fifth
current source 718 could be implemented by a PMOS transistor.



of NMOS transistor 507 of the first booster device 508 and the output 116.

- The second booster device 510 includes PMOS transi stor 509 having a gate
coupled to the input 106, a source coupled to the first -9- supply
voltage rail 102, and a drain coupled to the output 116. The second booster
device 510 further includes a second current mrror-514. In the preferred
enbodi nent, the second current mrror 514-tonpri ses NMOS transi stors 517
and 518. The second current mrror 514 is 5 coupled between the drain of

PMOS transi stor 509 %‘E)EQ&H%P @%?B@ﬁgﬁ%dg?x&gg?'ﬁdlwﬁt&%?ateg*&%o116

The current booster o) era

appr oaches the 720muﬁa@ﬁoyhe@e&zq@eswmungo@wcmzlé i Tb@ sexmdwnd@w ce 508"
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720 includes a second re51stor 722 coupled between the collector of pnp
transistor 721 and the second supply voltage rail 104. The second
resistor 722 is valued to provide approximately one-half of a diode drop

10  thereacross. The second switch biasing device 720 includes a sixth
current source 724 coupled between the first supply voltage rail 102 and
the gate of PMOS transistor 717 of the second switching device 716. The
sixth current source 724, which could be realized by a PMOS transistor,
biases the second switch biasing device 720 into operation.

15 The second switch 704 prevents the second booster device 510
from generating the second booster current 516 until the input voltage
105 approaches the lower limit +0.8V of the buffer voltage range 210.
The second resistor 722 and pnp transistor 721 of the second switch
biasing device 720 sets the voltage at the gate of PMOS transistor 717 of

20 the second switching device 716 to approximately one and one-half
diode drops above the second supply voltage rail 104. The differential
pair configuration of the second switch 704 prevents the second booster
device 510 from turning on and supplying the second booster current
516 until the input voltage 105 at the gate of PMOS transistor 509 of the

25 second booster device 510 meets or goes below approximately one and
one-half diode drops above the second supply voltage rail 104. In the
preferred embodiment of the alternate output stage 700 of FIG. 7, the
second booster device 510 turns on and supplies the second booster
current 516 when the input voltage 105 at the gate of the PMOS

30 transistor of the second booster device 508 falls below approximately
+1.2V. As the input voltage at the gate of PMOS transistor 509 of the
second booster device 510 exceeds approximately 1.2V, the second
booster device 510 turns back off.



15 t‘ransi stor 509 of the second booster device 510. The second booster
cufrent 516 is mrrored or inverted by the second current mrror 514 and

coupled to the output 116. FIG 6 is an illustration in graph formof a
vol tage transfer characteristic 600 of the output stage 418 of FIGs. 4 and
5. In response to 20 the input voltage 1Q5, the first and second buffering

devices 108, 110 and the first .and second ‘ffooster devices 508, 510
alternate operation to provide the output voltage 520 and t he out put

current 117. As the V, ggme +VBB,

desi gnat ed by portlontg(t)gz ?lll% ransﬁfej{;‘l g’h%%%f@%?g?laghg ?%e out pﬁf
vol tage 520 is ampl thellytppt#witagq 185 intecthre) outpus voltage 528 apds f er i ng
devices 108, 11gughfl dubferit 115t (cER&&IRIy, dBE ipRPS %%tﬁkﬁ% ¥ lohfe first

buffering device 8 pr| mar i | rovi de he ut ta d the
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the transfer5 chhiitiall ;atSstte 800,0thednpappoliag éTm&isyred:élBBd%) thadhyoet 106 603 (or
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booster device §8¥, as determined at decision step 802, the output signal is generated

primarily by the first and second buffering devices 108, 110 of the buffer

10 100 at step 804 and then output to the output 116 at step 808. The npn
transistor 501 of the first buffering device 108 sources current to the
output 116 when the input voltage 105 is between approximately
+VBB/2 and approximately +VBB-0.8V. The pnp transistor 504 of the
second buffering device 110 sinks current to the output 116 when the

15 input voltage 105 is between approximately +VBB/2 and approximately
0.8V.

If the input voltage 105 is not within the buffer voltage range 210
of 0.8V to +VBB-0.8V, as determined at decision step 802, the output
signal is generated primarily by the first and second booster devices 508,

20 510 of the current booster 500 at step 806 and then output to the output
116 at step 808. NMOS transistor 507 provides the first booster current
515 when the input voltage 105 is between approximately +VBB-0.8V
and approximately +VBB-0.2V. PMOS transistor 509 provides the
second booster current 516 when the input voltage 105 is between

25 approximately 0.2V and approximately 0.8V.

Although depicted as a bicmos implementation, it will be
recognized that the current booster 500 and the first and second
switching devices 702, 704 could be implemented in any
complimentary linear IC technology, such as conventional CMOS or

30 Dbipolar. Also, while shown as implemented with bipolar devices, the
buffer 100 could be implemented using any complimentary technology,
such as conventional CMOS.

In summary, an output stage for an operational amplifier
powered by a first and second supply voltage rail and including a buffer



-10- For input voltages bel ow +VBB/ 2 and approaching OV, as designated by
“portion 604 of the transfer characteristic 600, the output voltage 520 and
the output current 117 are generally provided by the first and second
buffering devices 108, 110 and the second booster 5 device 510.
Specifically, the second buffering device]£%0 primarily provides the output
vol tage 520 and the output current 117 for™values of the input voltage 105
bet ween point 601 (or approxinately +VBB/2) and point 607 (or approximtely

Vol t nge 52019 Q?%t@?‘bgﬁa & 99?1&8*'1@5“?&9 prOfidRF 2‘?‘% 3}3 'lcé’gfégée g Ut Pt
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o e i o Dt Wy BB s L 3 ™

produces the oualpdltsemnd bgasnfgdewnel, respectivelyst Diertodhe el@trlwden t he i nput
voltage 105 fal bz 3efelistid BF thd AfstUid Slcol@!biARRiPRRsiéthYs, ARE buffer
portion is limited to producing a load driving output signal when the
10  input voltage is at least a diode drop away from either the first or the
second supply voltage rail. By coupling the booster portion between
the input and the output, the output stage is able to deliver the load
driving output signal for input voltages within a diode drop of either
the first or second supply voltage rails. The booster portion includes a
15 first booster transistor that supplies a first booster current to the output
to provide the load driving output signal when the input voltage is
within a diode drop of the first supply voltage rail. A second booster
transistor of the booster portion supplies a second booster current to
~ the output to provide the load driving output signal when the input
20 voltage is within a diode drop of the second supply voltage rail. The
first and second biasing transistors ensure that the first and second
buffering transistors remain on while the first and second booster
transistors provide the first and second booster currents, thus, ensuring
a low impedance output.

What is claimed is:



20 outside the buffer voltage range 210 but at |east approximately 0.2V
~away fromeither the first or second supply voltage rail 102, 104. In the
preferred enbodi nent, the first supply voltage rail 102 is 3V and the T
second supply voltage rail 104 is ground or OV as shown defhi§$Hag Had®een Replaced
maxi mum vol t age range 208 as 3V. In conparison to the known .
which is |imted to operation in the buf 4P~ vol tage range ijmmuﬂjﬂmm
enconpasses only 1.4V of a possible 3V, the buffer 100 pl us

booster 500 are capabl e of providing th%@#}gut vol tage 520 and t he out put
current 117 over a boosted voltage range t hat enconpasses 2.6V of ‘the
possi bl e 3V. The boosted voltage range 610 is depicted im 30 FIG 6 as
extendi ng bet wepn Axpa 3 B tor kP dp@ifoRRPARIIIIRE A oi¢Bl: Btagd. FIG 7 1
an illustration in schematic’formof® an alternate output Stage~/700 for the
op anp 403 of HOQMPrigingrhe alternate output stage 700 is substantially

i dentical t@ the outpfistsupply 4ofage kaib hhdlaesbcond upplypveia@diail that it
provides a switch fo "turnllg& or?? and of f" the'fiflien ai%d s%cond boost er
devi ces 508, 5189PTEsCed 10 BOWRPE Qf RAWRIOL OpETAting I QUi SHBkH 8 YARE®: | r st
and second boosdifferetwe inctheF08t sapplyavaltage railhand éhe Jdvend supply voltage
' rail defining a maximum voltage range;

an input for receiving an input voltage;

10 an output for providing an amplified output signal;

a buffer coupled between the input and the output for
amplifying the input voltage into the amplified output signal when
the input voltage is within a buffer voltage range, the buffer voltage
range contained within the maximum voltage range; and

15 a current booster coupled between the input and the output for
assisting the buffer in amplifying the input voltage into the amplified
output signal when the input voltage is outside of the buffer voltage
range but within the maximum voltage range.

20 2. The output stage according to claim 1 further comprising:

a switch coupled to the current booster for turning off the
current booster when the input voltage is within the buffer voltage
range and for turning on the current booster when the input voltage is
outside of the buffer voltage range.

T



first>and second booster devices 508, 510 need not prO\Line,_the—H rst--—and%

second booster currents 515,516 to assist the first and second pged

devi ces 108, 110 at least until the input voltage 105 appH :

limt +VBB-0.8V or the lower limt 0.8V of the buffer voIt

(see FIG 6). To realize current savings )9 not operating
b

second booster devices 508, 510 within the“buffer voltage range 10. 210
an alternate current booster 701 includes a first switch 702 and a second

espoct i vl . Tho TERuE, e arpd g e AbuRC Wieet el sl 706

The first sw t cpiullginteit haviiga flt%lmque andiassegond ing ed to the

Lransi stor 707 SEviSgAEERe BulferReueliEs BRELAnDR br Efg R el T
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i ncl.u curre ource 708 to the 20

tchi dev t hi
Sources. of  RNOSIPYER SPSFE Bo Provide e mBliied G5 Sdap i&&ﬂ‘%os and
the first sw tcihipg utﬂtageas%ﬁhmﬂmdmﬂfeweblja émngmami apptdachiig fher ent i al

pai r confi gurat Q T | nt source 708 coul d be inplenmented by a
NMOS t ransi storg &}Hd %ﬁ‘i)rﬁl?x;o‘ft '02 includes a first switch biasing

device 710
10 4. The output stage according to claim 3 wherein the current booster is

a rail-to-rail swing circuit having a first swing device and a second
swing device, the first swing device assisting the first buffering device
so as to provide the amplified output signal when the input voltage is
outside of the buffer voltage range and approaching the first supply

15 voltage rail, the second swing device assisting the second buffering
device so as to provide the amplified output signal when the input
voltage is outside of the buffer voltage range and approaching the
second supply voltage rail.

20 5. The output stage according to claim 1 wherein the current booster is
a rail-to-rail swing circuit having a first swing device and a second
swing device, the first swing device assisting the buffer so as to provide
the amplified output signal when the input voltage is outside of the
buffer voltage range and approaching the first supply voltage rail, and

25 the second swing device assisting the buffer so as to provide the
amplified output signal when the input voltage is outside of the buffer
voltage range and approaching the second supply voltage rail.

A



25 ‘toupled to the first switching device 706. The first é‘vﬁ—t_c_ﬁ_ﬁm“
~device 710 includes npn transistor 711 having a base, a col ITasSkxet 0
to the first supply voltage rail 102, and an emtter. The bas !%

laced

to the collector to realize a diode drop across npn transisto l“
first swtch biasing device 710 includes algfi rst resistor 712 coupl ed

between the emitter of npn transistor 711 °and the gate of NMOS transistor

707 of the first switching device 706. The first resistor 712 is valued to

provi de appr oxi émtIﬁleg)Lf;'Egt IE%%E l?gEm%liﬂ' 981D WHE IR Bistfer NELIdESS!

swi tch bi asing device es a tourth current source /14 coupl ed
beneath the first redfigstputfentransistosifaeproviding the amplified owputsianal

tr ?{lsi stor rozoﬂhei%hhhe;ﬁxpﬁt vl ge iy ﬂ@t}ﬂﬁ\thé@%ﬂféﬁ vl 'gﬁ hangfgﬁgd supIO! y i b
vol t age rai . ou .current saurce | £0 realized by
2 NMOS 1 ansi st tPropings e sS¥ phply Yoer il e AR trdsiotnt o
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508 from generagin f rqr I art ' . t age
705 appr oaches Ecelstlbr coubied SRS focol ity RIRE i B o 578
coupled to the output;
a second buffer transistor for providing the amplified output
signal when the input voltage is within the buffer voltage range and
10  approaching the second supply voltage rail, the second buffer transistor
having a base, an emitter, and a collector, the base coupled to the input,

the collector coupled to the first supply voltage rail, and the emitter
coupled to the output;
a first biasing transistor having a base, a collector, and an emitter,
15 the base coupled to the input, the collector coupled to the first supply
voltage rail, the emitter coupled to the second supply voltage rail and
the base of the first buffer transistor; and
a second biasing transistor having a base, a collector, and an
emitter, the base coupled to the input, the collector coupled to the
20 second supply voltage rail, the emitter coupled to the first supply
voltage rail and the base of the second buffer transistor.
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The firrst resistor 712 and npn transistor 711 of the first Swtch birasing ——
~device 710 sets the voltage at the gate of NMOS transistor 7@msg}{eet EBebi) Replaced
first switching device 706 to approxi mately one and one-hal f

bel ow the first supply voltage rail 102. The differential pa| ‘?IJ mll II
configuration prevents the first booster glgw ce 508 fromturm

supplying the first booster current 515 until the input voltage 105 at the
gate of NMOS transistor 507 of the first booster device 508 neets or 15

exceeds appr oxi Ly r upply
vol tage rail 10%&“1?~le 1&@‘3':@3 rreanﬁh‘% t§l rrée;%}gw%ﬁ hﬁeélﬁgftufeﬁ%%{t%ﬁt st age
700 of FIG 7, inchudes:st booster device 508 turns on and supplies the first

booster current 515 Mﬁ@tl&dit?stéf‘&&ﬁsﬁﬂ%%% Q afd, atéb%:%‘ta@ldoi dwﬂ;?sthe
transi stor 507 of the st bopster devi ce e Ceetgﬁéﬁgqrgfg | matel y
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a second booster transistor having a gate, a source, and a drain,

the gate coupled to the input, the source coupled to the first supply
voltage rail, and the drain coupled to the emitter of the second buffer
transistor, the second booster transistor providing a second tail current

15 at the emitter of the second buffer transistor so as to provide the
amplified output signal when the input voltage is outside of the buffer
voltage range and approaching the second supply voltage rail.

8. The output stage according to claim 1 wherein the current booster
20  includes:

a first booster transistor having a gate, a source, and a drain, the
gate coupled to the input, the source coupled to the second supply
voltage rail, and the drain coupled to the buffer, the first booster
transistor providing a first tail current to the buffer so as to provide the

25 amplified output signal when the input voltage is outside of the buffer
voltage range and approaching the first supply voltage rail; and

a second booster transistor having a gate, a source, and a drain,
the gate coupled to the input, the source coupled to the first supply
voltage rail, and the drain coupled to the buffer, the second booster

30 transistor providing a second tail current to the buffer so as to provide
the amplified output signal when the input voltage is outside of the
buffer voltage range and approaching the second supply voltage rail.
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devi ce 510. The second switching device 716 includes a fifth current -3—m7—— _
~source 718 coupled to the sources of PMOS transistors 509, 717 gfi &gy

second booster device 510 and the second sw tching device 716, as Been Replac
respectively, for biasing the differential pair configuration. T)MMIM"M””,I m
current source 718 could be inplenmented b 02 PMOS transi stor.

second switch 704 includes a second switcl biasing device 720 coupled to
the second switching device 716. The second switch biasing device 720

i ncl udes pnp trgngist i . : mtter
coupled to the %‘a?%‘ﬁo@?ﬁ/%a%?éﬁg%@gﬁ?f%f@ﬁ{gﬁgé%ﬁgﬁgps‘%l chi ng

devi ce 716. Thevoliage rail sannreyimatelind Eanddbe secand supply eoltaggirgidsdr op
across pnp trangf(ﬁ;rgi. 721. The second switch biasing device 720 includes a
second resistor 722 coupl ed between the collector of pnp transistor 721 and
t he second supply voltage rail 104. The second resistor 722 is valued to
provi de appripxi dt dlryinpegrabal éiradit induditgg alsabstidte, fHessubstmatesss. The second
switch bi asing devi ,i? 0 includes a sixth current source 724 coupl ed
between the fir ?mgg%bé‘ voltage rail 102 and the gate of PMOS transi stor
717 of the second swin oipenatienaliamplifier cirpeit comprising:

a first supply voltage rail and a second supply voltage rail
connected to a source of power for operating the operational amplifier
10  circuit, a voltage difference in the first supply voltage rail and the
second supply voltage rail defining a maximum voltage range;
an input for receiving an input signal;
an output for providing an amplified output signal at a
low impedance; |
15 an input stage coupled to the input; and
an output stage coupled to the input stage and the output,
the output stage comprising;:
a buffer for amplifying an input voltage of the
input signal into the amplified output signal when the input voltage is
20 within a buffer voltage range contained within the maximum voltage
range; and
| a current booster coupled to assist the buffer in
amplifying the input voltage into the amplified output signal when
the input voltage is outside of the buffer voltage range but within the
25 maximum voltage range.
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si xth current source 724, which could be realized by a PMOS transi stor,

bi ases the second switch biasing device 720 into operation. 15 The
second switch 704 prevents the second booster device 510 from generating

t he second booster current 516 until the input voltage 105 approaches the
lower Iimt +0.8V of the buffer voltage r ﬂpe 210. The second resistor 722
and pnp transistor 721 of the second switcfbi asi ng device 720 sets the
vol tage at the gate of PMOS transistor 717 of 20 the second switching

device 716 to app econd
supply vol tage ra%ﬁﬁ%&???%%ﬁgﬁa&?ﬂ ?ﬁgg)&?fﬁ?ﬁ%ﬁsecond
switch 704 prevemewmmmmsuasaﬂwmmm QEAMELIEYIN(B

suppl ying the second booster current Vgi-%ﬂhe i nput voltage 105 at the
gate of PMOS transistor 509 of the 25 secon ooster device 510 neets or

goes bel ow approxi mately one and one-hal f di ode drops above the second
supply voltage rail 104. In the preferred enbodi nent of the alternate

oulput stage’700 of FIG 7. the sqropdetooihstdae 10 tuns onand
gate of the PMOS 30 transistor of the second boost er device 508 falls
{ransi ot of 506 of 1 nan SHpEFeradl (418 for ¥R obRAGiGlal MERLARY) BOVERA |
the second boosbgra ﬂmtusupp’aymol(tagmalb@@l%) @nd a second supply voltage rail (104)
10  includes a buffer (100) and a current booster (500) for amplifying an
input voltage (105) into a low impedance output signal (117 and 520).
The buffer (100) amplifies the input voltage (105) into the amplified
output signal (117 and 520) when the input voltage (105) is within a
buffer voltage range (210), the buffer voltage range (210) contained
15 within a maximum voltage range (208) defined by a voltage difference
in the first supply voltage rail (102) and the second supply voltage rail
(104). The current booster (500) assists the buffer (100) in amplifying the
input voltage (105) into the output signal (117 and 520) when the input
voltage (105) is outside of the buffer voltage range (210) but within the
20 maximum voltage range (208).

Figure 5 accompanies this abstract.



-14-~FIG 8 is an illustration in flow chart formof a nethod of anplifying
the input voltage 105 into the output voltage 520 and output current 117
(collectively, the output signal) for driving a | oad coupled to an op anp
out put stage, such as output stage 418 or 700. 5 Initially, at step 800,
the input voltage 105 is received at the poput 106 of the output stage 418,
700 depicted in FIGs. 5 and 7. If the ind£€ voltage 105 is within the
buffer voltage range 210 (see FIG 6) of 0.8V to +VBB- 0.8V, as determ ned
at decision step 802, the output ﬁgpna is generated primarily by the first
and second buffering devices 108, of the buffeff00 100 at step 804 and
then output to the output 116 at stqp 808. Theyppan transistor 501 of the
first buffering device 108 sources cC ent tot out put 116 when the input

vol tage 105 is between approxi mately [+VBB/ 2 and [appr oxi matel y +VBB-0. 8V.
The pnp transistor 504 of he secon uffering device 1308 sinks current to
the output 116 when the 1 ge 105 i 4 gii%pén approxi mately
+VBB/ 2 and approxi nately 0.8V f th I nput v a 05 is not within the
buffer voltage range 210 . 17
116
—E _C [ 15
106 out
105 - -
N 2 =N-104
VI W 100
B =102
/110 -
m- 1 —PRIOR ART—
104
=104
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of 0-8V to +VBB-0.8V, as determ ned at decision step 802, the output signal
IS generated primarily by the first and second booster devices 508, 20 510
of the current booster 500 at step 806 and then output to the output 116 at
step 808. NMOS transistor 507 provides the first booster current 515 when
the input voltage 105 is between approxi mately +VBB-0.8V and approxi mately
+VBB- 0. 2V. PMOS transi stor 509 provides gge'second booster current 516 when
the input voltage 105 is between 25 ap ximately 0.2V and approxi mately
0.8V. Although depicted as a bicnos inplenmentation, it wll be recognized
that the current booster 500 and the first and second sw tching devices
702, 704 could be inplenented in any conplinentary |inear t echnol ogy,
such as conventional CMOS or 30 bipolar. Al so, while shownYas inplenented
wi th bipolar devices, the buffer 100 coul d be inplenented ys?ng any
conplinmentary technol ogy, such as conventional CMOS. In su ry, an output
stage for an operational anplifier powered by a first and ﬁsfond supply
voltage rail. and including a buffer -15-
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port*on and a booster portion provides | ow output inpedance while al so
being able to approximately swing rail-to-rail. The buffer portion includes
a first and second buffering transistor, each having a base coupled to an

i nput of the output stage and an emtter coupled to an 5 output of the

out put stage for providing a | ow i npedance output. The first and second
buffering transistors are biased into opera§ffon by a first and second

bi asi ng device, respectively. Due to the electrical characteristics of the
first and second buffering transistors, the buffer portionis limted to
produci ng a | oad driving output signal when the 10 input voltage is at

| east a diode drop away fromeither the first or the second supply voltage
rail. By coupling tHe DoGst€r porTion Befween The inpul _and t Ae outpurl the
output stage is ablg to deIivEr the Toad drTuhpng out put “sTghal for input
voltages within a di,ode di® fr—etther-the filhs second supply voltage

rails. The booster portai N 3 TTst—boost Ibbgr t hat
supplies a first boqstd&r current t oltput to pro t he | oad driying
out put signal when thei nput vdILNg wthin adio ir opi of t8e first
supply voltage rail.l A secondldppetf “ahsicat or of fhe|bookter Ebrtioh
supplies a second bqoster curIduq tq the putput to dEbv de the |l oad dryving
out put signal when the ingat BQ et agel-< within ‘@ d|odeldrop of the
second supply voltade r a2t . oFhe—H —second bi asing trhnsistors ehsure

that the first and gecénd e B Tt 4 | |
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buf fering transistors remain on while the first and second booster
t Fansi stgrs provide the first and second booster currents, thus, ensuring a

| ow i rpedance output. 25 What is claimed is: . =16+ Clainms 1. An output
stage-of an operational anplifier for use in a | ow voltage application, the
out put stage conprising: 5 ' a first fixed supply voltage rail and a

second fixed supply voltage rail connected to a source of power to feed the
out put stage, a voltage difference in the first fixed supply voltage rai
and the second fixed supply voltage rail ﬂffining a maxi mum vol t age range;
an input to receive an input voltage; 104. a | ow i npedance output to
provide an anplified output signal having a voltage |evel and a current

| evel ; a buffer conprising a transistor circuit coupled between the input
and the output to supply a voltage |level of the anplified output signal and




a current |level of the anplified output signal when the input voltage is 15
wthin a buffer voltage range, the buffer voltage range contained entirely
wi thin the maxi mum fi xed voltage range; and a swi tchable current booster
conprising a transistor circuit coupled between the input and the output to
selectively add current to the buffer and enable the buffer to supply a

vol tage | evel of the arrplified 20 out put Stsgnal that is outside of the
buffer voltage ran\%j when the_input voltage is oqutside of the buffer

vol t age range but thin the maxi num fi meel-_—ggi_t:aigg:fa-ﬁge—t-hefeby providi ng
substantial rail-td-rail swing for the dut put’ stage "2'5"2""‘T’lhe out [o] i
st age according tolclalmlfurthe/(g ng ]
swi t chabl e current booster for te§ rmeng
to mninize currentl drain when t®e input, ivoHtage) irs
vol tage range and fjor turning on the svmltcﬁaMcs ACI "b'ab"s't_éi \Nhengi he
input voltage is OIJ'[SI de of the buffgr. vol t aga<30-"a :

The out put stage adcordi ng to cl &.'/”?i- %erel n th(gb bqffr&r

700

FIG.7




conprises a first buffering device and a second buffering device, the first
beffering device to provide the voltage | evel and the current |evel of the
anplified output signal when the input voltage is within the buffer voltage
5 range and approaching the first fixed supply voltage rail, the second
buffering device operating to provide the voltage |level and the current

| evel of the anplified output signal when the input voltage is within the
buffer voltage range and approaching the second fixed supply voltage rail.
10 4. The output stage according to cl ] 3 wherein the sw tchable
current booster conprises a first booster’ device and a second booster
device, the first booster device adding current to the second buffering
device to provide the current level of the anplified output signal when the
i nput voltage is outside of the buffer voltage range and approaching the
first 15 fixed supply voltage rail OBe second booster device adding
current to the first buffering de cg o provide the current |evel of the

anplified output sigpal—w b vol tage is outside of the buffer
vol t age range and ap'rﬂEEWEQHﬂﬁhﬂlﬁ@Eo d fixed supply voltage rail. 20 5.
The output stage accordlng aLm L _pherein the switchable current

| evel of the anpgofkeg
the buffer voltage ra

rail,

i SRpe
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Thciog-i zpas
25 and the second booster device adding current to the buffer to provide

tthe current level of the anplified output signal wren I - Yethage T
outsi de of the buffer voltage range and apprgachiﬁn fl”r?lé”hggg% R F&LiTgugp \Y
vol tage rail. 6. The output stage according ta g}a FRhe k& -E“h%;jp god.....
buffer includes: a first transistor conprisigg a bdse, rf’)p i PEGE -#a iy paged 4.
col lector, the base of the first transistor couplied t' ‘t’ﬁ%\gyhﬁiﬁe,d't"hfé’ paged ...
collector of the first transistor coupled to the if b SE9I%ed © B8RS -y~ WoPRSEYe -
rail, and the emtter of 5 the first tigiams$tor] coupled to the output; a
second transistor conprising a base, an emtter, |amusas cof IEECHPT .t.h8Mase.

of the second transistor coupled to the input, the ColTéctor of the second

transistor couphed hg Ji5,F8508%f B dfbratitA an iR #5 Ust ih-a RAFvIRRe t ter
ed t athird

of the second transistor  coup o the output, 1
transi stor to biapplitation, the outpubstage eomplisingt hird transi stor conprising a

Co the inputS the col 10 ReH Sibplvafieb8 L shd s Eecalld fed ST kGtagd b ¢
f IhX ed supply voliihgenmedted to aesoumte bEpower tdfeedthedutpuiratage.t veltage ed to
the first fixed SupRlYe YIRS fiddd sipisly VORads P4 Shd W sbédrd fikkt Sapply
voltage rail defining a maximum voltage range;
an input to receive an input voltage;
10 a low impedance output to provide an amplified output signal
having a voltage level and a current level;
a buffer comprising a transistor circuit coupled between the input
and the output to supply a voltage level of the amplified output signal and
a current level of the amplified output signal when the input voltage is
15  within a buffer voltage range, the buffer voltage range contained entirely
within the maximum fixed voltage range; and
a switchable current booster comprising a transistor circuit
coupled between the input and the output to selectively add current to the
buffer and enable the buffer to supply a voltage level of the amplified
20 output signal that is outside of the buffer voltage range when the input
voltage is outside of the buffer voltage range but within the maximum fixed
voltage range thereby providing substantial rail-to-rail swing for the output
stage.

25 2. The output stage according to claim 1 further comprising:

a switch coupled to the switchable current booster for tuming off
the switchable current booster to minimize current drain when the input
voltage is within the buffer voltage range and for tuming on the switchable
current booster when the input voltage is outside of the buffer voltage

30 range.
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15 transistor; and a fourth transistor to bias the second transistor, the
fourth transistor conprising a base, a collector, and an emtter, the base
of the fourth transistor coupled to the input, the collector of the fourth
transi stor coupled to the first fixed supply voltage rail, the emtter of
the fourth 20 transistor coupled to the sqgond fixed supply vol tage rai
and the base of the second transistor. The out put stage
according to claim6 wherein the switchable current booster includes: a

fifth transistor ghavi norie 8aipet stageaticording1d chilr Pivherdil théBufle! t he
fifth transistor coupled to the input, the source of the fifth transistor 5

coupled to the s&eBWiseEs:akrsthufierng devieganda seconstbyffaring devicethe fisstr i f ¢ h
transistor coupl gglff%ﬂngrb‘févﬁ:@tbtﬁ Y@B tﬁ@%ﬁ&?ﬁi&e‘ 5ﬁ&?ﬁé&9fre?ttlaﬁ Ifdfftﬁé

transistor to pr tal | current tter e sec
transi st or when anmlifmpmutpuﬁ signal wherotivesinput mltageaswﬂﬁmthe/wﬁ@rgmlhagage

and appr oachi §<§&l a

sixth transis élﬁgataapé* '@jg@uﬂ’rgie/ﬁ*é&%?paﬂ 'gh’éﬁ%&@fﬂ%%%f %C%qd
buffenng device operating to provide the voltage level and the current
level of the amplified output signal when the input voltage is within the

buffer voltage range and approaching the second fixed supply voltage rail.

10 4. The output stage according to claim 3 wherein the switchable current
booster comprises a first booster device and a second booster device, the
first booster device adding current to the second buffering device to
provide the current level of the amplified output signal when the input
voltage is outside of the buffer voltage range and approaching the first

15 fixed supply voltage rail, the second booster device adding current to the
first buffering device to provide the current level of the amplified output
signal when the input voltage is outside of the buffer voltage range and
approaching the second fixed supply voltage rail.

20 5. The output stage according to claim 1 wherein the switchable current
booster comprises a first booster device and a second booster device, the
first booster device adding current to the buffer to provide the current level
of the amplified output signal when the input voltage is outside of the
buffer voltage range and approaching the first fixed supply voltage rail,

25  and the second booster device adding current to the buffer to provide the
current level of the amplified output signal when the input voltage is
outside of the buffer voltage range and approaching the second fixed
supply voltage rail.
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the sixth transistor coupled to the input, the second source coupled to the
first fixed supply voltage rail, and the second drain coupled to the
emtter of the first transistor, the sixth transistor to provide a second
tail current at the emtter of the first transistor when the input voltage
I's outside of the 15 buf fer voltage rangegnd approaching the second
fixed supply voltage rail. 8.  The output stage according to claim7
wherein the switchabl e current booster further includes: a first current

mrror coupled Ret ma ddiﬁut%ta'gg a‘é&ofém?g {d élalin A0whereirnitic bufter inclddese

-emtter of the sec transi st the first current nmrror §o |“vert t he
first tail current; arifiestiepsistorcamprigsingahase, apamiierRNGRERISFHEN r ai n
of the sixth tr \ I ; ' ¥ BSAatoF of thBgirstecond
current rmrror 8 bas8lof ik st fraRidtarkioubled e ingi, e BRI of thadiracCo
according to cl dransistoheoupled tothestirst fixed supplyvioliage aibanst theeimiige of 4

the first bodst Sho T et SourdedEh fho BB O8: “The"source of the 30
first booster transi sta_msecaulqbtradsistortdmmprisirmiaslmsenanamiﬂey anslaage rail,
R e T A L
the input collector of the second transistor coupled to the second fixed supply
voltage rail, and the emitter of the second transistor coupled to the output,
10 a third transistor to bias the first transistor, the third transistor
comprising a base, a collector, and an emitter, the base of the third
transistor coupled to the input, the collector of the third transistor coupled
to the second fixed supply voltage rail, the emitter of the third transistor
coupled to the first fixed supply voltage rail and the base of the first buffer
16 transistor; and
a fourth transistor to bias the second transistor, the fourth
transistor comprising a base, a collector, and an emitter, the base of the
fourth transistor coupled to the input, the collector of the fourth transistor
coupled to the first fixéd supply voltage rail, the emitter of the fourth
20 transistor coupled to the first second fixed supply voltage rail and the base
of the second transistor.
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-20 - voltage is outside of the buffer voltage range and approaching the
first fixed supply voltage rail; and a second booster transistor having a
gate, a source, and a drain, the gate of the second booster transistor
coupled to the input, the source 5 of the second booster transistor
coupled to the first fixed supply voltage U#dJ and the drain of the second
booster transistor coupled to the buffer, the second booster transistor to
provi de a second tail current to the buffer when the input voltage is

outsi de of the byf f eTh¥QiutsASIAGEALoaRIGRICIARS BivierbliATBRMARMabls EdrantPP! v

voltage rail. 10 10. The output stage according to claim 1 rein
first fixed supplbpostaringludesti| is approximately 3 V and the second fi xed

supply voltage rail is gffh¥dnsistor having a gate, a source, and a drain, the gate of
the fifth transistor coupled to the input, the source of the fifth transistor
5 coupled to the second fixed supply voltage rail, and the drain of the fifth

transistor coupled to the emitter of the second transistor, the fifth
transistor to provide a first tail current at the emitter of the second
transistor when the input voltage is outside of the buffer voltage range and
approaching the first fixed supply voltage rail; and

10 a sixth transistor having a gate, a source, and a drain, the gate of
the sixth transistor coupled to the input, the second source coupled to the
first fixed supply voltage rail, and the second drain coupled to the emitter
of the first transistor, the sixth transistor to provide a second tail current at
the emitter of the first transistor when the input voltage is outside of the

15  buffer voltage range and approaching the second fixed supply voltage rail.

8. The output stage according to claim 7 wherein the switchable current
booster further includes:
a first current mirror coupled between the drain of the fifth
20 transistor and the emitter of the second transistor, the first current mirror
to invert the first tail current; and
a second current mirror coupled between the drain of the sixth
transistor and the emitter of the first transistor, the second current mirror
to invert the second tail current.
25 o
9. The output stage according to claim 1 wherein the switchable current
booster includes:
a first booster transistor having a gate, a source, and a drain, the
. gate of the first booster transistor coupled to the input, the source of the
30 first booster transistor coupled to the fixed second supply voltage rail, and
the drain of the first booster transistor coupled to the buffer, the first
booster transistor to provide a first tail current to the buffer when the input

—_——
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10

-20-

voltage is outside of the buffer voltage range and approaching the first
fixed supply voltage rail; and

a second booster transistor having a gate, a source, and a drain,
the gate of the second booster transistor coupled to the input, the source
of the second booster transistor coupled to the first fixed supply voltage
rail, and the drain of the second booster transistor coupled to the buffer,
the second booster transistor to provide a second tail current to the buffer
when the input voltage is outside of the buffer voltage range and
approaching the second fixed supply voltage rail.

10. The output stage according to claim 1 wherein the first fixed supply
voltage rail is approximately 3 V and the second fixed supply voltage rail
is ground.
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