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ABSTRACT (57) (54) SLEW RATE ENHANCEMENT CIRCUITRY 
FOR FOLDED CASCODE AMPLIFIER 

A folded-cascode operational ampli?er including a differ 
(76) Inventor: Mark A. Jones, Tucson, AZ (US) ential input stage (19) and a class AB output stage (20) 

includes a ?rst sleW boost current mirror (13) and a second Correspondence Address: 
sleW boost current mirror (14) having inputs connected to 

TEXAS INSTRUMENTS INCORPORATED 
P O BOX 655474, M/S 3999 
DALLAS, TX 75265 

drains of the input transistors, respectively. Each current 
mirror ampli?es excess tail current steered into it as a result 
of a large, rapid input signal transition. The ampli?ed excess 
tail current is used to boost the sleW rate of the class AB 
output stage. in accordance With a ?rst polarity of the 
difference betWeen the ?rst (Vin+) and second (Vin—) input 
voltages. The drains of the input transistors are maintained 

(21) Appl. No.: 10/878,849 

(22) Filed: Jun. 28, 2004 

at a voltage less than a transistor threshold voltage above the 
ground except during sleWing operation of the operational 

Publication Classi?cation 

(51) Int. Cl.7 H03F 3/45 ampli?er to effectively isolate the current mirrors except 
(52) US. Cl. 330/255 during slewing operation. 
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SLEW RATE ENHANCEMENT CIRCUITRY FOR 
FOLDED CASCODE AMPLIFIER 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to improv 
ing the sleW rate of a folded cascode ampli?er While also 
maintaining loW noise operation. 

[0002] The “sleW rate” of an ampli?er is a measure of hoW 
fast the ampli?er can charge up a large capacitor that is 
connected to an output conductor of the ampli?er in 
response to a large, rapid increase or decrease (such as a step 
function increase or decrease) of the input voltage applied to 
the ampli?er. (More generally, the sleW rate is a measure of 
the maximum rate of change of the output voltage in 
response to an input step function, and is normally, but not 
necessarily, limited by charging the compensation capaci 
tors.) A high sleW rate generally is a desirable characteristic 
of an ampli?er, especially an operational ampli?er, and 
especially a high-speed CMOS operational ampli?er. 

[0003] One technique for increasing the sleW rate of an 
ampli?er is to increase the bias current of the input stage, but 
that has a tendency to increase the bandWidth of the ampli 
?er and leads to a need to increase the compensation 
capacitance of the ampli?er to improve circuit stability, 
Which tends to decrease the sleW rate. Moreover, in the 
folded cascode ampli?er, increasing the input stage bias 
current requires a commensurate increase in the second 
stage current (to avoid turning the second stage off, Which in 
turn adds to the total input referred noise. 

[0004] Providing both a high sleW rate and a loW noise 
level in a tWo stage folded cascode ampli?er puts con?icting 
constraints on bias currents of the input stage and the second 
stage of the ampli?er, because keeping the second stage 
noise contributions loW generally requires keeping the oper 
ating bias currents loW in the second stage. HoWever, that 
ordinarily results in a loW sleW rate of the tWo stage folded 
cascode ampli?er. 

[0005] There is a very large market for improved, loW-cost 
operational ampli?ers With high sleW rate capability. 
Although there are many operational ampli?er designs 
capable of providing high sleW rates, they unfortunately 
have various problems, including high noise generation, 
high poWer dissipation, ineffective operation at loW poWer 
supply voltages, poorly controlled operational parameters 
over a range of poWer supply voltages, and/or redundant 
circuitry. 
[0006] The closest prior art is believed to include com 
monly assigned US. Pat. No. 6,359,512 entitled “SleW Rate 
Boost Circuitry and Method” issued Mar. 19, 2002 to Ivanov 
et al. and commonly assigned US. Pat. No. 6,437,645 
entitled “SleW Rate Boost Circuitry and Method” issued 
Aug. 20, 2002 to Ivanov et al., both of Which relate to 
boosting sleW rates of differential ampli?ers and operational 
ampli?ers. The closest prior art is believed to also include 
US. Pat. No. 4,570,128 entitled “Class AB Output Circuit 
With Large SWing” issued Feb. 11, 1986 to Monticelli, Which 
discloses details of a class AB output circuit Which can be 
used in conjunction With the present invention. 

[0007] FIG. 1 is a schematic diagram of an operational 
ampli?er including a conventional simple folded cascode 
input stage 19A Which drives a class AB output stage 20A 
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similar to the one described in the above-mentioned Mon 
ticelli U.S. Pat. No. 4,570,128. FIG. 2 is a schematic 
diagram of another operational ampli?er including a con 
ventional complementary folded cascode input stage 19 
Which drives a class AB output stage 20 that is slightly 
different than class AB output stage 20A shoWn in FIG. 1. 

[0008] Thus, there is an unmet need for a loW cost, loW 
noise ampli?er having a high sleW rate. 

[0009] There also is an unmet need for a loW cost, loW 
noise ampli?er having the ability to increase the sleW rate of 
various already eXisting ampli?er designs Without altering 
the signal path architecture and Without adding additional 
quiescent poWer consumption. 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to provide a 
loW cost, loW noise ampli?er having a high sleW rate. 

[0011] It is another object of the invention to provide a loW 
cost, loW noise ampli?er having the ability to increase the 
sleW rate of various already eXisting ampli?er designs 
Without altering the signal path architecture and Without 
adding additional quiescent poWer consumption. 

[0012] Brie?y described, and in accordance With one 
embodiment, the present invention increases a sleW rate of 
a folded-cascode operational ampli?er by applying a large, 
rapid transition of an input signal betWeen the bases of a ?rst 
input transistor having a gate coupled to a ?rst input voltage 
(Vin+), and emitter coupled to a tail current source (15), and 
a collector (12) coupled to a collector of a ?rst current source 
transistor and an emitter of a ?rst cascode transistor and a 
second input transistor having a base coupled to a second 
input voltage (Vin—), and emitter coupled to the tail current 
source (15), and a collector (11) coupled to a collector of a 
second current source transistor and an emitter of a second 
cascode transistor and amplifying an eXcess of tail current 
steered by the ?rst input transistor into the input of a ?rst 
sleW boost circuit (13) over a current ?oWing in a ?rst 
current source transistor and applying the ampli?ed eXcess 
current to boost the sleW rate of a class AB output stage in 
accordance With a ?rst polarity of the difference betWeen the 
?rst (Vin+) and second (Vin—) input voltages. 

[0013] In one described embodiment, invention provides 
an operational ampli?er including a differential input stage 
(19) and a class AB output stage (20). The differential input 
stage includes a ?rst input transistor (MP9) having a gate 
coupled to a ?rst input voltage (Vin+), a source coupled to 
a tail current source (15), and a drain (12) coupled to a drain 
of a ?rst current source transistor (MN4) and a source of a 
?rst cascode transistor (MN3), and a second input transistor 
(MP10) having a gate coupled to a second input voltage 
(Vin—), a source coupled to the tail current source (15), and 
a drain (11) coupled to a drain of a second current source 
transistor (MN5) and a source of a second cascode transistor 
(MN6). The class AB output stage includes a pull-up tran 
sistor (MPO) and current mirror circuitry (MP1,MP3,MP4, 
MP14) coupling a gate of the pull-up transistor (MP0) to a 
drain of the second cascode transistor (MN6) and a pull 
doWn transistor (MN1) including a gate coupled to a drain 
of the ?rst cascode transistor (MN3). A ?rst sleW boost 
circuit (13) has an input coupled to the drain (12) of the ?rst 
input transistor (MP9) and an output coupled to the source 
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(11) of the second cascode transistor (MN6) for amplifying 
an excess of tail current steered by the ?rst input transistor 
(MP9) into the input of the ?rst sleW boost circuit (13) over 
a current ?owing in the ?rst current source transistor (MN4) 
and applying the ampli?ed eXcess to boost the sleW rate of 
the class AB output stage in accordance With a ?rst polarity 
of the difference betWeen the ?rst (Vin+) and second (Vin—) 
input voltages. A second sleW boost circuit (14) includes an 
input coupled to the drain (11) of the second input transistor 
(MP10) and an output coupled to the source (12) of the ?rst 
cascode transistor (MN3) for amplifying an eXcess of tail 
current steered by the second input transistor (MP10) into 
the input of the second sleW boost circuit (14) over a current 
?oWing in the second current source transistor (MN5) and 
applying the ampli?ed eXcess to boost the sleW rate of the 
class AB output stage in accordance With a second polarity 
of the difference betWeen the ?rst (Vin+) and second (Vin—) 
input voltages. The ?rst sleW boost circuit (13) includes a 
?rst current mirror circuit including a ?rst control transistor 
(MN91) having a source connected to a ?rst reference 
conductor (GROUND) and a gate and drain coupled to the 
input of the ?rst sleW boost circuit and to a gate of a ?rst 
current mirror output transistor (MN92) having a source 
connected to the ?rst reference voltage (GROUND) and a 
drain coupled to the source of the second cascode transistor 
(MN6), and Wherein the second sleW boost circuit (14) 
includes a second current mirror circuit including a second 
control transistor (MNO) having a source connected to the 
?rst reference voltage (GROUND) and a gate and drain 
coupled to the input of the second sleW boost circuit and to 
a gate of a second current mirror output transistor (MN2) 
having a source connected to the ?rst reference voltage 
(GROUND) and a drain coupled to the source of the ?rst 
cascode transistor (MN3). The drains of the ?rst (MP9) and 
second (MP10) input transistors are maintained at a voltage 
less than a transistor threshold voltage above the ?rst 
reference voltage (GROUND) eXcept during sleWing opera 
tion of the operational ampli?er. 

[0014] In another embodiment of the invention, an opera 
tional ampli?er includes a differential input stage (19A) and 
a class AB output stage (20A). The differential input stage 
(19A) includes a ?rst input transistor (MP9) having a gate 
coupled to a ?rst input voltage (Vin+), a source coupled to 
a tail current source (15), and a drain (12) coupled to a drain 
of a ?rst current source transistor (MN4) and a source of a 
?rst cascode transistor (MN3), and a second input transistor 
(MP10) having a gate coupled to a second input voltage 
(Vin—), a source coupled to the tail current source (15), and 
a drain (11) coupled to a drain of a second current source 
transistor (MN5) and a source of a second cascode transistor 
(MN6). The class AB output stage (20A) includes a pull-up 
transistor (MPO), a pull-doWn transistor (MN1), a ?rst bias 
transistor (MN11) coupled betWeen a gate of the pull-up 
transistor (MPO) and a gate of the pull-doWn transistor 
(MN1), the gate of the pull-doWn transistor (MN1) being 
coupled to a drain of the ?rst cascode transistor (MN3). A 
?rst sleW boost circuit (13A) includes an input coupled to the 
drain (12) of the ?rst input transistor (MP9) and an output 
coupled by means of a current mirror coupling circuit 
(MP18,MP19,MP20,MP21) to the gate of the pull-up tran 
sistor (MP0) for amplifying an eXcess of tail current steered 
into the input of the ?rst sleW boost circuit (13A) over a 
current ?oWing in the ?rst current source transistor (MN4) 
and applying the ampli?ed eXcess to boost the sleW rate of 
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the class AB output stage in accordance With a ?rst polarity 
of the difference betWeen the ?rst (Vin+) and second (Vin—) 
input voltages. A second sleW boost circuit (14A) includes 
an input coupled to the drain (11) of the second input 
transistor (MP10) and an output coupled by means of a 
cascode coupling transistor (MN18) to the gate of the 
pull-doWn transistor (MN1) for amplifying an eXcess of tail 
current steered into the input of the second sleW boost circuit 
(14) over a current ?oWing in the second current source 
transistor (MN5) and applying the ampli?ed eXcess to boost 
the sleW rate of the class AB output stage in accordance With 
a second polarity of the difference betWeen the ?rst (Vin+) 
and second (Vin—) input voltages. The ?rst sleW boost circuit 
(13A) includes a ?rst current mirror circuit including a ?rst 
control transistor (MN91) having a source connected to a 
?rst reference conductor (GROUND) and a gate and drain 
coupled to the input of the ?rst sleW boost circuit and to a 
gate of a ?rst current mirror output transistor (MN92) having 
a source connected to the ?rst reference voltage (GROUND) 
and a drain coupled to an input of the current mirror 
coupling circuitry (MP18,MP19,MP20,MP21) and Wherein 
the second sleW boost circuit (14A) includes a second 
current mirror circuit including a second control transistor 
(MNO) having a source connected to the ?rst reference 
voltage (GROUND) and a gate and drain coupled to the 
input of the second sleW boost circuit and to a gate of a 
second current mirror output transistor (MN2) having a 
source connected to the ?rst reference voltage (GROUND) 
and a drain coupled to a source of the cascode coupling 
transistor (MN18). The voltages of the drains of the ?rst 
(MP9) and second (MP10) input transistors are maintained 
at a voltage less than a transistor threshold voltage above the 
?rst reference voltage (GROUND) eXcept during sleWing 
operation of the operational ampli?er. 

[0015] In the above mentioned embodiments, bipolar tran 
sistors can be used instead of MOS transistors, in Which case 
the connections indicated for sources, drains, and gates 
instead apply to the emitters, collectors, and bases, respec 
tively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a schematic diagram of a prior art 
operational ampli?er having a simple folded cascode input 
stage driving a class AB output stage FIG. 2 is a schematic 
diagram of a prior art operational ampli?er having a comple 
mentary folded cascode input stage driving a class AB 
output stage. 

[0017] FIG. 3 is a schematic diagram of an operational 
ampli?er similar to that of prior art FIG. 2 and further 
including sleW boost circuitry in accordance With one 
embodiment of the invention. 

[0018] FIG. 4 is a schematic diagram of an operational 
ampli?er similar to that of prior art FIG. 1 and further 
including sleW boost circuitry in accordance With another 
embodiment of the invention. 

[0019] FIG. 5 is a diagram of the output voltage Vout of 
the described embodiment of the invention for the purpose 
of comparing the performance of the invention With the 
performance of the prior art. 

[0020] FIG. 6 is a schematic diagram of an operational 
ampli?er similar to that of prior art FIG. 2, and including the 
sleW boost circuitry shoWn in FIG. 4. 



US 2005/0285676 A1 

[0021] FIG. 7 is schematic diagram of an embodiment of 
the invention implemented using bipolar transistors rather 
than ?eld effect transistors to provide a bipolar integrated 
circuit version of the ampli?er shoWn in FIG. 4. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0022] In accordance With the present invention, tWo cur 
rent mirrors are added in parallel With the junctions betWeen 
the drains of the input transistors and the sources of the 
corresponding cascode transistors of a tWo stage folded 
cascode ampli?er. During normal operation, the tWo current 
mirrors are completely shut off and therefore are “transpar 
ent” to the tWo stage folded cascode ampli?er. The tWo 
current mirrors also provide current gain to charge and 
discharge the compensation capacitors to help provide a 
high sleW rate. 

[0023] The tWo current mirrors are activated by “excess 
current” from the input transistors of the input stage caused 
by a large, rapid transition of the input voltage applied to 
gates of the input transistors. When the resulting current 
produced by the input stage exceeds the current of a current 
source (e.g., transistor MN4 or transistor MN5) in one side 
of the second stage, the corresponding current mirror turns 
on proportionally, and therefore drives ampli?ed “excess” 
current into or out of a compensation capacitor to provide 
increased sleWing speed. The transition betWeen normal 
operation and sleWing operation is stable because the excess 
sleWing current is proportional to the differential input 
voltage in the transition region. 

[0024] Referring to FIG. 3, operational ampli?er 10 
includes a conventional complementary folded cascode 
input stage 19 Which drives a class AB output stage 20. The 
input stage 19 includes a pair of P-channel input transistors 
MP9 and MP10 having their sources connected to a tail 
current source 15. The gates of input transistors MP9 and 
MP10 are connected to Vin+ and Vin—. The drain of input 
transistor MP10 is connected by conductor 11 to the drain of 
a N-channel current source transistor MN5, the source of 
Which is connected to ground. The drain of input transistor 
MP9 is connected by conductor 12 to the drain of a N-chan 
nel current source transistor MN4, the source of Which is 
connected to ground. The gates of current source transistors 
MN4 and MN5 are connected by conductor 22 to the gate 
and drain of a N-channel current mirror control transistor 
MN8, the source of Which is also connected to ground. A 
current source 21 connected betWeen VDD and conductor 
22 supplies a control current through transistor MN8. 

[0025] The drains of current source transistors MN4 and 
MN5 are connected to the sources of N-channel cascode 
transistors MN3 and MN6, respectively. The gates of cas 
code transistors MN3 and MN6 are connected to a reference 
voltage VB1. The drain of cascode transistor MN3 is con 
nected by conductor 17 to the gate of N-channel output 
transistor MN1 of class AB output stage 20. 

[0026] The drain of cascode transistor MN6 is connected 
by conductor 16 to the drain of a P-channel cascode tran 
sistor MP14 and the gates of P-channel current mirror 
transistors MP4 and MP3, the sources of Which are con 
nected to VDD. The drain of current source transistor MP3 
is connected to the source of a P-channel cascode transistor 
MP1, the drain of Which is connected by conductor 18 to the 
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gates of a P-channel output transistor MP0 of class AB 
output stage 20. The gates of cascode transistors MP1 and 
MP14 are connected to a reference voltage VB2. 

[0027] Class AB output stage 20 includes the above 
mentioned output transistors MPO and MN1, the drains of 
Which are connected by conductor 27 to the output terminal 
on Which the output voltage Vout is produced and also to the 
junction betWeen one terminal of each of compensation 
capacitors C0 and C1. The source of output transistor MP0 
is connected to VDD, and the source of output transistor 
MN1 is connected to ground. The other terminal of com 
pensation capacitor C0 is connected to conductor 18, and the 
other terminal of compensation capacitor C1 is connected to 
conductor 17. Class AB output stage 20 also includes a 
N-channel transistor MN11 having its source connected to 
conductor 17 and its drain connected to conductor 18. The 
gate of transistor MN11 is connected to the junction betWeen 
a current source 23 and the drain of a N-channel diode 
connected transistor MN12. The source of transistor MN12 
is connected to the gate and drain of a diode-connected 
N-channel transistor MN13, the source of Which is con 
nected to ground. Current source 23 has another terminal 
connected to VDD. 

[0028] Similarly, a P-channel transistor MP11 has its 
source connected to conductor 18 and its drain connected to 
conductor 17. The gate of transistor MP11 is connected to 
the junction betWeen one terminal of a current source 24 and 
the gate and drain of a P-channel diode-connected transistor 
MP16. The source of transistor MP16 is connected to the 
gate and drain of a P-channel diode-connected transistor 
MP15, the source of Which is connected to VDD. Current 
source 24 has another terminal connected to ground. 

[0029] The circuitry including transistors MN11, MN12, 
MN13, MP11, MP15 and MP16 and current sources 23 and 
24 operates to maintain a DC bias voltage betWeen conduc 
tors 17 and 18 so as to cause essentially the same quiescent 
current to How through output transistors MPO and MN1. It 
should be understood that the use of the basic Montecelli 
class AB output stage as shoWn in FIGS. 3 and 4 is 
exemplary, but various other class AB output stages also 
could be used in conjunction With the present invention. 

[0030] The above described complementary folded-cas 
code input stage 19 and class AB output stage 20 of FIG. 3 
are the same as in prior art FIG. 2. HoWever, in accordance 
With the present invention, operational ampli?er 10 further 
includes a negative sleW boost circuit 13 including a current 
mirror Which includes a diode-connected N-channel transis 
tor MN91 having its source connected to ground and its gate 
and drain connected to conductor 12 and also to the gate of 
a N-channel current source transistor MN92 having its 
source connected to ground and its drain connected to 
conductor 11. Operational ampli?er 10 also includes a 
positive sleW boost circuit 14 including a current mirror that 
includes a diode-connected N-channel transistor MNO hav 
ing its source connected to ground and its gate and drain 
connected to conductor 11 and also to the gate of a N-chan 
nel current source transistor MN2 having its source con 
nected to ground and its drain connected to conductor 12. 
(The term “negative sleW boost” as indicated in block 13 in 
FIG. 3 refers to boosting the sleW rate of Vout on conductor 
27 during a negative-going transition of Vout, and similarly, 
the term “positive sleW boost” as indicated in block 13 in 
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FIG. 3 refers to boosting the slew rate of Vout on conductor 
27 during a positive-going transition of Vout.) The magni 
tude of tail current 15 of complementary folded cascode 
input stage 19 is larger than the magnitude of the current 
?owing in either of current source transistors MN4 and 
MN5. The magnitude of tail current source 15 needs to be 
greater than the magnitude of the constant currents flowing 
through current source transistors MN5 and MN4, and also 
needs to be less than tWice the magnitude of that constant 
current, because otherWise, the steady-state operation Would 
leave cascode transistors MN3 and MN6 With Zero current. 

[0031] Consequently, under input signal overload condi 
tions Wherein most or all of tail current 15 is steered through 
one of input transistors MP9 or MP10 into the drain of one 
of current source transistors MN5 or MN4, respectively, 
there Will be an “excess” of current over the amount of 
current that either of transistors MN5 or MN4 is capable of 
sinking. That eXcess current will flow through one of diode 
connected transistors MN91 or MNO, depending on the 
polarity of the input signal (Vin=Vin+rninus Vin—) being 
applied to input stage 19. The eXcess current is “gained up” 
by the current mirror of the corresponding one of negative 
sleW boost circuit 13 and positive sleW boost circuit 14 in 
accordance With the ratio of the channel-Width-to-channel 
length ratio of MNO to that of MN2 or the ratio of the 
channel-Width-to-channel-length ratio of MN91 to that of 
MN92. The gained-up result is used as a sleW boost current. 

[0032] To aid in understanding the operation of invention, 
it may be helpful to understand the operation of the portion 
of FIG. 3 Without the sleW boosting function of negative 
sleW boost circuit 13 and positive sleW boost circuit 14. If 
Vin+ undergoes a large positive transition, that steers most 
or all of the tail current 15 through input transistor MP10 and 
conductor 11 into the drain of current source transistor MN5. 
Since the current in current source transistor MN5 is con 
stant, there is a decrease in the amount of current flowing 
through cascode transistor MN6, conductor 16, and transis 
tors MP14, MP4, MP3 and cascode transistor MP1. This 
reduces the voltage on conductor 18, turning pull-up tran 
sistor MP0 on harder. At the same-time, the decreased 
current in input transistor MP9 causes increased current to 
flow through cascode transistor MN3, since the current 
flowing through current source transistor MN4 is constant. 

[0033] A relatively constant voltage difference is main 
tained betWeen conductors 17 and 18 as pull-up transistor 
MP0 is turned on “harder” and pull-doWn transistor MN1 is 
turned on “less hard”. HoWever, since Vout is increasing 
While the voltage on conductor 18 is decreasing, compen 
sation capacitor C0 is being discharged While compensation 
capacitor C1 is being charged. The limited amount of 
constant current flowing in transistors MN4 and MN5 
sharply limits the amount of current available to accomplish 
the required discharging of compensation capacitor C0 and 
the required charging of compensation capacitor C1, and 
therefore also sharply limits the sleW rates of class AB 
output stage 20. 

[0034] According to the prior art, in order to accomplish 
a greater sleW rate, the channel-Width-to-channel-length 
ratio of transistors MN4 and MN5 must be increased to 
increase the constant current in each transistor so that more 
current is available for charging and discharging compen 
sation capacitors C0 and C1 in order to provide faster sleW 
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rates. But that substantially increases the operating noise 
level of prior art folded cascode operational ampli?ers. 

[0035] HoWever, in accordance With the present invention, 
if Vin+ goes substantially positive relative to Vin- so that the 
tail current 15 is steered through input transistor MP10, the 
eXcess current through transistor MP10 over the constant 
current in transistor MN5 flows through transistor MNO of 
positive sleW boost circuit 14 and is gained up by the W/L 
ratio of MN2 to that of transistor MNO. The gained-up 
eXcess current flows through cascode transistor MN3 and, in 
effect, “re-injects” it With the correct polarity to appropri 
ately charge compensation capacitor C1 and discharge com 
pensation capacitor C0. 

[0036] The operation is essentially similar if Vin- goes 
substantially positive relative to Vin+ so that the tail current 
15 is steered through transistor MP9 and the eXcess current 
flows through transistor MN91 of negative sleW boost circuit 
13, is gained up by transistor MN92, flows through cascode 
transistor MN6 and conductor 16, and then is mirrored 
through cascode transistor MP1 by P-channel current mirror 
circuitry including transistors MP4 and MP3. The gained 
up, mirrored eXcess current through cascode transistor MP1 
is injected into conductor 18 With the correct polarity to 
appropriately charge compensation capacitor C0 and dis 
charge compensation capacitor C1. 

[0037] If the amount of ampli?cation of the eXcess current 
by sleW boost circuits 13 and 14 is increased, the sleW rate 
of operational ampli?er 10 Will be increased. However, 
increasing the gain of the sleW boost circuits 13 and 14 is 
equivalent to increasing the gm of the input transistor pair 
MP9,MP10 during the sleWing operation, and the gain 
margin of the operational ampli?er 10 limits the overall 
ampli?er gain to a value that is loW enough to avoid circuit 
instability. Note that the technique of the present invention 
becomes increasingly effective for input transistors MP9 and 
MP10 Which have loW gate-to-drain capacitances. 

[0038] Note that the various geometry ratios of input 
transistors MP9 and MP10, current source transistors MN4 
and MN5, and cascode transistors MN3 and MN6 should be 
selected so that the voltages of conductors 11 and 12 are less 
than one MOS threshold voltage above ground during 
normal operation, so that sleW boost circuits 13 and 14 are 
completely off eXcept during rapid input voltage transitions 
that result in a need for positive sleWing or negative sleWing 
operation at Vout conductor 27. This prevents sleW boost 
circuits 13 and 14 from contributing any undesirable noise 
or offset in operational ampli?er 10. The constant current 
flowing through transistors MN4 and MN5 can be relatively 
small compared to the prior art. The thermal noise contri 
bution of transistors MN4 and MN5 is proportional to their 
transconductance gm, Which is proportional to the constant 
current flowing through them. 

[0039] Referring to FIG. 4, another operational ampli?er 
embodiment 10A of the present invention includes a con 
ventional complementary folded cascode input stage 19A 
Which drives a class AB output stage 20A, essentially the 
same as shoWn in prior art FIG. 1. Input stage 19A includes 
P-channel input transistors MP9 and MP10 having their 
sources connected to tail current source 15. The gates of 
input transistors MP9 and MP10 are connected to Vin+and 
Vin—. The drain of input transistor MP10 is connected by 
conductor 11 to the drain of channel current source transistor 
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MN5, the source of Which is connected to ground. The drain 
of input transistor MP9 is connected by conductor 12 to the 
drain of N-channel current source transistor MN4, the source 
of Which is connected to ground. The gates of current source 
transistors MN4 and MN5 are connected by conductor 16 to 
the drain of a N-channel cascode transistor MN6 and one 
terminal of a current source 29, the other terminal of Which 
is connected to VDD. 

[0040] The drains of current source transistors MN4 and 
MN5 are connected to the sources of N-channel cascode 
transistors MN3 and MN6, respectively. The gates of cas 
code transistors MN3 and MN6 are connected to a reference 
voltage VB1. The drain of cascode transistor MN3 is con 
nected by conductor 17 to the gates of output transistor MN1 
of class AB output stage 20A. 

[0041] Class AB output stage 20A of FIG. 4 includes a 
current source 30 having one terminal connected to conduc 
tor 18 and another conductor connected to VDD, and the rest 
of class AB output stage 20A is identical to output stage 20 
of FIG. 3. Note that constant current source 30 in FIG. 4 is 
replaced in FIG. 3 by transistors MP3, MP4, MP1 and 
MP14 Which constitute a current source that handles both 
DC current and signal current. The differential input to class 
AB output stage 20A is advantageous in that it doubles the 
AC signal current gain into class AB output stage 20 
compared to the single ended input class AB output stage 
20A in subsequently described FIG. 4. 

[0042] In accordance With the present invention, opera 
tional ampli?er 10A of FIG. 4 includes a negative sleW 
boost circuit 13A including a current mirror Which includes 
diode-connected N-channel transistor MN91 having its 
source connected to ground and its gate and drain connected 
to conductor 12 and to the gate of a N-channel current source 
transistor MN92. Transistor MN92 has its source connected 
to ground. The drain of transistor MN92 is connected to the 
drain of a P-channel cascode transistor MP20 and to the 
gates of P-channel current mirror transistors MP18 and 
MP19, the sources of Which are connected to VDD. The 
drain of current mirror transistor MP18 is connected to the 
source of cascode transistor MP20. The drain of current 
mirror transistor MP19 is connected to the source of P-chan 
nel cascode transistor MP21. The gates of cascode transis 
tors MP20 and MP21 are connected to a second reference 
voltage VB2. The drain of cascode transistor MP21 is 
connected to conductor 18. 

[0043] Operational ampli?er 10A also includes a positive 
sleW boost circuit 14A including a current mirror that 
includes diode-connected N-channel transistor MNO having 
its source connected to ground and its gate and drain 
connected to conductor 11 and to the gate of N-channel 
current source transistor MN2 having its source connected to 
ground and its drain connected the source of a N-channel 
cascode transistor MN18. The gate of cascode transistor 
MN18 is connected to VB1 mentioned above. The drain of 
cascode transistor MN18 is connected to conductor 17. 

[0044] As explained above With reference to input stage 
19 of FIG. 3, the magnitude of the tail current 15 of 
complementary folded cascode input stage 19A in FIG. 4 is 
larger than the magnitude of the current flowing in either of 
current source transistors MN4 and MN5. Consequently, 
under input signal overload conditions Wherein most or all 
of tail current 15 is steered through one of input transistors 

Dec. 29, 2005 

MP9 or MP10 into the drain of one of current source 

transistors MN5 or MN4, respectively, there Will be an 
eXcess current over the amount of current that either of 

current source transistors MN5 or MN4 is capable of sink 
ing. That eXcess current will flow through one of diode 
connected transistors MN91 or MNO, depending on the 
polarity of the input signal (Vin=Vin+rninus Vin—) applied to 
input stage 19A. That eXcess current is “gained up” by the 
current mirror of the corresponding one of negative sleW 
boost circuit 13A and positive sleW boost circuit 14A in 
accordance With the ratio of the channel-Width-to-channel 
length ratio of MNO to that of MN2 or the ratio of the 
channel-Width-to-channel-length ratio of MN91 to that of 
MN92, and the gained-up result is used as a sleW boost 
current. 

[0045] Thus, instead of using the cross-coupled negative 
sleW boost circuit 13 and positive sleW boost circuit 14 of 
FIG. 3 With their outputs connected to conductors 11 and 12, 
the negative sleW boost circuit 13A of FIG. 4 is coupled to 
conductor 18 by means of an additional current mirror 
circuit including P-channel transistors MP18 and MP19 and 
P-channel cascode transistors MP20 and MP21, and positive 
sleW boost circuit 14A is coupled to conductor 17 by means 
of additional cascode transistor MN18, so as to feed ampli 
?ed sleW boost currents directly to aid in charging into 
discharging of compensation capacitors C0 and C1, respec 
tively, during sleWing operation. This arrangement alloWs 
use of relatively small, fast transistors MN18 and MP21 as 
sleW boost devices. 

[0046] The simulated Waveforms shoWn in FIG. 5 illus 
trate the much faster sleW up and sleW doWn rates for the 
embodiment shoWn in FIG. 4 than for the prior art, With 8 
picofarad values for compensation capacitors C0 and C1. 
Note that the sleW rates are relatively independent of the 
output capacitance connected to output conductor 27. Spe 
ci?cally, the solid line Waveform in FIG. 5 shoWs a simu 
lated Waveform of Vout of the circuit shoWn in FIG. 4 
including the sleW boost circuitry of the present invention, 
and the dashed line Waveform in FIG. 5 shoWs a simulated 
Waveform of Vout of the prior art circuit shoWn in FIG. 2. 
Speci?cally, it can be readily seen that the rise time or sleW 
up time of the rising edge A1 of Vout for the present 
invention is much faster than the corresponding sleW up time 
for the rising edge A2 of Vout of the same circuit Without the 
sleW boost circuitry of the present invention. Also, it can be 
readily seen that the fall time or sleW doWn time of the 
falling edge B1 of Vout for the present invention is also 
much faster than the corresponding sleW doWn time for the 
falling edge B2 of Vout for the same circuit Without the sleW 
boost circuitry of the present invention. 

[0047] FIG. 6 shoWs another embodiment of the invention 
Wherein operational ampli?er 10C utiliZes the same sleW 
boost circuits 13A and 14A shoWn in FIG. 4 in place of the 
sleW boost circuits 13 and 14, respectively, shoWn in FIG. 
3. In FIG. 3, transistors MP3 and MP4 are relatively large 
transistors, in order to reduce 1/f noise, and therefore are 
relatively sloW in operation, usually too sloW to be effective 
for use in sleW boosting operation. This leads to providing 
the embodiment of FIG. 6, in Which large P-channel current 
mirror transistors are utiliZed for signal propagation, and the 
above described gain boost circuits 13A and 14A are used 
for sleW boosting. Since the transistors used for sleW boost 
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ing in gain boost circuits 13A and 14A in the embodiment of 
FIG. 6 are relatively small, no difficult design trade-offs are 
involved. 

[0048] The above described loW noise sleW boost tech 
niques can be utilized in ampli?ers implemented by means 
of bipolar transistors instead of MOS ?eld effects transistors. 
FIG. 7 illustrates such a bipolar integrated circuit ampli?er 
similar to the one shoWn in FIG. 6. Referring to FIG. 7, 
complementary folded-cascode input stage 19B is similar to 
complementary folded cascode input stage 19 at shoWn in 
FIG. 6. Negative sleW boost circuit 13B is similar to 
negative sleW boost circuit 13A of FIG. 6, and positive sleW 
boost circuit 14B is similar to positive sleW boost circuit 14A 
of FIG. 6. Conductors 17A and 18A of FIG. 7 correspond 
to conductors 17 and 18, respectively, of FIG. 6. Bipolar 
class AB output stage 20B is described in commonly 
assigned US. Pat. No. 6,542,032 issued Apr. 1, 2003 to 
Escobar-BoWser et al. 

[0049] Note that some folded cascode ampli?ers have both 
a P-channel pair of differentially coupled input transistors 
and a N-channel pair of input transistors, and that the above 
described sleW boost current mirror circuits could be con 
nected to the drains of the differentially coupled N-channel 
input transistors as Well as the differentially coupled P-chan 
nel input transistors. 

[0050] An advantage of the present invention is that the 
technique is readily adaptable for use in a Wide variety of 
operational ampli?er circuits to greatly improve their sleW 
rates With very little additional circuitry and With very little 
use of additional circuit chip area and Without adversely 
affecting their operational parameters. 

[0051] In contrast to the prior art, the described embodi 
ments of present invention have loW noise during normal 
operation, provide loWer operating current in the second 
stage than in the input stage, and can be easily added to 
eXisting tWo-stage folded cascode ampli?er designs Without 
modifying the input stages. Also, the tWo current mirror 
circuits function to, in effect, provide a clamping voltage for 
the second stage cascode nodes, Which decreases recovery 
time after a sleWing event. 

[0052] While the invention has been described With ref 
erence to several particular embodiments thereof, those 
skilled in the art Will be able to make various modi?cations 
to the described embodiments of the invention Without 
departing from its true spirit and scope. It is intended that all 
elements or steps Which are insubstantially different from 
those recited in the claims but perform substantially the 
same functions, respectively, in substantially the same Way 
to achieve the same result as What is claimed are Within the 
scope of the invention. 

What is claimed is: 
1. An operational ampli?er comprising: 

(a) a differential input stage including 

i. a ?rst input transistor, a ?rst current source transistor, 
and a ?rst cascode transistor each having ?rst and 
second electrodes and a control electrode, the control 
electrode being coupled to a ?rst input voltage, the 
?rst electrode being coupled to a tail current source, 
and the second electrode being coupled to the second 

Dec. 29, 2005 

electrode of the ?rst current source transistor and the 
?rst electrode of the ?rst cascode transistor, and 

ii. a second input transistor, a second current source 
transistor, and a second cascode transistor each hav 
ing ?rst and second electrodes and a control elec 
trode, the control electrode of the second input 
transistor being coupled to a second input voltage, 
the ?rst electrode of the second input transistor being 
coupled to the tail current source, the second elec 
trode of the second input transistor being coupled to 
the second electrode of the second current source 
transistor and the ?rst electrode of the second cas 
code transistor; 

(b) a class AB output stage including a pull-up transistor 
and a pull-doWn transistor each including ?rst and 
second electrodes and a control electrode, the AB 
output stage also including current mirror circuitry 
coupling the control electrode of the pull-up transistor 
to the second electrode of the second cascode transistor, 
the control electrode of the pull-doWn transistor being 
coupled to the second electrode of the ?rst cascode 
transistor; 

(c) a ?rst sleW boost circuit having an input coupled to the 
second electrode of the ?rst input transistor and an 
output coupled to the ?rst electrode of the second 
cascode transistor for amplifying an eXcess of tail 
current steered by the ?rst input transistor into the input 
of the ?rst sleW boost circuit over a current ?owing in 
the ?rst current source transistor and applying the 
ampli?ed eXcess current to boost the sleW rate of the 
class AB output stage in accordance With a ?rst polarity 
of the difference betWeen the ?rst and second input 
voltages; and 

(d) a second sleW boost circuit having an input coupled to 
the second electrode of the second input transistor and 
an output coupled to the ?rst electrode of the ?rst 
cascode transistor for amplifying an eXcess of tail 
current steered by the second input transistor into the 
input of the second sleW boost circuit over a current 
?oWing in the second current source transistor and 
applying the ampli?ed eXcess current to boost the sleW 
rate of the class AB output stage in accordance With a 
second polarity of the difference betWeen the ?rst and 
second input voltages. 

2. The operational ampli?er of claim 1 Wherein each 
control electrode is a base, each ?rst electrode is an emitter, 
and each second electrode is a collector. 

3. An operational ampli?er comprising: 

(a) a differential input stage including 

i. a ?rst input transistor having a gate coupled to a ?rst 
input voltage, a source coupled to a tail current 
source, and a drain coupled to a drain of a ?rst 
current source transistor and a source of a ?rst 

cascode transistor, and 

ii. a second input transistor having a gate coupled to a 
second input voltage, a source coupled to the tail 
current source, and a drain coupled to a drain of a 
second current source transistor and a source of a 

second cascode transistor; 

(b) a class AB output stage including a pull-up transistor 
and current mirror circuitry coupling a gate of the 
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pull-up transistor to a drain of the second cascode 
transistor and a pull-doWn transistor including a gate 
coupled to a drain of the ?rst cascode transistor; 

(c) a ?rst sleW boost circuit having an input coupled to the 
drain of the ?rst input transistor and an output coupled 
to the source of the second cascode transistor for 
amplifying an eXcess of tail current steered by the ?rst 
input transistor into the input of the ?rst sleW boost 
circuit over a current ?oWing in the ?rst current source 
transistor and applying the ampli?ed eXcess to boost 
the sleW rate of the class AB output stage in accordance 
With a ?rst polarity of the difference betWeen the ?rst 
and second input voltages; and 

(d) a second sleW boost circuit having an input coupled to 
the drain of the second input transistor and an output 
coupled to the source of the ?rst cascode transistor for 
amplifying an excess of tail current steered by the 
second input transistor into the input of the second sleW 
boost circuit over a current ?oWing in the second 
current source transistor and applying the ampli?ed 
eXcess to boost the sleW rate of the class AB output 
stage in accordance With a second polarity of the 
difference betWeen the ?rst and second input voltages. 

4. The operational ampli?er of claim 3 Wherein the ?rst 
sleW boost circuit includes a ?rst current mirror circuit 
including a ?rst control transistor having a source connected 
to a ?rst reference conductor and a gate and drain coupled 
to the input of the ?rst sleW boost circuit and to a gate of a 
?rst current mirror output transistor having a source con 
nected to the ?rst reference voltage and a drain coupled to 
the source of the second cascode transistor, and Wherein the 
second sleW boost circuit includes a second current mirror 
circuit including a second control transistor having a source 
connected to the ?rst reference voltage and a gate and drain 
coupled to the input of the second sleW boost circuit and to 
a gate of a second current mirror output transistor having a 
source connected to the ?rst reference voltage and a drain 
coupled to the source of the ?rst cascode transistor. 

5. The operational ampli?er of claim 4.Wherein the ?rst 
and second input transistors are N-channel transistors each 
having a source coupled to a ?rst terminal of a ?rst constant 
current source 15 having a second terminal coupled to a 
second reference voltage. 

6. The operational ampli?er of claim 5 Wherein the ?rst 
and second current source transistors and the ?rst and 
second cascode transistors are N-channel transistors. 

7. The operational ampli?er of claim 4 Wherein the 
pull-up transistor is a P-channel transistor having a source 
coupled to a second reference voltage and a drain coupled to 
an output of the operational ampli?er, and Wherein the 
pull-doWn transistor is an N-channel transistor having a 
source coupled to the ?rst reference voltage and a drain 
coupled to the output of the operational ampli?er. 

8. The operational ampli?er of claim 7 Wherein the 
current mirror coupling circuitry includes a ?rst P-channel 
cascode and transistor having a drain coupled to the drain of 
the second cascode transistor and to gates of ?rst and second 
P-channel current mirror transistors each having a drain 
coupled to the second reference voltage, a drain of the ?rst 
P-channel cascode transistor being coupled to a drain of the 
?rst P-channel current mirror transistor, a gate of the ?rst 
P-channel cascode transistor being coupled to a bias voltage 
and a gate of a second P-channel cascode transistor having 
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a source coupled to a drain of the second P-channel current 
mirror transistor and a drain coupled to the gate of the 
pull-up transistor. 

9. The operational ampli?er of claim 4 including a current 
mirror control transistor having a source coupled to the ?rst 
reference voltage and a gate and drain coupled to gates of the 
?rst and second current source transistors. 

10. The operational ampli?er of claim 4 Wherein voltages 
of the drains of the ?rst and second input transistors are 
maintained at a voltage less than a transistor threshold 
voltage above the ?rst reference voltage eXcept during 
sleWing operation of the operational ampli?er. 

11. The operational ampli?er of claim 4 Wherein gains of 
the ?rst and second current mirror circuits during sleWing 
operation are suf?ciently loW to avoid instability of the 
operational ampli?er during the sleWing operation. 

12. An operational ampli?er comprising: 

(a) a differential input stage including 

i. a ?rst input transistor, a ?rst current source transistor, 
and a ?rst cascode transistor each having ?rst and 
second electrodes and a control electrode, the control 
electrode being coupled to a ?rst input voltage, the 
?rst electrode being coupled to a tail current source, 
and the second electrode being coupled to the second 
electrode of the ?rst current source transistor and the 
?rst electrode of the ?rst cascode transistor, and 

ii. a second input transistor, a second current source 
transistor, and a second cascode transistor each hav 
ing ?rst and second electrodes and a control elec 
trode, the control electrode of the second input 
transistor being coupled to a second input voltage, 
the ?rst electrode of the second input transistor being 
coupled to the tail current source, the second elec 
trode of the second input transistor being coupled to 
the second electrode of the second current source 
transistor and the ?rst electrode of the second cas 
code transistor; 

(b) a class AB output stage including a pull-up transistor 
and a pull-doWn transistor each including ?rst and 
second electrodes and a control electrode, the AB 
output stage also including a ?rst bias transistor 
coupled betWeen the control electrode of the pull-up 
transistor and the control electrode of the pull-doWn 
transistor, the control electrode of the pull-doWn tran 
sistor being coupled to the second electrode of the ?rst 
cascode transistor; 

(c) a ?rst sleW boost circuit having an input coupled to the 
second electrode of the ?rst input transistor and an 
output coupled by means of a current mirror coupling 
circuit to the control electrode of the pull-up transistor 
for amplifying an eXcess of tail current steered into the 
input of the ?rst sleW boost circuit over a current 
?oWing in the ?rst current source transistor and apply 
ing the ampli?ed eXcess to boost the sleW rate of the 
class AB output stage in accordance With a ?rst polarity 
of the difference betWeen the ?rst and second input 
voltages; and 

(d) a second sleW boost circuit having an input coupled to 
the second electrode of the second input transistor and 
an output coupled by means of a cascode coupling 
transistor to the control electrode of the pull-doWn 
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transistor for amplifying an excess of tail current 
steered into the input of the second sleW boost circuit 
over a current ?owing in the second current source 
transistor and applying the ampli?ed eXcess to boost 
the sleW rate of the class AB output stage in accordance 
With a second polarity of the difference betWeen the 
?rst and second input voltages. 

13. The operational ampli?er of claim 12 Wherein each 
control electrode is a base, each ?rst electrode is an emitter, 
and each second electrode is a collector. 

14. An operational ampli?er comprising: 

(a) a differential input stage including 

i. a ?rst input transistor having a gate coupled to a ?rst 
input voltage, a source coupled to a tail current 
source, and a drain coupled to a drain of a ?rst 
current source transistor and a source of a ?rst 

cascode transistor, and 

ii. a second input transistor having a gate coupled to a 
second input voltage, a source coupled to the tail 
current source, and a drain coupled to a drain of a 
second current source transistor and a source of a 

second cascode transistor; 

(b) a class AB output stage including a pull-up transistor, 
a pull-doWn transistor, a ?rst bias transistor coupled 
betWeen a gate of the pull-up transistor and a gate of the 
pull-doWn transistor, the gate of the pull-doWn transis 
tor being coupled to a drain of the ?rst cascode tran 
sistor; 

(c) a ?rst sleW boost circuit having an input coupled to the 
drain of the ?rst input transistor and an output coupled 
by means of a current mirror coupling circuit to the gate 
of the pull-up transistor for amplifying an eXcess of tail 
current steered into the input of the ?rst sleW boost 
circuit over a current ?oWing in the ?rst current source 
transistor and applying the ampli?ed eXcess to boost 
the sleW rate of the class AB output stage in accordance 
With a ?rst polarity of the difference betWeen the ?rst 
and second input voltages; and 

(d) a second sleW boost circuit having an input coupled to 
the drain of the second input transistor and an output 
coupled by means of a cascode coupling transistor to 
the gate of the pull-doWn transistor for amplifying an 
eXcess of tail current steered into the input of the 
second sleW boost circuit over a current ?oWing in the 
second current source transistor and applying the 
ampli?ed eXcess to boost the sleW rate of the class AB 
output stage in accordance With a second polarity of the 
difference betWeen the ?rst and second input voltages. 

15. The operational ampli?er of claim 14 Wherein the ?rst 
sleW boost circuit includes a ?rst current mirror circuit 
including a ?rst control transistor having a source connected 
to a ?rst reference conductor and a gate and drain coupled 
to the input of the ?rst sleW boost circuit and to a gate of a 
?rst current mirror output transistor having a source con 
nected to the ?rst reference voltage and a drain coupled to 
an input of the current mirror coupling circuitry and Wherein 
the second sleW boost circuit includes a second current 
mirror circuit including a second control transistor having a 
source connected to the ?rst reference voltage and a gate and 
drain coupled to the input of the second sleW boost circuit 
and to a gate of a second current mirror output transistor 
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having a source connected to the ?rst reference voltage and 
a drain coupled to a source of the cascode coupling transis 
tor. 

16. The operational ampli?er of claim 15 Wherein the ?rst 
and second input transistors are N-channel transistors each 
having a source coupled to a ?rst terminal of a ?rst constant 
current source having a second terminal coupled to a second 
reference voltage. 

17. The operational ampli?er of claim 16 Wherein the ?rst 
and second current source transistors and the ?rst and 
second cascode transistors are N-channel transistors. 

18. The operational ampli?er of claim 15 Wherein the 
pull-up transistor is a P-channel transistor having a source 
coupled to a second reference voltage and a drain coupled to 
an output of the operational ampli?er, and Wherein the 
pull-doWn transistor is an N-channel transistor having a 
source coupled to the ?rst reference voltage and a drain 
coupled to the output of the operational ampli?er. 

19. The operational ampli?er of claim 15 Wherein volt 
ages of the drains of the ?rst and second input transistors are 
maintained at a voltage less than one transistor threshold 
voltage above the ?rst reference voltage eXcept during 
sleWing operation of the operational ampli?er. 

20. The operational ampli?er of claim 15 Wherein gains of 
the ?rst and second current mirror circuits during sleWing 
operation are suf?ciently loW to avoid instability of the 
operational ampli?er during the sleWing operation. 

21. Amethod of increasing a sleW rate of a folded-cascode 
operational ampli?er, comprising: 

(a) applying a large, rapid transition of an input signal 
betWeen the gates of a ?rst input transistor having a 
gate coupled to a ?rst input voltage, a source coupled 
to a tail current source, and a drain coupled to a drain 
of a ?rst current source transistor and a source of a ?rst 

cascode transistor and a second input transistor having 
a gate coupled to a second input voltage, a source 
coupled to the tail current source, and a drain coupled 
to a drain of a second current source transistor and a 

source of a second cascode transistor; and 

(b) amplifying an eXcess of tail current steered by the ?rst 
input transistor into the input of a ?rst sleW boost circuit 
over a current ?oWing in a ?rst current source transistor 
and applying the ampli?ed eXcess current to boost the 
sleW rate of a class AB output stage in accordance With 
a ?rst polarity of the difference betWeen the ?rst and 
second input voltages. 

22. The method of claim 21 Wherein step (b) includes 
applying the ampli?ed eXcess current directly to a terminal 
of a compensation capacitor of the class AB output stage. 

23. The method of claim 21 Wherein step (b) includes 
applying the ampli?ed eXcess current through one of the ?rst 
and second cascode transistors to a terminal of a compen 
sation capacitor of the class AB output stage. 

24. The method of claim 21 including amplifying an 
eXcess of tail current steered by the second input transistor 
into the input of the second sleW boost circuit over a current 
?oWing in the second current source transistor and applying 
the ampli?ed eXcess current to boost the sleW rate of the 
class AB output stage in accordance With a second polarity 
of the difference betWeen the ?rst and second input voltages. 

25. A folded-cascode operational ampli?er, comprising: 

(a) means for applying a large, rapid transition of an input 
signal betWeen gates of a ?rst input transistor having a 
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gate coupled to a ?rst input voltage, a source coupled 
to a tail current source, and a drain coupled to a drain 
of a ?rst current source transistor and a source of a ?rst 
cascode transistor and a second input transistor having 
a gate coupled to a second input voltage, a source 
coupled to the tail current source, and a drain coupled 
to a drain of a second current source transistor and a 

source of a second cascode transistor; and 

(b) means for amplifying an eXcess of tail current steered 
by the ?rst input transistor into the input of a ?rst sleW 
boost circuit over a current ?oWing in a ?rst current 
source transistor and applying the ampli?ed eXcess 
current to boost the sleW rate of a class AB output stage 
in accordance With a ?rst polarity of the difference 
betWeen the ?rst and second input voltages. 

26. The folded-cascode operational ampli?er of claim 25 
including means for amplifying an eXcess of tail current 
steered by the second input transistor into the input of a 
second sleW boost circuit over a current ?oWing in the 
second current source transistor and applying the ampli?ed 
eXcess current to boost the sleW rate of the class AB output 
stage in accordance With a second polarity of the difference 
betWeen the ?rst and second input voltages. 

27. Amethod of increasing a sleW rate of a folded-cascode 
operational ampli?er, comprising: 

(a) applying a large, rapid transition of an input signal 
betWeen the bases of a ?rst input transistor having a 
base coupled to a ?rst input voltage, an emitter coupled 
to a tail current source, and a collector coupled to a 
collector of a ?rst current source transistor and an 
emitter of a ?rst cascode transistor and a second input 
transistor having a base coupled to a second input 
voltage, an emitter coupled to the tail current source, 
and a collector coupled to a collector of a second 
current source transistor and an emitter of a second 

cascode transistor; and 

(b) amplifying an eXcess of tail current steered by the ?rst 
input transistor into the input of a ?rst sleW boost circuit 
over a current ?oWing in a ?rst current source transistor 
and applying the ampli?ed eXcess current to boost the 
sleW rate of a class AB output stage in accordance With 
a ?rst polarity of the difference betWeen the ?rst and 
second input voltages. 
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28. The method of claim 27 Wherein step (b) includes 
applying the ampli?ed eXcess current directly to a terminal 
of a compensation capacitor of the class AB output stage. 

29. The method of claim 27 Wherein step (b) includes 
applying the ampli?ed eXcess current through one of the ?rst 
and second cascode transistors to a terminal of a compen 
sation capacitor of the class AB output stage. 

30. The method of claim 27 including amplifying an 
eXcess of tail current steered by the second input transistor 
into the input of the second sleW boost circuit over a current 
?oWing in the second current source transistor and applying 
the ampli?ed eXcess current to boost the sleW rate of the 
class AB output stage in accordance With a second polarity 
of the difference betWeen the ?rst and second input voltages. 

31. A folded-cascode operational ampli?er, comprising: 

(a) means for applying a large, rapid transition of an input 
signal betWeen bases of a ?rst input transistor having a 
base coupled to a ?rst input voltage, a source coupled 
to a tail current source, and a collector coupled to a 
collector of a ?rst current source transistor and an 
emitter of a ?rst cascode transistor and a second input 
transistor having a base coupled to a second input 
voltage, an emitter coupled to the tail current source, 
and a collector coupled to a collector of a second 
current source transistor and an emitter of a second 

cascode transistor; and 

(b) means for amplifying an eXcess of tail current steered 
by the ?rst input transistor into the input of a ?rst sleW 
boost circuit over a current ?oWing in a ?rst current 
source transistor and applying the ampli?ed eXcess 
current to boost the sleW rate of a class AB output stage 
in accordance With a ?rst polarity of the difference 
betWeen the ?rst and second input voltages. 

32. The folded-cascode operational ampli?er of claim 31 
including means for amplifying an eXcess of tail current 
steered by the second input transistor into the input of a 
second sleW boost circuit over a current ?oWing in the 
second current source transistor and applying the ampli?ed 
eXcess current to boost the sleW rate of the class AB output 
stage in accordance With a second polarity of the difference 
betWeen the ?rst and second input voltages. 


