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present invention relates generally to multipath-mller-zero- conpensat ed
(MVZC) operational anplifiers which may be |rrpl Ierrent ary
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overall anplification of an input si gnal FIG 1 shows a B ock di agram of a
typical op anp 10 having two stages [err] and [err]. The front stage [err]
of t he Fieldzofptheninvention a differential anplifier having a non-inverting
I nput 12 and an inverting input 14. The output 16 of the front stage [err]
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stage A2 is the output of the op anp 10. A load ZL is connected to the
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general Ié’tal% ?de-semlconductor (CMOS) devices, and more particularly to low-voltage

MMZC operational amplifiers which include one or more class AB amplifier stages.

15 Background of the Invention

Operational amplifiers (op amps) are often used to amplify signals. Op amps
may have multiplé stages to increase the overall gain of the op amp, i.e., to increase
the overall amplification of an iﬁput signal. FIG 1 shows a block diagram of a typical
op amp 10 having two stages A, and A,. The front stage A, of the op amp may be :

20 a differential amplifier having a non-inverting input 12 and an inv.erting input 14. The
output 16 of the front stage A, is connected to an input 18 of the back stage A,. The
output 20 of the back stage A, is the output of the op amp 10. A load Z is
connected to the output 20. The load Z, may be a resistor R, a capacitor C, an
inductor L, or a combination thereof. Output signals from op amps generally have a

25 phase which Iags behind the phase of the input s'rgnals. A phase lag of greater than

180° causes oscnllatlon To prevent oscillation and prowde stability, a feedback Ioop

22 connects together the output 20 and input 18 of the back stage A2 v i g

In the exemplary op amp 10 of FIG. 1, the front stage A, is implemented as a
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25. phase which | ags behind the phase of the input signals. A phase |ag
of greater than 180[err] causes oscillation. To prevent oscillation and
provide stability, a feedback | oop 22 connects together the output 20 and
i nput ldass Atdraplifierkand thebaek stagenA; isdmplemehted asja clags AB avhplfiés. Classhe
front stage [err] is inplenented as a class A anplifier and the back

stage AR amplifiges eire bissedato allewasfullPEinasbidal input digmaito/bardPrbliueéd atftRe
biased to allow a full sinusoidal input signal to be reproduced at the
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si nusoi I nput signal T1s repr oduce rom0O to 3 err
anplifiers, haye, | ow di,stor ionlgt:?,e neral | ave,a poor efficiency.
For - excaianal 6 Xty ir64BERA Fiad 02 o 3601, Biae A ariniitce payB % disroriad A,
si nusoi dal signal inputs. To increase efficiency, class B anplifiers may be
us@d. cgeneraly hiavei airgor elficienay.orfiof examale. ruictasst Aaamplifigt ragy lhave amhat
I's, the conduction angle of a class B anplifier is 180[err]. Thus, only
hal f t hefficremay ag bdw,ase50% fér simuBoidal sigatingutsappears 10 at the
output. Two Class B anplifiers connected in a push-pull configuration are
To increase efficiency, class B amplifiers may be used. Class B amplifiers
conduct only during half of an input cycle. That is, the conduction angle of a class
B amplifier is 180°. Thus, only half the input cycle, e.g., from 0° to 180°, appears
10 at the output. Two Class B amplifiers connected in a push-pull configuration are
required to output to entire input cycle. Although class B amplifiers generally have
high efficiency, such amplifiers may produce significant output signal distortion. To
achieve a compromise between efficiency and distortion, class AB amplifiers are often
used. Class AB amplifiers have a conduction angle between 180° and 360°. Asin
156 class B amplifiers, class AB amplifiers have two output transistors connected in a
push-pull arrangement.
Two dominant poles f,, f, determine the frequency response of the two stage

op amp 10 of FIG 1. A representative transfer function of the two stage op amp 10

is given by equation (1):

A

A(Gf) = o
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20 : (1)



required to output to entire input cycle. A though class B anplifiers
general ly have high efficiency, such anplifiers may produce significant
out put signal distortion. To achi eve a conprom se between efficiency and
di storti on, thexagaiudenidecied (dBkobihectransted fudtticon shewmipl éduation (Hdve
conduction angle between 180[err] and 360[err]. As in 15 class B .
anpl i f igiven byl ecqueatidh 2l i fi ers have two output transistors connected in
push-pul | arrangenent. Two domi nant poles [err] deternm ne the frequency
response of the two stage op anp 10 of FIG 1. A representative transfer
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(1) 2 The magnitude in decibel (dB) of t he®’transfer fdnctioff shown in

equation (1) is given by equation (2): (2)

A plot of the amplitude and phase of the' transfer function A(jf} versus

5 frequency is referred to as a Bode plot. FIG 2a shows two Bode magnitude plots 30,

40. The first Bode plot 30 shows the magnitude of the voltage gain A, of the op amp

10 on the vertical axis 32 versus frequency on the horizontal axis 34. At f,, the

frequency at which the Bode plot 30 crosses the horizontal axis 34, the value of the

gain is unity (or O dB). Each pole causes the frequency response to fall off by 6

10 dB/octave (or 20 dB/decade}. Thus, between the poles f,, f,, the frequency response

decreases by 6 dB/octave, and after pole f,, the frequency response decreases by 12
dB/octave (or 40 dB/decade).

FIG 2b is a phase-response Bode plot which shows a plot 35 of the phase angle

¢ associated with the Bode plot 30 of FIG 2a. The vertical axis 36 is the phase angle

15 ¢ of the output signal and the horizontal axis 34 is frequency. The op amp becomes

stable when the i::hase angle ¢ is less than -180°, i.e., when the output lags the input

by more than 180°. FIG 2b shows the phase margin y which is a measure of the

stability of an op amp. Phase margin y is the amount of additional phase lag at

frequency'fu required to bring the op amp to the verge of instability, where the phase

20 angle ¢ equals -180°. The phase margin y is calculated by equation (3):



[err] (2) A plot of the anplitude and phase of the transfer function A(jf)
ver,sus 5 frequency is referred to as a Bode plot. FIG 2a shows two Bode
magni tude plots 30, 40. The first Bode plot 30 shows the nagnitude of the

voltage gain [err] of the gp=anp80® op gghe vertical axis 32 versus (3)
frequency on the horizontal axis 34. At [err], the frequency at which the
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FosponsesitiecaBoe shngie po HieauoBLy RePanteimys bel trduencaaspese 18 o
response decreases by 12 dB/octave (or 40 dB/decade). FIG 2b is a

phase- e dBioctBoddrarhddCwhifch A polessplittingt teghnisfuet ey eausedtg psoyideran
associated with the Bode plot 30 of FIG 2a. The vertical axis 36 is the
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. frequency. The op anp becones stable when the phase angle [err] is less
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frequency f', are shifted to the left, and the second dominant pole ', is shifted to the
right. The shifted second pole f', is at higher frequency than the shifted unity gain

10 frequency f',. Therefore, as desired, the Bode plot 40 roles off by no more than about
6 dB/octave between DC and f',.

Miller effect compensation is another conventional op amp compensation
technique which creates an approximate single pole fréquency response. This
response is achieved by adding a compensation capacitor C. in the feedback loop 22

15 of FIG 1. FIG 3 shows a single-capacitor Miller-compensated op amp 50. The op amp
50, which is similar to the op amp 10 of FIG 1, has the.compensation capagcitor C, in
the feedback loop 52. Hereinafter, for simplicity, the load connected to the output
of an op amp will be shown as a capacitor C,. However, it should be understood that
any type of load may be connected to the output of an op amp.

20 ‘ An input signal with an amplitude of V,, volts is applied to the inputs 12, 14 of
the front stage A,. The front stage A, amplifies the input signal and provides at its

output 16 an intermediate signal having an amplitude of AV, where A, is the



frequency f[err] required to bring the op anp to the verge of instability,
where the phase 20 angle [err] equals -180. The phase marginy is
calcul ated by equation (3): 3 [err] (3)
It is desdtagebgaintaf thafront staggd,phidedntermpediate sigdakis progidedpolthbefinpuutdcy
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right. The shifted second pole f'2 is at higher frequency than the shifted
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roles off by no nore than about 6 dB/octave between DC and [err]

current converter. The compensating capacitor C; and the back stage A, integrate the

current provided from the front stage A,. Thus, the back stage A, acts as a current-
to-voltage converter. The overall op amp 50 thereby provides voltage amplification.

The compensation capacitor C, provides a direct feed-forward path from the

10 input 18 to the output 20 of the second stage A,. This adds a right-hand-plane (RHP)
zero. Locating the RHP zero at a high frequency increases the phase margin and

allows for stable high frequency operation ﬁf the op amp. The voltage gain A, of the

op amp 50, is given by equation (4):

g,,,RL(1+j-l—f-)

A=
, £ . £
(1+j—=) (1+F—)
£ )
(4)
15
where: _ d,, is the transconductance of a transistor used to

implement the op amp;
R, is a load resistor;

f, is a zero; and



Ml ler_ effect conpensation.is another conventional op anp conpensation
techni que which creates an approxi mate single pole frequency response. This
response i s achieved by adding a conpensation capacitor [err] in the

f eedback | oop 22 15 of FI G 1f,,FfG éledirstvand ssicogdepaiaparispectively. _
M |1l er-conpensated op anp 50. The op anp 50, which is simlar to the op anp
10 of FIG 1, has the conpensation capacitor [err] in the feedback | oop 52.
Hereinafter, for sinplicity, the |oad connected to the output of an op anp
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any type of _ he output of an op anp.
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signal and provides at its output 16 an internediate signal having an
ampl i t uelatively] lovy valuscotgl, @reyents thecRHP zerg dramdeeingilpcated: dlchighgnoughage
[err]. The internediate signal is provided to the input 18 of the back
stage AvbgueincleshaTherefore, abe RHIP zerd chrnof be Positionsld overethef highefrequangy
second pole. The inability to place the RHP zero over the second pole degrades the
phase margin and stability of the op amp.
To improve the stability of the op amp 50, many solutions have been proposed.
10 FIG 4 shows one solution, referred to as RC Miller compensation. As shown in FIG
4, an op amp 60 has a series connected R.C_ network in the feedback loop 62. The
resistor R, allows independent control over the location of the RHP zero.
The RHP zero is commonly placed at infinity by setting the compensation
resistor value R, to equal the reciprocal of the transconductance of the second stage
15 dm2- This solution is described in:
[11 P.R. Gray and R.G. Meyer, "MOS Operational Amplifier Design - A
Tutorial Overview", IEEE J. Solid-State Circuits, Vol. SC-17, No. 6, pp.
969-982, Dec. 1982, which is incorporated herein by reference.
Alternatively, the compensation resistor value R, is chosen to move the zero
20 from the RHP to the LHP (left-hand-plane) and to locate the resultant LHP zero over

the second LHP pole. This is referred to doublet compensation and is described in:

[2] W.C. Black, D.J. Allstot, and R.A Reed, "A High Performance Low



out put 20, which is also the output of the back stage [err] is [err] = .
[err] where [err] = [err] 5 ' The front stage [err] is basically a
transconductance anplifier, i.e., a voltage-to- current converter. The
conpensating capPeviér CMOS [Chaitthel IFiitdrac IEEE dgB8okd-State Qirauits Mol cBCF BBt
provided fromthe front stage [err]. Thus, the back stage A2 acts as a
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vol tage anplification. e conpensation capacitor [err] provides a direct
feed-forward path rrorqnthe 10 i nput 18 to the output 20 of the second
stage A2. This adg¥ ¥ ??'ght-hand-pl ane (RHP) zero. Locating the RHP zero at
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{152t | ancrosses thapbmseimarginartha phasasoagin is intrensed benause thepkHiRzers o
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causes a’ phase lead which cancels a phase Iag_ caused by the LHP pole. However,
during use, the matched pole and zero may become separated, for example, due to
process and temperature variations. This necessitates use of a compensation tracking
circuit to improve the pole-zero matching. The compensation tracking circuit
- 10 increases the complexity and size of the op amp. In addition, a doublet compensated
op amp requires a relatively high voltage to provide sufficient gate bias to transistors
operating in the non-saturation region and used as an active RC network in the
feedback loop of the op amp. Therefore, a doublet compensated op amp generally
cannot be operated at low voltages. In addition, the phase margin of the amplifier is
15 strongly dependent on the capacitive load. The amplifier therefore may become
ovefcqmpensated in the case of light capacitive loads, thefeby decreasing the gain
margin.
Another solution to improve the stability of an op amp uses a unity gain buffer
or a current buffer. FIG 5 shows a unity-gain buffer compensated op amp 70 having
20 a feedback loop 72 between the output 20 and input 18 of the second stage A,. The

output 20 is fed into a unity gain buffer 74. The output 76 of the unity gain buffer

74 is connected to the input 18 of the second stage A, through the compensation



[err] i.s a zero; and 5 [err] are first and second pol es, respectively.
For. bi pol ar devices, [err] is large thus allowng the RHP zero to be
positi oned over the second pole which is |located at a high frequency.

Howev ercaphoitoMOS. dédnity-gain buffeb comperisated @pyarnpw avaldiscusisefldnt ] prevents
the RHP zero from being | ocated at high enough frequencies. Therefore, the
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[err] allows independent control over the |location of the RHP zero. The RHP

z& o0 is comflQl § sgpm;a two steadenctyent bulfer icognpensatednegnampi 8@ where the
compensation capacitor C, is in the feedback loop 82 between the input 18 and
output 20 of the second stage A,. A current buffer 84 is connected between the first
and second stages A;, A,. The current buffer 84 includes a MOS device 86. Current
sources 87, 88 are connected to the drain 89 and source 90, respectively, of the

10 MOS device 86 to provide a bias current l,,.

The output 16 of the first stage A, is connected to the drain 89 of the MOS
device 86. The source 90 of the MOS device 86 is connected to the input 18 of the
second stage A,. The gate 92 of the MOS device 86 is connected to ground. Current
buffer compensated op amps are discussed in:

15 [4] B.K. Ahuja, “An Improved Frequency Compensation Technique For
CMGOS Operational Ampilifiers”, IEEE J. Solid-State Circuits, Vol. SC-18,
No. 6, pp. 629-633, Dec. 1983, wﬁich is incorporated herein by
reférence.

Both the unity gain buffer 74 of FIG 5 and the current buffer 84 of FIG 6 block

20 the feedforward path while aliowing high frequency AC output current flow from the

output 20 of the second stage A, into the .output 16 of the first stage A,. The

feedforward path is from the output 16 of the first stage A, to the output 20 of the



resistar value [err] to equal the reciprocal of the transconductance of the
‘second stage 15 [err]. This solution is described in: [1]] P.R Gay and
R G Meyer, "MXS Qperational Anplifier Design -- A Tutorial Overview', |EEE
J. Sol i sbeindtstage Aguthraugh/the f&dbiack lobp. This pffectéélySditninbeas tHORPP 26ho ch
I's incorporated herein by reference. Alternatively, the conpensation
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LHP (Il eft-hand-plane) and to |locate the resultant LHP zero over the second
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conpensation effectively cancel s_the second LHP pol e and thereby .

5 large quiescent bias conditions. The peaking effect causes undesirable bumps in the

frequency response at the output 20 of the op amp. These bumps are manifested in
an increase in the open loop gain response as a function of frequency near the roll-off |
frequency. The peaking effect is discussed in the following two references:
[6]1 J.E. Solomon, "The Monolithic Op Amp: A Tutorial Study™, IEEE J.
10 ' Solid-State Circuits, Vol. SC-9, No. 6, pp. 314-332, Dec. 1974; and
[61 R.G.H. Eschauzier and J.H. Huijsing, "An Operational Amplifier with
Multipath Miller Zero Cancellation for RHP Zero Removal”, 19th
ESSCIRC, pp. 122-125, Sept. 1993.
These references are incorporated herein by reference. This Eschauzier reference [6]
15 discloses a class A folded-cascode front-end stage.
To avoid the peaking effect, the Eschauzier reference [6] discloses a multipath
Miller zero compensated op amp similar to the op amp 100 shown in FIG 7. As
shown in FIG 7, the front-end gain stage amplifier A’; has a dual output; a non-
inverted output 102 and an inverted output 104. The non-inverted output 102 is
20 connected to the input 18 of the back gain stage A,. One feedback loop 106
connects the output 20 of the back stage A, to its input 18‘through the compensation

capacitor C.. A second feedback loop 108 connects the output 20 to the inverted



5 I ncreases the phase margin. The phase margin.is increased because the
LHP zero causes a phase | ead which cancels a phase | ag caused by the LHP '
pol e. However, during use, the nmatched pole and zero nay becone separated,

for exgaput 104 efitReFFoWEsStagand’ l enperature variations. This necessitates
use of a conpensation tracking circuit to inprove the pole-zero matching.
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a class A amplifier as the front-end stage A,, and a class AB amplifier as the back-end

stage A,. Such an implementation using a class A front stage is discussed in the
10 following two reference:
[71 R.G.H. Eschauzier, R. Hogervorst and J.H. Huijsing, "A Programmable
1.5V CMOS Class-AB Operational Amplifier With Hybrid Nested Miller
Compensation for 120 dB Gain and 6 MHZ UGF”, IEEE International
Solid-State Circuits Conference, pp. 246-247, Feb. 1994; and
15 [81 R. Hogervorst, J.P. Tero, R.G.H. Eschauzier and J.H. Huijsing, "A
Compact Power-Efficient 3V CMOS Rail-To-Rail Input/Output Operational
Amplifier For VLSI Cell Libraries", IEEE International Solid-State Circuits
Conference, pp. 244-—245, Feb. 1994.
These references are incorporated herein by' reference. This Eschauzier reference [7]
20 discloses a class A folded-single-mirror front-end stage.
The slew rate of an op amp generally refers to the_ time rate of change of a

closed loop amplifier output voltage. To reduce output signal distortion, it is desirable

10



74 is connected to the-input 18 of the second stage A2 through the
conpensation 7 capacitor [err] Unity-gain buffer conpensated op anps are
di scussed in: [3] Y.P. Tsividis and P.R Gay, "An Integrated NMOS

Oper at itonkdveAaphigh slewNrate.| nTiee rsidwGatpesfs api amps USiRG diasSoA i fledt atage
Crcuits, Vol. SC-1 1, pp. 748-754, Dec. 1976, which is incorporated herein

by ref eingpiFRers fs limited by thé @nftedltpat Sufrvht 8fiditig capabiity oPwhé fontRdedasd ed
op anp 80 wher'e the conpensation capacitor [err] is in the feedback | oop 82

bet wee [ n 8 - . C e fer
84 1o CoStEt-oqr i N sih Pte BPoinds JoREF Yoraha et the GRCHEECRL AR
buffer 84 includFs .a I\ES deYi 5e 86. rrent sources 87, 88 are connected to
the dr dreAuesCIER T JOPHE Sighals paying: 3 faree amgplituds- 1o MOS device 86 to
provide a bias current Jerr]. The output 16 of the first stage [err] is
cédnnect ed t &Fl@rkshpwse CHIQS imalemeaationiafea genventional GO Seursent o amps
device 86 is connected to the input 18 of the

110 discussed in:

[91  S.N. Filho, M.C. Schneider and R.N.G. Robert, "New CMOS OTA For
Fully-Integrated Continuous-Time Applications”, Electronics Lett., Vol.
25, No. 24, pp. 1674-1675, Nov. 1989, which is incorporated herein by

10 reference.

The CMOS current op amp 110 has a front stage and a back stage. The front
stage is a class AB transconductance amplifier formed by CMOS transistors M1-M10,
whilé the back stage is a class AB amplifier formed by a push-pull complementary pair
of CMOS transistors M11, M12. The gain of the front stage transconductance

15 amplifier is set to one for stability considerations. Most of the gain of the CMOS
current op amp 110 is provided by the back stage puéh-pull complementary pair of
CMOS transistors M11, M12.

The class AB transconductance amplifier (i.e., the front stage) of the CMOS

current op amp 110 has a differential amplifier formed by PMOS transistors M1 and
20 M2. The gates 112, 114 of M1 and M2 receive non-inverted and inverted inputs
V*,,V., respectively. The source 116 of M1 is connected_ to a PMOS current mirror

M3, M4, and the source 118 of M1 is connected to a PMOS current mirror M5, M6.

11



second stage A2. The gate 92 of the MOS device 86 is connected to ground.
Current buffer -conpensated op anps are discussed in: 15 [4] B. K
Ahuja, "An |Inproved Frequency Conpensation Techni que For CMOS COper ati onal
Anpl i fi ers" TheRfiyRichl c8aohedti®h aif @ Cirrent mirroivsuch $6-thegzurrent mirrepMs; M6,633,
Dec. 1983, which is incorporated herein by reference. Both the unity gain

buf f er if 4s 9blidWws: ThanghtehE20 BF tiee) PMOS trdnsistop M4 i bniécteld tBGthe ddte 122
feedf orward path while allow ng high frequency AC output current flow from
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[err]. orwar romthe output 16 of the first stage [err]
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very high freqqencil such that it introduces at nost a negtl i gi bl e, phase
st ft. teothevdraini 126 of MiZen Tiner gateu1 28 of MAde conpectadiie the wshlgemnd

source 132 of M8.
The drain 140 of M1 is connected to the source 132 of M8 and the drain 142
of M2is connecfed to another NMOS current mirror M9, M10 in a similar fashion as
the connection of the NMOS current mirror M7, M8 to the drain 140 of M1. The
10 source 118 of M2 is also connected to the PMOS current mirror M5, M6 in a similar
fashion as the connection of the PMOS current mirror M3, M4 to the source 116 of
M1.

The gate 112 of M1 is connected to a unity gain buffer amplifier 152 and the

Qate 114 of M2 is connected to a unity gain buffer amplifier 156. The outputs of the
15 unity gain buffer amplifiers 156, 152 are connected to the sources 116, 118 of M1,
M2, respectively.

The interconnected gates 120, 122 of the current mirror M3, M4 are connected
to the gate 170 .of an NMOS transistor M12 which is connected in a push-pull
configuration with an NMOS transistor M11. That is, the drain 172 of M12 is

20 connected to the drain 174 of M11. The interconnected drains 172, 174 of M12,
M11 provide the output of the transconductance amplifier 110 which is an amplified

current |, given by:

12



anplifier of the back stage A2 of these op anps because of peaking of the
output at 5 | arge qui escent bias conditions. The peaking effect causes
undesi rabl e bunps in the frequency response at the output 20 of the op anp.
These bunps are hpr ggefEd VR) an increase in the open | oop gain respof@e as
a function of frequency near the roll-off frequency. The peaking effect is

di scussed | thhﬁtér@bhn@d&t@d gates naBen 80afthe [chfrend ntirroB0M DB aré Toanected
Monolithic Op Anp: A Tutorial Study", IEEE J. 10 Solid-State

G rcui tg ’thé/ gaée ﬁgs%fﬁeh STh@Boyrtkd 181, 18201 849736 FAtfle[Rirrentfnirrdrs M3,
Eschauzr e Sing, "An Operational Anplifier with Miltipath

glelp![ ?r i@e?"mge“ﬁ@ I]éeg;sogr%e 4?@%%%& ﬁ8ﬂ' %Eteb Cgagrence Cé‘gS’

Eschauzi er reference di scl oses a_class A f d ascode front end
stige. TﬂQ:a‘b%Z:dWﬂeH@%aRfﬂ’geéﬂf’@@it mWMSéthM?zn hd r"@é ?&@ea'r fheiisourer es
a multipath Mller zero conpensated op anp simlar to the op anp 100 shown
i n FI G1R8 Af Mhb\ane iconRkbcted ta igeodimdnt - end gain stage anplifier [err] has a
dual output; a non- inverted output 102 and an inverted output 104. The

gf’gggngr t ?é@%é;g%gg\%%%cgtgéﬁ’ ggnvéﬁﬂaﬁﬁlt €ldsé AB bp dmpB0d Qiselussée ikack gain
[10] L.G.A. Callewaert and W.M.C. Sansen, "Class-AB CMOS Ampilifier With
High Efficiency”, IEEE J. Solid-State Circuits, Vol. SC-25, No. 3, pp.
10 684-691, June 1990, which is incorporated herein by reference.

The op amp 200 is a class AB transconductance amplifier which is implemented
with CMOS transistors and has a dual stage design. FIG 9b shows one of the dual
stages which is the halif of the op amp 200 enclosed in the dotted lines of FIG 9a.
As shown in FIG 9b, a differential input pair M1A, M1B receives non-inverted and

15 inverted inputs V¥, V,,. The drains 210, 212 of the differential input pair M1A, M1B
are connected to a current mirror M4A, M4B. The sources 220, 222 of the
differential input pair M1A, M1B are connected to a current source 230 which
provides a biésing current l,,,. A feedback loop is formed by the folded-cascode
transistor M3 and the current mirror M4A, M4B. Another current source 240, which

20 also provides |, is connected to the source 242 of the transistor M3. Transistor

MA4C has its gate 250 connected to the gates 254, 256 of the current mirror M4A,

M4B. The drain 260 of the transistor M4C is connected to the output 270 of the op

13



connects the output 20 of the back stage A2 to its input 18 through the
conpensation capacitor [err]. A second feedback | oop 108 connects the
output 20 to the inverted 9 out put 104 of the front stage [err] The
second ahge@08cisekaigo FIB Ja)oduces zero cancell ati on by providing an anti -
phase path to the inverted output 104. The inverted output 104 serves to

sour ce/ si nk AIRFnatIvEIY! irfstea€ of thé op¥mp 20T oSFIE8a[ Whidh isTingglefented with
f eedf orward AC current is 5 injected into an output |oad CL connected to

the Outtﬁibgg 8f0|5 %nﬁ%’ R 4R FIE‘@bZPag\Qtl‘\éf Pé’di%aﬂBHeéif talocl'agé'.lﬂ!%tdb gm

Low- vol ass I - st age are It1onal l'y | npl ement

i b ldéé’c'tﬁf%%#neaﬁiaﬁ%% 2 383[{# i ”dw%éﬁ%%ﬁé#éﬂﬁi%ﬁeus.§§° cl ass

A front sta is discussed in the 10 follow ng two reference:
REG H. Esch th elass B ppgampsrghowndn FiGs 8493 @n%g% 'afe Fﬁvetj«aﬁvrrkb?sﬂeas the

back stages of conventional op amps, while the front stages are implemented using
class A amplifiers. Conventional op amps that have.a class A front stage and a class
AB back stage suffer from limited slew rate, peaking of the output signal, and
sensitivity to process and temperature variations.

10 In view of the foregoing, it is an object of the present invention to provide a
low-voltage multipath-miller-zero-compensated op amp which overcomes the
shortcomings of the prior art op amps. |

Specifically, it is_ an object of the present invention to provide a low-voitage
multipath-miller-zero-compensated op amp which has é class AB front stage as well

15 as a class AB back stage and still provides efficient, stable and reliable operational up
to high frequencies.

| It is another object of the present invention to provide a low-voltage multipath-
Miller-zero-compensated op amp that has a high slew rate, operates at low-voltages,
consumes low power and requires minimal wafer area, and is therefore particularly

20 well-suited for use in micropower applications.

It is yet another object of the present invention.to provide a low-voltage

muItipath-Miller-zero-combensated op amp in which the peaking effect is eliminated.

14



1.5V CMOXS O ass-AB Qperational Amplifier Wth Hybrid Nested M|l er
Conpensation for 120 dB. Gain and 6 MiZ UG-, |EEE | nt er nati onal SoI I d-State
Circuits Conference, pp. 246-247, Feb. 1994; and 15 [ 8]

Hoger vor st , Itlis@ fufkdven objedt i thEprésantinvention t provids &wg/oltagecmnﬁmatth-
Power - Ef ficient 3V CMOS Rail -To-Rail Input/Qutput Operational Amplifier For

VLSl Cﬂilllei—h&roaébﬁf)ensbﬁafob hes Wit Ras aSekll dohtralled Gettlinigt imEamidisdess,
pp. 244-245, Feb 994. These refererices are incorporated herein by

refer e%%ﬂsut Fﬁ"{& r térﬁégfaﬁﬂ&evéétl&% di scl oses a class A

f ol ded- S|ng nt-end stage ew rate of an op anp generally
refers to the tinme rate of change of a closed | oop anplifier output

vol tage. To reduce output signal distortion, it is desirable 10 to have
a high slewrate. The slew rate of op anps using class A front stage

arfpl i f iSummary |ofithedaventione finite output current driving capability of
the front-end cl ass

These and other objects are achieved by the present invention. Accordmg to
one embodiment, a low-voltage multipath-miller-zero-compensated (MMZC)
operational amplifier is provided for stable operation at high frequencies and low
voltages. |

10 - lllustratively, the inventive MMZC op amp comprises a class AB front stage and
a class AB back stage. The front stage has an inverted input, a non-inverted input,
an inverted output, and a non-inverted output. The back stage has an output and an
input, which input is connected to the non-inverted output of the front stage. The
output of the back stage is connected to the inverted output of the front stage. A

15 capacitor is coupled between the output and input of the back stage. The inventive
low-voltage MMZC op amp may implemented using CMOS transistors.

The front stage may include a differential amplifier which receives inverted and
non-inverted inputs. First and second pairs of transistors are connected in a push-pull
configuration and provide the inverted and non-inverted outputs of the front stage,

20 respectively.

The back stage may include a pair of transistors. connected in a push-pull

configuration. The gates of these transistors are connected together to provide the

15



A stage. The limted slewrate prevents proper opefation of the op anp at
hi gh frequencies for input signals having a large anplitude. 5 FI G
8 shows a CMOS i nplenmentation of a conventional CMOS current op anp 1 10

di scussggut Bf th8lback Stagel | Mhe dkdins 5¢ithei tlansiatuts Rkl ébnriRadtedt togetiear VDS
OTA For Fully-Integrated Continuous-Tine Applications", Electronics Lett.

.VoI 23rolidte te oliput WF thelfdcik stige. 1989, which is |ncorporat ed herein by
reference. The current op anp 1 10 has a front stage

R AR e

anmplifier formed push- pul | |.enent ar st
1P | thaving apmveried it oeC R B e BRs SYRIEERBut 2he HRP Blagel, The
set to one for stability considerations. Mdst of -the gain of the CMOS

cuB r entoutputiof the kacksstage\is gedvidedt e atpaitkof pugh-pulisHapsistorsonpl ement ary
pair of CMOS transistors M 1, M 2. The class AB transconductance

anplifier (iTke inJertiver MMZGtayampis aheblsBpcampewhictp exhibits dioskddoap
differential anmplifier fornmed by PMOS transistors ML and
stability at low voltages, provides reliable operation, and consumes low power. The
inventive MMZC op amp has a high slew rate. The settling time of the inventive
MMZC op amp is lees sensitive to load, process and temperature variations.
10
Brief Description of the Drawings
FIG 1 shows a block diagram of a conventional two stage op amp;
FIGs 2a, 2b show Bode plots of conventional uncompensated and compensated
op amps;
15 FIG 3 shows a conventional single-capacitor Miller compensated op amp;
" FIG 4 shows a conventional RC Miller compensated op amp;
FIG 5 shows a conventional unity-gain buffer compensated op amp;
FIG 6 shows a conventional current buffer compensated op amp;
FIG 7 éhows a conventional multipath Miller zero compensated op amp;
20 FIG 8 shows a PMOS implementation of conventional current op amp;

FIG 9a shows another conventional class AB op amp having a dual stage

design;

16



20 M2. The gates 112, 114 of ML and M2 receive non-inverted and inverted
inputs [err] respectively. The source 116 of ML is connected to a PMOS
current mrror M3, M4, and the source 118 of ML is connected to a PMOS
current mriFG b shblvs dné of thihdual ptages b iineconyentipnal class B o Ay
such as the current mrror Mo, Ms, is as follows. The gate 120 of the PMOS

transi shewrvth FRG @annected to the gate 122 and drain 124 of the PMOS
transistor M3. The drain 124 of M3 is in turn connected to an NMOS current

rrir_ror M7, I i cul a hey: i ' o] _Killar- t he
drain 126 ogf@vg%ifo%%él%%f Yfraht I8 AorhGolthgl ORAEL At iler et e
0 e drain

) .0 ML i d .
drai . EoMRRNGReS SORRIATIERAL ATERIIEE RO NEOR cone BN TRt Rh thabreSfy "
simlar fashion as the connection of the NMOS current mirror M/, MB to the

drai n Jimgrmomm. The 10 source 118 of M2 is al so connected to the PMOS
current mrror Mo, Mo in a simlar

FIG 11 shows the front stage of the op amp shown in FIG 10 according to the
present invention;

FIG 12 shows a block diagram of another embodiment of the low-voltage
multipath-Miller-zero-compensated operatiohal amplifier according to the present

10 invention;

FIG 13 shows a large-signal transient response of the low-voltage multipath-
Miller-zero-compensated operational amplifier shown in FIG 10 according to the
present invention;

FIG 14 shows a large-signal transient response of the low-voltage multipath-

15 Miller-zero-compensated operational amplifier shown in FIG 12 according to the
present invention;

FiGs 15a-15b show a Bode plot. of the low-voltage multipath-Miller-zero-
compensated . operational 'amplifier shoWn in FIG 10 according to the present
invention; and

20 FIGs 16a-16b show a Bode plot of the low-voltage multipath-Miller-zero-
compensated operational amplifier shown in FIG 12 gccording to the present

invention.
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fashi on as the connection of the PMOS current mirror M3, Md to the source
116 of M. The gate 112 of ML is connected to a unity gain buffer anplifier
152 and the gate 114 of M2 is connected to a unity gain buffer anplifier
156. TDetailedoDescriptionofithe Preterred Egbodimentter anplifiers 156, 152 are
connected to the sources 116, 118 of M1, M2, respectively. The

i nterconneckry got @holdd. d Mok Hizgramr ro€fn'fa f‘lbw-%lté@a ivditipathavilleecerst t o
the gate 170 of an NMOS transistor M 2 which is connected in a push-pull

f
o M P AR i pp St g IR B GRS 2
L042 bbsebh o Ao S S b4 " LSRR SPA-L el 10

(5
5) front stage A’’, has two inputs and two outputs similar to the front stage A, of the

op amp 100 shown in FIG 7. The front stage A’’, has'a non-inverted input 310, an

inverted input 3.1 B, a non-inverted output 320 and an inverted output 325. The back

stage A’’, has a dual input including an inverted input 330 and a non-inverted input

335. The inverted input 330 is connected to the non-inverted output 320 of the front

10 stage A’’,. The voltage V, at the non-inverted input 335 is maintained at an artificial

- or "virtual" ground or other appropriate reference voltage.

The output 340 of the back stage A’’, is also the output of the op amp 300.

A load, such as a capacitor C,, is connected between the output 340 and ground. A

first feedback loop 350 connects the output 340 of the back stage A"’, to its inverted

15 input 330 thrbugh the compensation capacitor C.. Similar to the op amp 100 of FIG

7, a second feedback loop 360 connects the output 340 of the back stage A’’, to the
inverted output 325 of the front stage A”';.

Unlike the front §tage A’, of the op amp 100 shown in FIG 7, which is

implemented using a class A amplifier, the front stage A’’, is a class AB amplifier. FIG

20 11 shows one embodiment of the front stage A’’, using a class AB CMOS op amp

400. A portion of the élass AB CMOS op amp 400 is similar to the conventional

CMOS current op amp 110 shown in FIG 8. In contrast to the current op amp 110

18



The interconnected gates 128, 130 of the current mrror M/, MB are connected
to.the gate 175 of M 1. The sources 180, 182, 184, 186 of the current
mrrors M3, M4, and Mb, M5, and the source 188 of ML2 are connected to Vdd.
The so(FiG8),%he clagd) ABIORMOS 94, arhpciQd hakdheduat outprtsr 326, 825 alen shawn\p,
MLO, and the source 198 of M 1 are connected to ground. FIG 9a shows

anot heln epavignt i onal class AB op anp 200 discussed in: [10] L.G A

Cal |l ewaert and WM C. Sansen, "Cl ass-AB CMOS Anplifier Wth High

Efficiency” mLE : IAPh t | i Y/ - s

ggg 691, J:JF%‘ elglgﬁ',‘; Qf\ﬁ%‘ﬂﬁsssk n%g p%?gti% eﬁéesltr#%yarg'&(%% r?gfa?rﬁ%de pthaerrp
S ass AB tran ctance anplifi.er which is pnplemented wit

Crans: SMOS Fmashsers VTN Qs Siserape Mot SBnerions (VY Thh e ehos™

stages which is the half of the op anp 200 enclosed in the dotted |ines of

FISG 9a.tramsisthesvM 1 M4 Jihe firsyigain stage i a classtAB dransepadugtanse, ampfifies

non-inverted and 15 inverted inputs [err]. The drains 210, 212 of the

di f f er aghichlhds'@differentiaMhpit plir rlade of RMOSctradsistora My Mt Thiergate M,
MAB. The sources 220, 222 of the differential input pair MIA, MB are

conec s obHpEE 1P 1 B R4 it Y0 rana o ampraDO el - A
non-inverted input V1. The gate 114 of M2 is connected to the inverted input 315
of the op amp 400 and receives a non-inverted input Vi,.

10 As described in connection with FIG 8, the source 116 of M1 is connected to
the current mirror pair made of PMOS transiéto’rs M3, M4, and the source 118 of M2
is connected to the PMOS current mirror M5, M6. The drain 140 of M1 is connected
to the NMOS current mirror M7, M8, and the drain 142 of M2 is connected to the
NMOS current mirror M9, M10.

15 | The gate 112 of M1 is connected to a unity gain buffer amplifier 152 and the
gate 114 of M2 is connected to a unity gain buffer amplifier 156. The outputs of the
unity gain buffer amplifiers 156, 152 are connected to the sources 116, 118 of M1,
M2, re_spectively.

Two push-pull complementary pairs of CMOS transistors M11, M12 and M13,

20 | M14, configured in a class AB arrangement, provide the non-inverted output 320 and

inverted output 325 of the class AB CMOS op amp 400, respectively. The two push-

pull complementary pairs of CMOS transistors M11, M12 and M13, M14, provide
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transistor M3 and the current mrror M4A, MAB. Another current source 240,
whi.ch 20 al so provides [err], is connected to the source 242 of the
transi stor M3. Transistor MAC has its gate 250 connected to the gates 254,
256 of mdet slutheegainmof thes cldésd ABMMIOBhep cimap QB0 of the transistor MICis
connected to the output 270 of the op 13 anp 200 (see also FIG 9a).

Al ternativelphe intéfcdfetted Batddd 120D 12300Pth&IFMOS, civbérshmiisor M3 eNeh e
with two of the op anps shown in FI G 9b, another realization of a class AB

83r ?gﬁtc%h%l%gg%e g% e %%lté q\ﬁﬁé} tHe PR (igehélg@é THe mmdd%cﬁd;’g%gei’ heg, 3

a

ent g kc ass nps shown 1 n 9a an 09b
are typically used as t st ages .of, .convent.i a LLe 4.he
front fdgescusrent 'Hﬁf%rrfgﬁt Bgé IS ﬁﬁ"c"'(‘,?%f?g ] ww% 09&%&5@?%@3}‘ . o-{:)h%nps
that have a class A front stage and a class AB back stage suffer from

| i5ri t ednteroennected gatakiafdhePMOS eument minrghM5, MA@rsseaneciad o the gatR ess
and tenperature variations.

410 of the PMOS M14. The interconnected gates of the NMOS current mirror M9,
M10 are connected to the gate 420 of the NMOS M13.
The class AB CMOS op amp 400 is connected between two reference voltages

Vdd and Vss. IIIustr_atively, the potential difference between Vdd and Vss is

10 approximately 3 volts. The sources 180, 182, 184, 186 of the PMOS current mirrors
M3, M4, and M5, M8, the source 188 of the PMOS M12 and the source 430 of the
PMQS M14 are connected to Vdd. The sources 190, 192, 194, 196 of the current
mirrors M7, M8, and M9, M10, the source 198 of the PMOS M11, and the source
440 of M13 are connected to Vss, which may be ground.

15 The drains 172, 174 of M11, M12 are interconnected to provide the non-
inverted output 320 of the class AB CMOS op amp 400. At the non-inverted output
320, the class AB CMOS op amp 400 provides the signal I} = g,(V7, - V.). Atthe
inverted output 325, thé class AB CMOS op amp 400 provides the signal
Iy = -Gm(VTn - Vid)-

20 In contrast to the class A folded-architectures disclosed in the Eschauzier
references [6], [7], the silicon wafer area needed to implgment the class AB CMOS

op amp 400 is much smaller than the wafer area needed for class A folded-
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10 . In view of the foregoing, it is an object of the present
i nvention to provide a |lowvoltage nultipath-mller-zero-conpensated op anp
whi ch overcones the shortcom ngs of the prior art op anps. Specifically, it
i s an ahbjhitdictufest hEhe@wefenaréawesdddfort theprmampe4 @0 limanlyoslighgly larger than
mul ti path-m | er-zero-conpensated op anp which has a class AB front stage
as wel khe vafer afealuSddiftHBcHReéntidr) CMOS 6hrrbht Bp Avhsldd CRERownantFIGs8,abl e
and reliable operational up to high frequencies. It is another object of
the pr gﬁ\%rétor{lg\fﬁ)?:t {rgﬁsigfbrgrl\ﬂ‘f@ﬁnﬂ a é!"'a&ﬂla{i}?ﬁl f%l{hfg B@bdritage of the current
:\/I |1 erl-zero-c npensated op anp that has a high slewrate, Operates at

ow vol t.ages, .c | ow power and uir.es mni.oal waf. .and.,i s
thor of GIECBHATS IR EHSrEmE) PIRSa AN TRt i oLy enisVe the
applications. It is yet another object of the present invention to provide
a8l ow vuiat ingut andd outnutml@sséar(ld\l@&wmﬁgm%ao &Y asding Anhiwe, tiansistaesci ng

effect is elimnated. 14
M13, M14 to the conventional CMOS current op amp 110 of FIG 8.

The voltage gain A,, of the class AB CMOS op amp 400 at its non-inverted

output 320 is given by equation (6):

Gp11 + Imiz

gdsll + gdslz

vl

(6)

10 where: 9mi1r Omi2 are the transconductances of M11 and M12,
respectively; and

Qus11+ Uas12 @re the drain to source conductances of M11 and

M12, respectively.

15 Thé back stage A’’, of the op amp 300 (FIG 10) may be implemented using the
class AB current op amp 110 of FIG 8, the class AB transconductance op amp 200
of FIG 9a, or other suitable implementations described in the above-noted references.
Unlike the above-noted references, the present invention utilizes the op amp 1_10 or
op amp 200 as the back stage A’’, of a low-voltgge multipath-Miller-zero-

20 compensated op amp such as the op amp 300 shown in FIG 10.
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It is a further object of the present invention to provide a | ow voltage
mul.tipath- M Il er-zero-conpensated op anp which has a well controlled
settling time and is |l ess sensitive to process and tenperature vari ations.
5 Summar Confpdring the émiértivel bp sampna00tdfeFlGHj0eta sherconyehtioneh QMOShe
present invention. According to one enbodinent, a |owvoltage

mul ti pagiftefit bbedmper PO @Fmen8aard t6 NMBGhuftieitht ieehalquengistissed Irsthis owioded
for stable operat lon at high frequenC| es and | ow vol tages 10

[l ust t 7I}/I\{% C'O'“}?méﬁ: f

and a g?é d ’Sg%énb?g[g& éd]fﬁe rgntgggtqitgg; as 'g% |nvgrte I nput d.ﬁg;erﬁteage
non-inyvert.e p i nvert A Kk
ot age Haesiag tbaess BRpname e R tgﬁaf.rsg%%g\gﬂgggwwﬁ.@smzaembac
non-inverted output of the front stage. The out put of t he _back s e is
cBnnecthelclassnarchitesturejussd inthedischauzier seferanes(61 andd 7]. EE?N?JOW s
coupl ed between the output and input of the back stage. The inventive

| ow voldiffgrenbdFSusingatine tuwy inpup ctassrA R transcogdaadceramnglifiard?Q0 (Filie9d)ramt
stage may include a differential anplifier which receives inverted and

2°Bu; e paEk SEYY A, OF thé iVEhtRRCRIEMRABO0 (FIG 1 ORNWI cdritFdstatife backiesige! 1n
of the op amp discussed in reference [6] is a class-A amplifier and the back stage of
the op amp discussed in reference [7] is a multi-stage class-AB amplifier.

10 FIG 12 shows another embodiment of the present invention. This low-voltage
muItipath-MiIIer-zero—cdmpensated op amp 500 uses the same first stage A’’, shown
in FIG 10 and depicted in detail in FIG 11. However, the second gain stage is
implemented u_sing'a common-gated CMOS complementary gain stage 510.

The common-gated CMOS complementary gain stage 510 comprises an NMOS

15 transistor M15 and a PMOS transistor M16. The gates 520, 525 of M15, M16 are
connected to the non-inverted output 320 of the front stage A’’;. The drains 530,
535 of M15, M16 are. interconnected to form the output 540 of the op amp 500.
The source 550 of M15 is connected to Vss which may be ground. The source 555
of M16 is connected to Vdd.

20 Similar to the op amp 300 of FIG 10, a load, such as; a capacitor C, is

connected between the output 540 and ground. A first feedbac’:k loop 350 connects

the output 540 to the non-inverted output 320 of the front stage A’’; through the
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configuration and provide the inverted and non-inverted outputs of the
front stage, 20 respectively. The back stage may include a pair of
transi stors connected in a push-pull configuration. The gates of these

t r ansi sbmpensationwapacited G0 gktseeond depdbackidodh 8605conneatp dhe glutput 594k k

st age.

The drains of the transistors are connected together to provide the

out put t@khé everaéd critpde 325Nofath front etdggliATgnt, the back stage has a pair
of differential anplifiers each having an inverted i nput connected to the

non-inverti Ryl d;;f)%@poé%(? i&g%ésrf]é?gflﬂ ?ﬁﬁ;ﬂ@r tq (MiplementQHER 4h off aﬁwb%d‘@gkl@‘i@f?e

I's provided by

Ir transi stors. The iInventive MW

op anp

or ovi dUERISBs Bor,AeRaRIe the RS L AAE G ol Fonap (FIRl 981 auaih ¥k Bk o,

a has a high slewrate. The settling time of the inventive MWC op a S
iy Trg 5 amp30(5)(FIE)

| &s s&Hi&.t

10

156

20

e apampa200 wise: eemiicase sealler yvafee ares than g op

10). In addition, the op amp 500 consumes less power and provides less noise on its
output 540. However, the power consumption may be excessive when the supply
voltage Vdd is increased from 3v to 5v for example. To remedy this, the power
consumption may be reduced by using a level shifter having one PMOS transistor and
one NMOS transistor to bias the complementary push-pull pair M15, M16.

The op amp 500 has the front stage A’’, connected in cascade to the
complemeﬁtary push-pull pair M15, M16 of gain stage 510. Therefore, the small-
signal AC voltage gain A, pf the op amp 500 at its output 540 is given by equation

(7):

+ + g
A, =24, A, = ( Im1z * Gmiz ) ( Im15 - m16_y
Gas1z ¥ Yds1z  Yasis Gds16

(7)

where: _ 9mi11r Omi2r Gmise Omis @re the transconductances of M11, M12,
M15 and M186, respectively; and |

Qas117 Jus12¢ Gasts: Gas1s are the drain tq source conductances of

M11 M12, M15 and M16, respectively.
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10 Brief Description of the Drawings FIG 1 shows a bl ock di agram of a
conventional two stage op anp; FIGs 2a, 2b show Bode plots of conventional
unconpensat ed and conpensated op anps; 15 FIG 3 shows a

convent i onaTablengl estwapactheorchidradteristcsipah exenplaty dmplernectationsowd the
conventional RC MIler compensated op anp; FIG 5 shows a conventi onal

uni ty- giéhtive b8 ranspsBOTs ahe GO (shidwvn il FIGs 9002, xespeaviivilyprad campaeed

buf fer conpensated op anp; FIG 7 shows a conventional rmultipath MIler zero
conpen 9 : i SO R hpgénsat
convent%lg' %ﬁgpgccurfégg%e?%ﬁlcgn%ﬁ a'&ldé éig%siows gﬁoﬁ@iﬁ\}ent [ 1cl?r?alk,:gcI'rf'}tl'fés AeBd op

anp haying a dual StAgSfss' QRowrtin FIG 4).

op amp arc
5 _
—— e
Inventive Inventive Conventional
Op amp 300 Op amp 500 Op amp 60
(FIG 10) (FIG 12) (FIG 4)
Gain 74 dB ' |74 dB 74 dB
Unity Gain 3.94 MHz 3.71 MHz 4.5 MHz
10 | Bandwidth
| Phase Margin 57.2° 55.2° 75°
Slew Rate 15 vius 16 v/us 15 vius
15 Settling Time 325 ns 415 ns 280 ns
Settling Time 20 ns | _ 23ns 80ns
Increase For 20%
Mismatch in C,
20 Power 1.87 mw 1.3 mw 1_ .85 mw “
Consumption .
Load 20 pF 20 pF 20 pF “
Compensation 8 pF 8 pF p
25 Capacitor
Supply Voltage 3v 3v 3v

Table 1
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FI G 9b. shows one of the dual stages of the conventional class AB op anp
showmn.in FIG 9a; FIG 10 shows a bl ock diagramof a | ow voltage

mul ti path-M |l er-zero- conpensated operational anplifier according to one
enbodi ment s tine bprezeanfrom Table My etheipivasefingrdin bf thewonvieatibnehRCaiillpe- of
the op anp shown in FIG 10 according to the present invention; FIG 12 shows

a bl QCIC&hﬁ/Igﬁéé’feafoﬁrﬁiﬁBeﬁO qrI® d) By5 of whith iPvetel tth88 the phase margins
mul ti path-M || er-zero-conpensat ed operational anplifier according to the

P, STAST M infy v SO03RE 08 500 M 12 esaonEa
B e D 1508 5 iR 5 2hb Syl U Sole. i
M1l er-zero-conpensated operational anplifier shown in FI G 12 according to
t He pr qreaticenthetvalues pf ., 1IC5andsgms iofvihe Bansisters: used tohimplemen! theye
mul tipath-M Il er-zero-
conventional op amp 60 (FIG 4) change due to process and temperature variations.
This separates the zero from the second LHP pole thus degrading the performance of
the conVentionaI op amp 60 architecture (FIG 4). |
Intentional mismatch of the compensation capacitor C_ of the op amps 60, 300,
10 500 by 20% vyielded an increase in the settling time as follows:
80 ns increase for the conventional op amp 60;
20 ns increase for the inventive op amp 300; and
23 ns increase for the inventive op amp 500.
The above variations demonstrate that the settling times of the inventive op amps
15 300, 500 are less sensitive than the settling time of the conventional RC-Miller
Compensated op amp 60 architecture. The effect will generally be even more
pronounced when temperature is taken into consideration. Although the settling time
sensitivity of the op amp 60 architecture can usually be minimized at the expense of
reducing phase margin by shifting the RHP zero to infinity, the heterogeneous
20 structures used to implement R,, C, and gm generally cannot track each other over

process and temperature variations.

FIGs 13, 14 show large-signal transient responses of the inventive low-voltage
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conpensat ed operational anplifier shown in FIG 10 according to the present
i nvention; and 20 . - FIGs 1 6a-1 6b show a Bode plot of the

| ow-vol tage nmul tipath-M || er-zero- conpensated operational anplifier shown
i n FlI GrutipatteMillergzero-¢drepgnsgitedtop amgn B806N(FIG710) ambogpi arep 3RVQ CFIG112dn of
the Preferred Enbodi nents FIG 10 shows a bl ock di agram of a | owvoltage

nul ti peédpddtiviedy.- TRE YerticilBRIzTapAskePibS Valtage it veltd V) fandrmilibwoltsntmv)3 Othile
according to one enbodi nent of the present invention, The op anp 300 has a

front %@%ﬁ)tr[z%wﬂl ahd r@gﬁ%ﬂ%h@&%irﬁ@g&g@c%ds Qi)?”f?égﬁﬂﬁ[/ﬁftébe has id ‘3’0

i nputs ‘and two outputs ar tot ront stage |err e op anp" 10

Phoun, oy aait (R g HZBACoie T RHhEMR h OIS, AR 5eA s,

T D i bIGE 13, 13, the inventive op amps 300 (FIG 10} and 5001 (HG 12) Kave
‘a high slew rate. This allows the output voltage V,, to closely follow the input
voltage V,, with minimum distortion.

FIGs 15a-15b show a Bode plot of the inventive low-voltage multipath-Miller-
zero-compensated op amp 300 (FIG 10). FIGs 16a-16b show a Bode plot of the

10 inventive low-voltage multipath-Miller-zero-compensated op amp 500_ (FIG 12). The
voltage gain in dB is the vertical axis of FIGs 15a, 16a, while the phase in degrees is

" the vertical axis of FIGs 15b, 16b. The horizontal axis of FIGs 15a-16b is the log of
frequency in hertz (Hz). As can be seen from the frequency responses shown in FIG
15a-16b, there is no peaking effect..

15 In summary, a muItibath-Miller-zero-compensated (MMZC) op amp is disclosed
which is based on the cascade of a front' stage and a back gain stage in association
with a multipath-miller zero compensation technique. The front stage is a modified
class-AB transconductance amplifier. In one embodiment, the back gain stage is'a
common-gated CMOS push-pull pair which enables the op amp to drive heavy loads

20 efficiently.

Unlike conventional low-voltage class-AB amplifier designs using a class-A

front-end stage, the modified class-AB transconductance amplifier used as the front
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335. The inverted input 330 is connected to the non-inverted output 320 of
the front 10 stage [err]. The voltage [err] at the non-inverted i nput

- 335 is maintained at an artificial or "virtual" ground or other appropriate
r ef er erstage of the énveritiveoMNZAC Gpt@amyd has digia sleve ratgeperformance s lowepaweput
of the op anp 300. A |load, such as a capacitor CL, is connected between the

out put caHditists. 9 additioh, ftheSoldefesth erdssl ABRralfdtondusemice ahplifier pequitdd) of
the back stage A"2 to its inverted 15 i nput 330 through the conpensation

capaci tariher Liicoh Whfdy aﬁga_t he op anp 100 of FIG 7, a second feedback | oop
360 connects the output 3 of the back stage A'"2 to the inverted out put

325 of the front st e the front sta e 100
shown i n F1 "] hihee iuitipg il r-aeregmpanﬁff%@?"&ﬁ?%Pﬁ?f@? wifef? fRes
stage [err] is a class AB anplifier. FIG 2 11 shovvs one, enbodi nent of

t e f r onelass AR st stage R aacl@safsB hecbm@ siagemis adugh Reptarmansegobust
class AB CMOS op anp 400 is simlar to the conventional CMOS current op anp
110 shap amp RviEh8mahy adwvdntagestand [desirablec chageterigticsl0 Agr example, the

‘inventive MMZC op amp provides stable, reliable and efficient operation at low
voltages. The inventive MMZC op amp has high closed-loop stability due to the
absence of a RHP zero. This feature is particularly important in, for example,
10 micropower applicatibns in which a finite current flow in an amplification stage may
not shift the RHP zero sufficiently far away to avoid significant phase deterioration.
The inventive MMZC op amp has a high slew rate, even at low power conditions, thus
minimizing output distortioh. The settling time of the invenfive MMZC op amp is less
sensitive to process, load and temperature variations. Thus, larger load mismatches
15 do not detrimentally affect the proper operation of the inventive MMZC op amp.

In addition, the inventive MMZC op amp consumes low power. This reduces
loading of a power supply or a battery. The inventive MMZC op amp also eliminates
the above-described peaking effect.

The inventive MMZC op amp has a reduced size and requires minimal wafer

20 area. This allows use of the inventive MMZC op amp in miniaturized devices. The
inventive MMZC op amp may be used in various low \_/oltage, low power signal

processing applications, such as switched-capacitor filters, continuous-time filters,
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(FIG 8), the class AB CM3S op anp 400 has .the dual outputs 320, 325 al so
shown-in-FI G 10. The class AB CMOS op anp 400 has a first |ow gain st age
formed by the CMOS transistors ML-MLO and a second high gain stage formed
by thes@ivipfe Sand holdinsirauits, smidrbowade 4nedibel fapplcatiens andh@enesalapurpese AB
transconductance anplifier which has a differential input pair made of PMOS
transighgﬂﬁmuﬁonb&hcjhe gate 112 of ML is connected to the non-inverted

i nput 310 of the op anp 400 and receives a non-inverted input [err]. The
gate 114 of rifg db%v%od]ékgﬁfb%ﬁ érﬂPBBﬁTéd‘c%E‘thtﬁQ .ho%o@éﬁe Ritebdéd 86 baMuskpa. and
receives a non Inverted I nput [err escribed in connectlon
with FIL.G 8 urce .connect ed, t ent

mde ofVANHALY: RGP dtebaatin SrAHFREE SiEaé RelidEn Lo Rifiiln,

the PMOS current mrror Mb, M6. The drain 140 of M is connected to the
NBOS c@rt withawt departing fiam thecsRitk aad scepessf Bre fploming laiBS-ed to t he
NMOS current mrror MB, MLO. 15 The gate 112 of ML is connected to
a unity gain buffer anplifier 152 and the gate 1 14 of M2 is connected to a
unity gain buffer anmplifier 156. The outputs of the
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* (4

transistors M1, M2 and M3, , configured in a class AB
arrangenent, provide the non-invert@LAMM®uUt 320 and inverted output 325 of
the class AB CMOS op anp 400, respectively. The two push- pull

conpl efRBt AbitndPidventionGYOS transistors M1, M2 and M3, M4, provide 19
nost of the galn of the class AB CMOS op anp 400. The interconnected gates

120, 122 of pthe E _current i 3 gate 170 of
the' Phds w2 "ﬁg@% il 7Rke Rolpinefed YpoPafo fAMGHRG CdmpREing? © 117 ©

are connected tq th ate 175 of the NMOS M ., 1. The 5 . inter. ted
gates of the PMO8 ‘gﬂﬁsrgﬁtgf"Pﬁ'Tr?téﬂeﬁ?f?,v'%a%t‘%"%%Elﬁ‘gdgmnf'ﬁgle éﬁﬁq eq(ﬁe
the PMOS ML4. The interconnected gates of the NMOS current mrror M, MO
aBe commeartad otitputhangha aondovefted autRNGS ML3.

unity gain buffer anpli f”mﬂl EIII MIHIB connected to the sources 116, 118
of .M, M2, respectively. W npl enentary pairs of CMOS
4

a class AB back stage having an output and an input, wherein the inbut
of the back stage is connected to the non-inverted output of the front stage, and

wherein the output of the back stage is connected to the inverted output of the front

stage; and

10 a feedback element coupled between the output and the input of the
back stage.
2. The amplifier of claim 1, wherein the feedback element is a capacitor.

15 3. The amplifier of claim 1, wherein the back stage comprises a pair of transistors

arranged in a push-pull configuration, gates of said transistors being connected to the
non-inverting output of the front stage, and drains of said transistors being connected

to the output of the back stage.

20 4, The amplifier of claim 1, wherein the back stage comprises a pair of transistors
having gates and drains, said gates being connected together to provide the input of

the back stage, and said drains being connected together to provide the output of the
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The class AB CMOS op anp 400—is —commected between two reference voltages

Vdd and Vss. Illustratively ' | fference between Vdd and Vss

i's 10  approximately 3 vo”m Tmﬁ ilE ﬂHmlso, 182, 184, 186 of the PMOS
currenpadk stages M3, M4, and ) € she ssoWr ce 188 of the PMOS ML2 and t he
source 430 of the PMOS ML4 are connected to Vdd. The sources 190, 192, 194,

196 of the current mrrors M/, MB, and MB, MLO, the source 198 of the PMOS
ML1, and the source 440 of M 3 are connected to Vss, which may be ground.

15 e draj.xr .17 f re d r d.t ' t he
non- i Rver ¢ AHOATBUTe 36 Sl fe Whdfbip M bRER 41368 CPRRE Hatla ribrirves
non-inverted output 320, trie class AB CMOS op anp 400 provides the signal
[err] #RYt(WBiGh acts|as virjua /Q"°PH§- i nverted output 325, the class AB CMOS op
anp 400 provides the signal [err] 20 In contrast to the class A

f 8l ded-architectures disclosed in the Eschauzier references [6], [7], the
silicon wafer area needed to inplenent the class AB CMOS op anp 400 is nuch
smal | e, t hamhehampfifier oficisinndgdeerein thé dmek/sthge denithe2thas a non-inverted

input which is connected to a reference voltage.

7. The amplifier of claim 1, wherein the operational amplifier is coupled between
10 a first power supply and a second power supply.
8. The amplifier of claim 7, wherein the first power supply provides approximately

3 volts, and the second power supply provides approximately O volts.

15 9. The amplifier of claim 1, wherein the front stage comprises:
an input differential amplifier connected to the inverting and non-inverting
inputs of the front stage; and
a first and second pair of transistors arranged in a push-pull configuration and
connected to the inverting and non-inverting outputs of the front stage.
20
10. The amplifier of claim 9, wherein the input diff_erential amplifier and the

transistors are CMOS devices.
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architectures. The wafer area needed for the op anmp 400 is only slightly

| ar.ger- than the wafer area used in the conventional CMOS current op anp 110
shown in FIG 8, since only two transistors ML3, ML4 are added. By taking
advant dde ofThehamplifieeof chainr by whaireis thiz- bacdlOstageecemprisescl ass AB
architecture, it is possible to achieve the 5 dual input and dual output

cl ass. AB CMapfipof diFferential arfplifiets 8a¢h hhvwing aidieited hpdt Tonkbdtédtd kise
conventional CMOS current op anp 110 of FIG 8. The voltage gain [err] of

th I . i = ted output 320 i i b
e o) B Ao FE ot B $R0 sy didg8oting ner tod output 20 T ol ven by

t duct f M d M 2, ti ; d t dr ai
L ser et e ot ueboh fteliers pOTRRSEH TIPS fhe 8BS HiBL2L"
stsage A'[err] of the op anp 300 (FIG 10) may be inplenmented using the '

| O
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class AB current op anp 1 10 of FIG 8, the class AB transconductance op anp
200- of- FI G 9a, or other suitable inplengptations described in the
above-noted references. Unlike the abev - d references, the present
invention utilizes the op anp 1 10 or 200 as the back stage A'2 of a
| ow-vol tage nmultipath-MI1ler-zero- conpensated op anp such as the op
anp 300 shown in FIG 10. 21 Cbnparlng the inventive op anp 300 of FIG 10
to the conventional CMOS current op anp 110 of FIG 8, and to the nultipath
techni que discussed in the two Eschauzier references [6] and [7], reveals
two major differences. One major difference is using the class AB op anp
400 (FIG 11) as the first stage A'[err] (FIG 10) instead of 5 the cl ass
A architecture used in the Eschauzier references [6] and [7]. Another nmajor
difference is using the two input class AB transconductance anplifier 200
(FIG 9a) as the back stage A"2 of the inventive op anp 300 (FIG 10). In
contrast, the back stage of the op anp discussed in reference [6] is a
cl ass-A anpllfler and the back stage of '

'°.  FIG 1

(PR.\OR Aﬂ"’)



10 « FI G 12 shows anot her of the present invention. This
| ow-voltage nmultipath-M Il er-zero-co sated op anp 500 uses the sane
first stage A'[err] shown in FIG 10 and depicted in detail in FIG 11.

the op. anp di scussed in reference [7np2€ﬁa nultl-stage class-AB anplifier.
n

However, the second gain ge is inplemented using a common-gated CMOS
conpl enmentary gain stage * The common-gated CMOS conpl enentary gain
stage 510 conprises an 15 transi stor M5 and a PMOS transi stor ML6.
The gates 5 5, ML6 are connected 3§g?uanon i nverted out put 320
of the front Aﬁ Ajferr]. The drains 530, M5, M 6 are

I nt erconnectje fom t he out put 540 of op anpj?db The source 550 of
ML5 is conndcted ce 555 of M 6 is

connected to g@ %b ' 300 of FIG 10, a | oad,
such as a capaCitor [ ' out put 540 and ground.
he non-inverted




conpensati on capacitor [err]. A se@nflfggedback | oop 360 connects the
out put 540 to the inverted output 3 ééfthe front stage A'[err]. The op
anp 500 is generally sinpler to inplenment than an op anp 300 (FI G 10) which
uses, for exanple, the op anp 110 (FIG 8) or 200 (FIG 9a) as its back stage
5 A'2. The op anp 500 also requires a snall ey, wafer area than the op anp
300 (FIG 10). In addition, the op anp 500 cons s |l ess pogg:Lpnd provi des
| ess noise on its output 540. However, the pomer(honsunpt n nmay be

: 8v to 5v for
exanple. To rqi@dy this, the power confUMPTTOry ¥e mced by using a

| evel shifter 'having one PMOS transistg one NM®P transistor to
bi as the conpl engntgLy push-pull pair M5, M 6. The op anp 500 has the

fr_ontNEtSagﬁ/]l hry 2E?h F?H
pair , 0 01 ¢ S 3 vol t age
gain Alerr] of the § . 508 . 1 ) sy (7):
15 [err]

-
w

I—IG—/—l-
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ML6, respectively; and [err] are*fh n to source conductances of 20
M11 M12, M15 and M 16, respectifvely. 23 Table 1 shows the -
characteristics of exenplary inplenentations of the inventive op anps 300
and 500 (shown in FIGs 10, 12, respectively), as conpared with the
characteristics of an op anp based on the conventional RC conpensated

(7) where: [err]. are thi,tr ngpnductances of ML1, ML2, M5 and
o i

MIller op anp architecture (shown in FIG 4). 5 | nven‘g Ve | nventive
Conventional Op anp 300 Op anp 500 C Op anp (FI@QO) (FIG
12) (FIG 4) ¢

LI 8

9 -

. (Prios  Aar)



Gain .
3.94 MHz
57.2[err]
viferr]s
325 ns
23ns
1.87 nw
20 pF

8 pF

3 v

74 dB 74 dB 74 dB Unity Gin

0 3.71 MHz - 4.5 Mz 10 Bandwi dt h Phase Margin
55.2[err] 75[err] Slew Rate 15
15 v/[err]s 5 rjs 15 Settling Tine
415 ns 285 iﬁl ng Tinme 20 ns
80ns I ncrease For ¥ Msmatch in [err] 20 Power
1.3 nw 1. 85 nmw Consunption Load
20 pF 20 pF Conpensati on 8 pF
8pF 25 Capaci tor Supply Voltage 3 v

3 v Table 1 24
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As can be seen from Tabl-e 1, the phase rgin of the -conventional RC

M I'l'er- Conpensated op anp 60 (FIG@iVég[err] which is better than the
phase margins 57.2, 55.2[err] of th&&i ive op anps 300 (FI G 10) and 500
(FIG 12), respectively. This is expected and is due to the zero placenent
over the second LHP pole. In 5 practice, the values of [err] and gm of
the transistors used to inplenent the conventional op anp 60 (FIG 4) change
due to process and tenperature variations. This-separates the zero fromthe
second LHP pol e thus degrading the performance of the conventional op anp
60 architecture (FIG 4). Intentional m smatch of the conpensation capacitor
[err] of the op anps 60, 300, 10 500 by 20% vyi el ded an increase in the
settling time as follows: 80 ns increase for the conventional op anp 60; 20
ns increase for the inventive op anp 300; and 23 ns increase for the
inventive op anp 500. The above variations denonstrate that the settling
times of the inventive op anps ' )

L Vua
18
7 L
178 b 1774
e
' L£-1ae -
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15 300, 500 are |less sensitive than the settling tine of the
conventional RC-M Il er Conpensated a 60 architecture. The effect wll
general ly be even nore pronounced wh rature is. taken into
consideration. Although the settling tfme Sensitivity of the op anp 60
architecture can usually be mnimzed at the expense of reducing phase
margin by shifting the RHP zero to infinity, the heterogeneous 20
structures used to inplenment [err] and gm generally cannot track each ot her
over process and tenperature variations. FIG 13, 14 shom1|arge-signa|
transi ent responses of the inventive | ow voltage 25

mul ti path-M Il er-zero-conpensated op anp 300 (FI G 10) and op amp 500 (FIG
12), respectively. The vertical axis represents voltage in volts (v) and
mllivolts (nv), while the horizontal axis represents tine in mcro-seconds
([err]s). The input voltage [err] is shown in dashed |ines and the output
voltage [err]_is shown in solid lines. As can be 5 seen fromFI G 13,
14, thT i nventive op anps 300 (F|G 10) and 500 (FIG 12) have

Vas
‘ : 240 &s | .- “
| e jol

\am
| e 28 e IS [ P
| 5, gﬂr—l ﬂHE {  h i’a

9‘0_0 Fl G cfa.
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a high slewrate. This allows the output vojtage [err] to closely follow
the input voltage [err] with mninum di? tl,\ﬁ' FI Gs 15a- 15b show a Bode
pl ot of the inventive | ow voltage multi@gath- | er- zero-conpensated op anp
300 (FIG 10). FIGs 16a-16b show a Bode plot of the 10 i nventive

| ow-voltage nmultipath-M I 1| er-zero-conpensated op anp 500 (FIG 12). The
voltage gain in dBis the vertical axis of FIG 1 5a, 1 6a, while the phase
in degrees is the vertical axis of FIG 1 5b, 1 6b. The horizontal axis of
FIGs 1 5a-1 6b is the log of frequency in hertz (Hz). As can be seen from

t he -frequency responses shown in FIG 1 5a-1 6b, there is no peaking effect.
15 In summary, a nmultipath-MI1ler-zero-conpensated (MVZC) op anp is
di scl osed which is based on the cascade of a front stage and a back gain
stage in association with a nmultipath-mller zero conpensation technique.
The front stage is a nodified class-AB transconductance anplifier. In one
embodi ment, the back gain staggqis a cormon-gated CMOS push-pull pair which
enabl es the op anp to drive 2 fficiently. Unlike -
conventional | ow voltage class ampl i f{er designs upiy@g .a cl ass-A
front-end stage, the nodified c s:é?[i?anscoir nce anplifier used as

the front lbias

.70

iMoo
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26 stage of the inventive MVZC op igh slew rate performance at
| ow power conditions. In addition, thgqp diéﬁgd cl ass- AB transconduct ance
anplifier requires mninumsilicon waferf area. The inventive

mul ti path-M || er-zero-conpensated (MVEZC) op anp, which uses 5 a class AB
front stage and a class AB back gain stage, is a high performance robust op
anp with many advant ages and desirabl e characteristics. For exanple, the
inventive MMZC op anp provides stable, reliable and efficient operation at

| ow vol tages. The inventive MVEZC op anp has high cl osed-1oop stability due
to the absence of a RHP zero. This feature is particularly inportant in,

for exanple, 10 m cropower applications in which a finite current flow
in an anplification stage may not shift the RHP zero sufficiently far away
to avoid significant phase deterioration. The inventive MVEZC op anp has a
hi gh slew rate, even at | ow power conditions, thus m nim zing output
distortion. The settling tinme of the inventive MMZC op anp is |ess




sensitive to process, |oad and tenperature vari ations. Thus, |arger |oad

m srat ches 15 do not detrlnentally the proper operation of the

i nventive MVZC op anp. In addition, |ve MVEZC op anp consunes | ow
power. This reduces |oading of a pomer S pIy or a battery. The inventive
MWZC op anp al so elim nates the above-described peaking effect. The

i nventi ve MMZC op anp has a reduced size and requires mnimal wafer 20
area. This allows use of the inventive MMZC op anp in mniaturized devices.
The inventive MVEZC op anp may be used in various |ow voltage, |ow power
signal processing applications, such as sw tched-capacitor filters,

continuous-tinme filters, 27 sanple and hold circuits, m crowave nedi cal
applications and general purpose anplification, etc. The above descri bed
enbodi nents of the invention are intended to be illustra- tive only.

Numerous al ternative enbodi nents may be devised by those skilled in the




5 art without departing fromthe spirit and scope of the follow ng
cl-ains. 28 CLAI M5 The cl ai ned inve ;i N, pos: 1. A
mul ti path-m | er-zero-conpensated opei1 t (/ngl5 anplifier conprising: a class
AB front stage having an inverted input/ a non-inverted input, an 5

I nverted output, and a non-inverted output; a class AB back stage having an
out put and an i.nput, wherein the input of the back stage is connected to

t he non-inverted output of the front stage, and wherein the output of the
back stage is connected to the inverted output of the front stage; and 10
a feedback el ement coupl ed between the output and the input of the back

stage. 2. The anplifier of claim1, wherein the feedback elenent is a
capaci tor. : 260
C_g 3;0

A0 | | v“

=555
" Mie G40

530
Mis C.

~ 550
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pai'r of transistors arranged in a push- _ figuratioon, gates of said
transi stors being connected to the non-invefting output of the front stage,
and drains of said transistors being connected to the output of the back
stage. 20 4. The anmplifier of claim1, wherein the back stage
conprises a pair of transistors having gates and drains, said gates being
connected together to provide the input of the back stage, and said drains
bei ng connected together to provide the output of the 29 back stage. 5.
The anplifier of claim1, wherein the back stage further has a non-inverted
i nput which acts as virtual ground. 5 6. The anplifier of claiml,
wherein the back stage further has a non-inverted input which is connected
to a reference voltage.

15 3. The amplifier of claiml, V\/ngjay back stage conprises a
t
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7. The anplifier of claim1, wherein the,operational anplifier is coupled
bet ween 10 a first power supply and{ﬁ%ié power -supply. 8. The
anplifier of claim7, wherein the firs e supply provi des approximately
3 volts, and the second power supply provides approximately O volts. 15

9. The anmplifier of claim1l, wherein the front stage conprises: an input
differential anplifier connected to the inverting and non-inverting inputs
of the front stage; and a first and second pair of transistors arranged in
a push-pull configuration and connected to the inverting and non-inverting
outputs of the front stage. 20 10. The anplifier of claim9, wherein the
input differential anplifier and the transistors are CMOS devices. 30

11. lTEgg%pplifier of claim1, wherein the back stage conprises.
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a pair of differential anplifiers each’h‘ijéé an inverted input connected
to-the non-inverting output of the front stage; and a pair of push-pull
transi stors connected to the output of the back stage. 5 31
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LOW-VOLTAGE MULTIPATH-MILLER-ZERO-COMPENSATED CMOS CLASS-AB OPERATIONAL

AMPLIFIER
Abstract

A Iow-volfage multipath-miller-zero-compensated operational amplifier is
disclosed which includes a class AB front stage and a class AB back stage. The front
stage has an inverted input, a non-inverted input, an inverted output, and a non-
inverted output. The back stage hés an output and input, which input is connected
to the non-inverted output of the front stage. The output of the back étage is
connected to the inverted output of the front stage. A capacitor is coupled in a
feedback loop between the output and inverted input of the back stage. An
operational amplifier in accordance with the present invention is particularly well-
suited for use in switched-capacitor filters, continuous-time filters, microwave medical

applications and general purpose amplification applications.
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