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Compact Low-Voltage Power-Efficient
Operational Amplifier Cells for VLSI

Klaas-Jan de Langemlember, IEEE and Johan H. Huijsingsellow, IEEE

Abstract— Compact low-voltage power-efficient operational is only one saturation voltage more than the ultimate lowest
amplifiers are described that are very suitable as very-large- supply voltage. But this lowest limit can only be obtained
scale-integration library cells because of the small die area of by using at least four stages [2]. The subject of this paper

0.08 mnt and the minimum supply voltage of 1.8 V. A key . to d | lifier tonol that bi i
part of the circuit is the rail-to-rail class-AB output stage with IS 10 develop an ampliner topology that combines operation

folded mesh feedback control that combines power efficiency down to a supply voltage equal to one gate-source voltage and
with operation down to 1.8 V and allows sufficient gain in a two saturation voltages using a compact two-stage structure
C?mpé}Ct ttWO-Stage_l :Opol?gy- f VefSin)n with lra"-tl?-fa" iQDUt offering high power efficiency and small die area.
Stage reatures a rail-to-rail Input range ftor su voltages aown : H H
to 3.5 V. The dc gain of thepop-amgs is mofept)(nan BgdB while In Section Il the basic low-voltage compact topology I.S
driving 10 k<, and the unity-gain frequency is 4 MHz with presepted. Thereafter, Iovy—voltage class-'AB'cgntrol C|rCU|t§
phase margin of 67 while driving 5 pF. The equivalent input are discussed, and a suitable control circuit is selected in
noise voltage is 38 nW/Hz at a frequency of 100 kHz. The Section Ill. In Section IV, the low-voltage topology is ex-
amplifiers have been implemented in a standard digital 1.6tm tended to allow an optional rail-to-rail input stage. Two op-amp
complementary metal-oxide—semiconductor process. implementations are presented in Section V, together with the
Index Terms—Analog integrated circuits, CMOS integrated Mmeasurement results. In Section VI, conclusions are drawn.
circuits, operational amplifiers, very-large-scale integration.

Il. Low-VOLTAGE COMPACT TOPOLOGY

| INTRODUCTION The basic topology of a low-voltage compact op-amp is

PPLYING simple topologies in order to obtain highshown in Fig. 1. The amplifier consists of a P-channel (P)MOS

efficiency is the key design technique for future ananput stageMsq, M>2, a current mirroiMy, Mo with cascodes
log cells in mixed-mode very-large-scale-integration (VLSI},, Mg, and a rail-to-rail output stagé/;, M>. A PMOS
circuits. As the reduction in feature size of complemennput stage is used to allow common-mode voltages down
tary metal—-oxide—semiconductor (CMOS) processes continuesand below the negative supply rail. The current mirror is
steadily, the supply voltage has to be reduced while the highmseded to sum the opposite-phase signals of the differential
integration density enforces lower power consumption per catiput stage in order to drive the gates of the rail-to-rail output
Digital cells benefit from the size reduction, yielding improvedtage in phase. The cascodes provide the necessary level shift
digital performance. Analog cells, on the other hand, onlyetween input and output stage. Furthéfs provides gain
benefit marginally because minimum size transistors candmt leaving the high input impedance of the gates of the
be used due to noise and offset requirements. Further, theput stage intact. The rail-to-rail output stage allows rail-
low supply voltage complicates the design, yielding ofteto-rail output-signal swing, making efficient use of the supply
more complex circuit solutions, which may even result imoltage. By biasing the output stage in class AB, the supply
a performance reduction. The only way for analog cells wurrent is used efficiently. The class-AB biasing is in principle
keep up with the digital performance and the supply-voltagepresented by the voltage soufiéeg, which expresses all its
reduction is by using very efficient topologies that combinienportant properties. To set the quiescent current, the sum of
low-voltage operation with high power efficiency and smathe gate-source voltages of the output stage can be controlled
die area. in such a way that it is equal to the sum of a reference PMOS

Existing op-amps can either operate well below 3 V bigate-source voltag&:s » and an N-channel (N)MOS gate-

use a complex structure [1], [2] or employ a simple two-stagmurce voltagé/zs n, Which is obtained by giving’45 the
topology [3]-[5] but require a supply voltage of the order ofalue [6], [7]
2.7-3.0 V depending on technology. However, as is shown in
Section I, the minimum required supply voltage for a compact Vap =Vpp —Vss = Vasp — Vasn. 1)
two-stage op-amp is equal to one gate-source voltage and two

saturation voltages, which is of the order of 1.6-2.0 V. This Not& thatVip can be negative at low supply voltages;
and, depending on the type of class-AB behavidtg may
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Fig. 1. Compact low-voltage operational amplifier principle.

to the other is obtained, avoiding gross crossover distortiamected transistord/;s and M4 together with biasing tran-
because the output transistors are gradually switched on a&igtors M;;—M;g [8]. The biasing of the output transistors
off. A final property is that the signal from cascodds is Af; and M, is strongly controlled by two MOS translinear
distributed over the two output transistors in such a way thiaiops M, Mis, M1, M1z and Ms, My4, Mie, M1s, respec-

all the signal contributes to the output voltage independent tfely, fixing a well-defined quiescent current. Further, cutoff
which transistor is active. By biasing the class-AB contrds prevented, because if one output transistor is driven hard, the
circuit by the current mirror, no extra current is needegate-source voltage of the other output transistor is clamped
and no extra noise and offset are generated by adding theone of the control transistofg s or A4, leaving a certain
class-AB function. Because of the simple two-stage topologypinimum bias current in the inactive output transistor. Last,
Miller compensation is sufficient to compensate the op-anfipis interesting to consider the signal behavior of the mesh
as indicated by Miller capacitor€y,14 and Cy15, which Mis, Mi,. Does this circuit really implement the floating
are connected across each output transistor. Thus, no diffis@itage sourcé’yz? The mesh is truly floating since it is only
compensation scheme is needed that would require lagfnected to high impedances, the gatedfe$ and M4, the
bandwidth reduction or more bias current in the output stag#ates of output transistord/; and M, current sourcel;s,

The minimum supply voltage is in general limited by th@nd cascodé/g. Therefore, signal flowing through the mesh
output stage because it needs to drive high output curref@not leak to ground and is always used to dride or
requiring |arge gate_source V0|tages_ The Supp|y Vo|tage MQ. To find out if the Sma”-Signal impEdance of the mesh is
the output stage is equal to the sum of the gate-source voltggéficiently low to implement a voltage source, we calculate
of M, the voltageVas, and the gate-source voltage ofhe impedance,, .. between the gates d¥/; and M. The
M,, as can be concluded from Fig. 1. Sintgs can be impedance is found by dividing the signal voltagn — vg2
negative, theoretically, the minimum supply voltage need@§ross the gates dif, and M, by the current flowing through
by the output stage can be very small. Practically, howevépe mesh transistors and is given by
the gate of an output transistor is always at least connected P Ugl — Vg2 @)
via a current source to the supply rails. Because we need to "ol o2 Gm13Vgl — Ym14Vg2
chould not deterorate he mpedance and mut be cascoQIEre dnis 8 the transconductance dilss, g 1 the
To allow the lowest possible supply voltage, the transistors FnsconducFance Qlf1s, vg1 IS the voltage at the.gate of

) ' . My, andv,y is the voltage at the gate dff». In the quiescent
the current source should be biased at the edge of the th5 te, (2) reduces to
region, resulting in a minimum supply voltage limited by a '
gate-source voltage and two saturation voltages. Zg1sZge = L (3)

Concluding, each component of the compact op-amp shown gm13
in Fig. 1 has at least one important function: proving th@here it is assumed that,.5 and g,,14 are approximately
high efficiency in terms of the number of components. Bequal. For balancing reasond/,z and M, are usually
cause of the low number of components and the two-stagesigned in such a way that their transconductance is equal
topology, which can be efficiently compensated using Millén the quiescent state. As we see, the impedance of the mesh
compensation, a relatively small bias current is required. is low, certainly compared to the high output impedances of

An existing realization of the principle shown in Fig. lcurrent sourcel;; and cascodel/z. As a result, the gates
is presented in Fig. 2. This circuit is used in conventionalf A/; and M, are practically connected in parallel by the
compact op-amps [4]. The class-AB voltage soufégs operation of the class-AB control. If, on the other hand,
is implemented using two complementary head-to-tail coone output transistor—for examplé/;—is handling a large
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Fig. 2. Conventional compact two-stage operational amplifier with rail-to-rail feed-forward class-AB output stage with mesh.
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Fig. 3. Low-voltage compact two-stage operational amplifier with rail-to-rail feed-forward class-AB output stage with level shift in mesh.

output current, the other output transistof, is regulated at the class-AB control circuit steers all the signal to the active
a constant minimum current. Coupling of the gates of the twautput transistor.

output transistors using a mesh with low impedance is notAnother important property of the class-AB control circuit
possible becausé{; handles all the signal and has a largés the contribution to the noise and offset. Fortunately, the
signal swing at its gate, whild/; has a constant gate-sourcelass-AB control transistord/;3 and A{4 are biased by using
voltage. Consequently, the small-signal voltage at the gate the bias current, which is already needed to bias the summing
of M5 is very small. Because the gate-source voltag&fefis circuit My — Myo and M4, Mig. Therefore, no additional
large, M3 is off and its transconductance is very small. Usingjias-current sources are required that would increase the noise
(2), it can be concluded that the mesh impedance is very largad offset and also would reduce the gain [4]. The remaining
so that there is no coupling between the two gates of the outgligadvantage of the circuit is that the minimum supply voltage
transistors. However, transistdfy, is still active, operating is equal to two gate-source voltages and one saturation voltage.
as a cascode that steers all the signal current deliveréddy For example, we need to bias the gate-source voltagéd;of

to the active output transistdd; . Summarizing, the class-AB and A{;3 and sufficient voltage across current soufgginside
control circuit couples the gates of the output transistors in thiee supply voltage.

quiescent mode of operation by generating a low impedanceTo allow lower supply voltages, the voltages at the gates of
When one output transistor delivers a large output curredt/;3 and M4 should be one gate-source voltage closer to the
the other output transistor is regulated at a constant draapply rails, which can be obtained by removing transistors
current and the gates of the output transistors are decoupligg; and M; and placing these transistors as a level shift
by generating a large impedance. At the same time, howevierthe mesh. The result is shown in Fig. 3, where the mesh
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Fig. 4. Low-voltage compact two-stage operational amplifier with rail-to-rail feedback class-AB output stage with folded mesh and class-AB control

is indicated by the dashed line. The mesh now consists the control block. Transistord/;, and Mg form a control
transistorsi{;; and M4 and diode-connected transistdvg; amplifier that regulates the signal at the inputs of the output
and M. The output transistors are biased by MOS translinetiansistors in such a way that the control voltage is equal to a
loops My, My5, M13, M7 and Ms, M1g, M14, M1s. Some of reference voltage formed hy/;s. In this way, a feedback loop
the properties of the previous circuit are maintained. Howevés,created that enforces the desired class-AB behavior. Voltage
the diode level shifts introduce two problems. First, cutoff afourceVpg; forms a fixed bias voltage for transistat$,s and
the output transistors occurs when the output stage is drivéh ;. Preferably, the class-AB control block contains a circuit
hard. If, for example A, delivers a high output current, itsthat not only controls the quiescent current of the output stage
gate-source voltage is large and all the current in the mesht also maintains a minimum current. Such a circuit is usually
flows throughf;; and My, while no current flows through called a minimum selector circuit.
M3 and M;s. The voltage acrosdf.s is very small, and  The feedback class-AB control circuit with folded mesh has
therefore the gate-source voltage &f, is small and cutoff all the desired properties. The minimum supply voltage is one
occurs. A second problem is that there is almost no roogate-source voltage and two saturation voltages. We need, for
to bias the current sourcé s and transistord/,,. This is €xample, one gate-source voltage fdi, a saturation voltage
especially so when we note that the output transistors usudfly bias A4, and another saturation voltage to biag,.
have largel¥’/ L ratios in order to drive large output currentsFurther, the folded mesi{;; — M,¢ distributes the signal
Therefore, in the quiescent state, the gate-source voltagefrem the input stage over both output transistors; and, because
the output transistors is relatively small, and room fdi, the mesh is only connected to high impedances, the signal
and I;3 can only be created by making ti&/L ratio of cannot be lost, and all the signal is used to drive the output
M5, My, My5, and Mg very large. There is certainly notransistors. This is also the reason why the mesh transistors
room to insert cascodes. Due to the diode connecfifyy,and function as cascodes. Normally, when we tie the sources of
M, also do not function as a cascode, so that the obtainab® cascodes together, the output impedances are degraded.
gain is too low in a two-stage topology. If we consider, for exampleM,4, My¢ as a differential pair
The problems discussed above are related to the dicdfed connect the gate d¥; to a low impedance, the output
connection of M5 and Mys. If we can remove this diode impedance at the gate dé/> would be of the order of the
connection, we can make transistdig ; and M operate as output impedance, of the transistors. But because the mesh
cascodes, and room fa¥/;, and ;3 can be created moreis only connected to high impedance¢ functions as a
easily. The principle of the resulting low-voltage compact@scode, and the impedance at the gaté/efis of the order
topology is presented in Fig. 4. The mesh consisting of transf@-7a 0f Mo multiplied by the voltage gaim of Mje.
tors M5 — M is folded and biased independent of the output Again, we can investigate the mesh impedance. To calculate
transistors. To obtain the desired class-AB biasing, a feedbdBR impedance, we first need to model the behavior of the
loop is created consisting of measuring transistbfs and control block. The output voltag®s 5 of the control block
My, and a class-AB control block containing a circuit thalé controlled partly by input currenf;, and partly by input
implements the desired class-AB control law and generaf@gTent/i> depending on the state of the output stage. The
a control voltageVy to drive folded-mesh transistor¥/, small-signal transfer function of the control block can be
and M;g. The current of output transistal/; is measured expressed by
by M;; and is fed into the control block. The current of
output transistoi/, is measured by/1» and is also fed into vap = rap(kiinn + kaii2) 4)
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wherer 4 g represents the current-to-voltage conversion of tlenventional circuit, the mesh transistors use the bias current
control block, andk; and k. are variables that depend onof the summing circuit. Therefore, no additional bias current
the state of the output stage and determine the influence of theequired, and no extra noise or offset is generated. The
small-signal input currents ; andi;» on the class-AB control differential pairMy4, Mg may give reason for concern since
voltage. In the quiescent state, the control voltage is equatlifferential-pair transistors normally contribute to the noise.
controlled byi;; andiéy2, and k£, and &, are equal. To find However, these transistors operate only as differential pairs for
the values oft; and k., we should consider an example of alass-AB signals, which do not contribute to the output signal.
minimum selector circuit. A suitable example having a simpleéor normal signals, the mesh transistors operate as cascodes,
transfer function is the conventional bipolar minimum selectaevhich do not contribute to the noise.
circuit [9]. The class-AB characteristic of the conventional Because a feedback loop is used to implement the class-
circuit is described by AB control, also the stability of the class-AB loop should be
Inwe(L + I) = LI (5) conside.red. The_Ioop consists of class-AB amplifiér,, Mg,
REF{SL 752 152 measuring transistots/;; and M-, and the class-AB control
which also describes the CMOS version of the circuit operatifiock. Basically, the class-AB loop can be considered as a
in weak inversion. The transfer function of the minimungingle-stage amplifier with transconductance staga, M
selector circuit used to implement the class-AB behavior ag§d with the Miller capacitors and the gate-source capacitors

described by (5) is given by as load capacitors. Since the output transistors are driven out
of phase by the class-AB amplifier, there is no class-AB signal
Lap(In + Ii2) = In e (6) voltage at the output node. Therefore, the Miller capacitors can
where Li5 is the output current of the minimum selectoP€ considered as if they are connected to ground in parallel
circuit. Examining (6) for small signals yields with the gate-source capacitance. The unity-gain frequency of
the class-AB loop is therefore given by
1 1 W0,AB = 9JABTAB < k1gmi1 k2gmi2 )
UAB = TAB ARt i1+ VARt iz |- (7) ’ Cria+Casi1 Cang + Cas2
11 12
14218 1422 (10)
< Im) < In)

where Cgs1 is the gate-source capacitance of transisthr
and Cg 52 is the gate-source capacitance of transigthyr. In
the quiescent staté; andk, are both equal td /4, yielding

In the quiescent statd;; and ;> are equal. By comparing
(7) with (4), we conclude thdt; andk, are equal td /4 in this
case. If one output transistor—for exampld; —is handling

a large output current, the class-AB circuit only controls the B ] i Im11 Jm12
biasing pf the other onéy/,, and therefore:; i_s zero ands, is _‘”0:AB,Q =gABTAB " K1 Cria+Casi Cuis + Caso
one. This can also be concluded by examining (7) and noting 1 Gm1t

that I, is much larger thardy, in this case. N5 gABTAB (11)

: . Chrria + Casy
We now return to the main problem of calculating the mesh o
impedance. By examining the remaining part of the contrfhere it is assumed that the transconductancelfef and
loop consisting of differential paif/,4, My and transistors 12 are equal and the capacitance terfg: 4 + Cas1 and

M, and M;, and using (4), the mesh impedaneg ,, is Chis + Cas2 are equal. The gate-source capacitances of
found as ’ the two output transistors are normally not equal; however,

the Miller capacitors have usually relatively large values, and
therefore the capacitance terms can be assumed to be equal
in a first-order approximation. When one output transistor
where g,,,1; is the transconductance a¥/1;, gmi2 is the is handling a large current—for exampl&{/,—the class-AB
transconductance af/;», andgap is the transconductance ofcontrol circuit is controlling the minimum current of the other
class-AB control amplifiedd 4, M. In the quiescent state, output transistor. Therk; is one andk, is zero, and the

k1 andk, are both equal ta/4, and for balancing reasons, theunity-gain frequency is given by

transconductance of transistavs ; and {1 » is equal, yielding

Ugl — Ugg (8)
9aBTAB(K19m11vg1 — k2gm12v42)

Zg1,92 =

W0,ABmax = YABT AR Jmil (12)
Fol g = 1 _ 4 ) Cria + Casy
~gl,gz — . . - .
9aBTaBk1gn11  gABTABYmIL which is a factor of two larger than the value given by (11) in

which confirms the low impedance of the mesh. When oree quiescent state. However, it should be noted at is
output transistor is delivering a large output current—fdriased by a current that is a factor of two smaller than in the
example,AM;—the voltage at the gate is regulated constant smiescent state. Therefore, in bipolar technology and in CMOS
thatwv,. is very small. Furtherk, is zero, and thus the meshtechnology with transistors operating in weak inversign ;
impedance is very large. All the signal current generated g/ a factor of two smaller, and the unity-gain frequency is
Mo and M, is steered by cascod¥;, to the active output independent of the state of the output stage. In CMOS with
transistord{; or by cascodes\f;s, Mi5, Mig. transistors operating in strong inversion, the transconductance
It is interesting to consider the contribution of the mesbhanges only by a factor 6f2, and therefore the bandwidth

transistors to the noise and offset. In the same way as in ikea factor of/2 larger than in the quiescent state. To assure
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that the biasing of the output transistors is controlled over the l1a =2lpgrs
whole bandwidth, the unity-gain frequency of the class-AB - lg?vmj( I, 1@ 1o Mﬂ’]ﬂmw

147 REF

loop should be larger than the unity-gain frequency of the main o .

amplifier. However, the unity-gain frequency of the class-AB T AH:T—SEH ol |

loop should be fixed at a frequency well below the parasitic M;| Sl [P,
Me,j

ouT

poles of the minimum selector circuit in order to obtain a

stable class-AB loop. Concluding, when using CMOS in strong

inversion, the bandwidth of the class-AB loop is the smallest

in the quiescent state, and therefore it should be checked in the

quiescent state if the bandwidth is sufficient. In which state the A ¢

phase margin is minimum depends on the implementation of *

the minimum selector, and this is discussed in the next section,

where the minimum-selector circuits are discussed. As can be

concluded from (11) and (12), the bandwidth of the class-AB

loop can be manipulated by adjusting the transconductance

gap of the class-AB amplifier. P T
Concluding, we have found a low-voltage compact op-amp

topology with the same properties as the conventional op- | ,

amp topology. Good class-AB behavior is obtained without min (')

reducing the gain and without extra noise contribution, but ]

with operation down to lower supply voltages of one gate- ouT

source voltage and two saturation voltages. We now have ()

to find suitable minimum-selector circuits that can operate @p- 5. Low-voltage feedback class-AB output stage with folded mesh and

these low supply voltages. This will be considered in the neggf)de-coupled minimum selector. (a) Circuit. (b) Class-AB characteristic.

section.

the voltage across current sourEgis accurately determined
by the voltage acros$?,. The voltage acrosd, is very

Ill. L Ow-VOLTAGE OP-AMP IMPLEMENTATION important because it must be sufficient to alléwto function
properly, but it must be as small as possible to allow low
A. Minimum-Selector Circuit supply voltages. The minimum supply voltage of the output

A class of well-known reliable class-AB control circuitsStage is equal to the sum of the gate-source voltagé/gf

uses a decision pair to control the minimum bias curreffté voltage acrossg,, and the minimum voltage required to
in the output stage [9]. A low-voltage CMOS version oPias My, in saturation. However, a drawback is that care must

this circuit uses a PMOS decision pair in combination witR€ taken to obtain a well-defined minimum current. As can be
an NMOS control amplifier [10]. A disadvantage of thi€oncluded from the relation between minimum curréqt,
arrangement is the bad matching between PMOS gate-solfB8 quiescent currenfy

voltage and NMOS gate-source voltage, which makes thlsI . <1 ~ Ingrs 2- 2

circuit unreliable at very low supply voltages [7]. A solution
to this problem is to replace the PMOS decision pair by
an NMOS diode-coupled decision pair. The result is a first InproLia

complete implementation of a folded-mesh class-AB output ’ m) Iq (13)
stage, as shown in Fig. 5. As indicated in the figure by the

input currents/yy; andI7y2, the input signal can be fed intowhereIrgr and Iggro are the currents of the current sources
the sources of the PMOS mesh transistors as well as into #gindicated in Fig. 5(aYger2 should be taken small, arfg} 5
sources of the NMOS mesh transistors. The curremtfofis and R;; should be taken large to obtain sufficient minimum
measured by/;; and is used to generate a voltage acldgs current. The resulting class-AB characteristic is depicted in
The current ofA; is measured bys, flows through mirror Fig. 5(b). The need for large resistors is the main disadvantage
Mg, M17, and generates a voltage acrdss;. The lower of of this circuit, since accurate large resistors are not always
the two voltages across the resistors, which corresponds to #vailable in CMOS processes and require a large die area.
lower of the bias currents of the output transistors, controlsA CMOS minimum selector circuit without resistors exists
the output of the decision paivf;s, M5, which is connected [2] but is quite complex and requires a relatively large amount
to the gate ofAfg. This voltage steers the class-AB amplifieof bias current. Recently, a very simple and compact minimum
M4, Mg, which is part of the previously discussed mesh. Theelector circuit has been proposed that also does not use resis-
amplifier regulates the control voltage equal to a referentars [11]. An output stage which incorporates this minimum
voltage created by, and Ry, by controlling the signal selector in a folded mesh feedback class-AB circuit is shown
at the gates of the output transistors. Thus, a feedback ldog-ig. 6(a). The current ak/, is measured by/;,. The drain

is created that controls the minimum current of the outpatrrrent of M5 flows through mirrord 7, M5, which is part
transistors. By using an NMOS diode-coupled decision pagf the minimum selector circuitVy, My5, My7. Transistor

Irer — Inere Ri3 15(Irer — Irgr2)
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M5 of the minimum selector circuit operates mainly in the

linear region. Only whed/, handles large output current does - aer | évm* O é M15Tj I I:TM17 o
M

Mji; operate in saturatiomd/;; measures the current d@ff;

and is also part of the minimum selector. The drain current
of M1, which is the output of the minimum selector, flows I,
through M3 and steers the class-AB amplifiéd,, M. The M1

class-AB amplifier regulates the signals at the gates of the

output transistors in such a way that the current throfjh

is equal to the reference currehigr that flows throught/y 4.

If the output stage is in the quiescent state, the drain current

of M; is equal to the drain current df/;. In this situation,
transistorsM1, M5, and My~ should be designed such that _'\? M14:]|“
their gate-source voltage is equal. Then, because transiston
Mji; operates in the linear mode, the combinativh;, M ; M
can be considered as a single transistor with a double length. I, 1

Therefore, the current through?;> and A5 is a factor of & + & Vss
two larger than the current throudl; 3, which is regulated to @)

Irgr by the class-AB amplifier. Thus, the quiescent current

is given by 10lref 1

WaLis
LWy

Ig=2 IRgF. (14)

When M; delivers a large output current, its gate-source T
voltage will be large, and the voltage between the positive |
rail and the source off;; will be sufficient to allow; to 1
operate in saturation. Transistavs -, M5, M1, now function o
as a cascoded current mirror and simply mirror the current of Iref 1
measuring transistat/;, into M;3. Thus, the bias current of 'eé'
the inactive transistoi/;- is regulated to a constant value 0 Ir‘ef 2'|ref 41
equal to half the quiescent current. Wh&fy delivers a large
output current, much current flows throughi;> and A;~. (b)
Mji; then pulls the source ofif;; to the positive supply
rail. Now M; and A1, operate as a current mirror and the
current of M, attenuated by a possible scaling factor of mirror |
My, My, flows through M;3. Consequently, the current of 2 T
inactive transistord{; is controlled and is equal to half the
quiescent current yielding the minimum current I :

0
Imin = ZQI/{ZE IREF = % IQ (15) — IOUT
(c)

ig. 6. Low-voltage feedback class-AB output stage with folded mesh and

T
|
i
T

ref | 5 —= 100

where it is assumed that the scaling betwédp, AM;;, and
MQ’MU IS equ‘?"' _AnOther way to investigate the plass'Agimple minimum selector. (a) Circuit. (b) Plot éf as a function of. (c)
behavior is by finding the relation between the drain curreBiass-AB characteristic.

I, of My, the drain currentl, of A5, and Iggr. We can

express the transfer function from the drain currentAdf ) . L

to the drain current of\{;; as a function of the drain-source/€ar region. The edge of the linear region is reachgd for
voltage of My 5. Then the expression fabi; in the linear I, = 4Igxgr. For larger values of;, M;; enters the saturation

region is used to find/ps. After substitution ofVps in the Mode andl; is constant and equal thpr. From (16), it

previous relation, the result is can be concluded that there is an asymptotelfo= Iggr.
) Another interesting point is found wheh is equal to/.
Trpr — \/E( VIrer — \/5 ) Then bot.h currents.are .equal Abrpr. The rglanon described
I, = (16) by (16) is plotted in Fig. 6(b). The resulting class-AB plot
VI — VIrer is shown in Fig. 6(c). A good class-AB behavior is obtained

using an absolute minimum of components and only very little
where it is assumed that aW/L ratios are equal and all current since we only need to bias the two branches needed
transistors are operating in strong inversion. In weak inversido, measure the currents in the output transistors. Also, this
the class-AB characteristic is described by (5) [11]. It shouldinimum selector circuit can operate on the lowest supply
be noted that (16) is only valid i/, is operating in the voltage possible since only one gate-source voltage and one
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Fig. 7. Low-voltage compact op-amp with PMOS input stage and folded mesh with simple minimum selector (PMOS).

saturation voltage is needed. Of course, in combination wisielector has been selected to be applied in a complete op-amp

the folded mesh, an additional saturation voltage is requirednplementation, as shown in Fig. 7. The op-amp has a PMOS
Using (11), the unity-gain frequency of the folded-meshput stageMsg;, M3g3, allowing common-mode input voltage

class-AB loop with simple minimum selector in the quiescemtown to the negative rail. The input stage drives a cascoding

state can be calculated as and summing circuit consisting of a current mirfdbgs, Magr
1 gmas Gm12 (17) and CaSCOdEMQOO — Mooz, Mogo1, Mops1. The summing cir-
W = - . R A . i
0489 ™ 9 gm1z  Cui+ Casi cuit drives the output stagkl, g, M10; With class-AB control

. ... M110— Mji15. The class-AB control uses the simple minimum
whereg,..4 ¢ is the transconductance of the class-AB amphﬁesr

MM is the t duct f1 i q elector My, M113, My15, as discussed in Section Ill. The
4 _s,fﬁugt is the rgnstcon uc:mce 0 _rans;s iz aN0,  minimum selector drives the class-AB amplifigfsoz, Mags:
gm12 1S the transconductance of measuring transisif. _using transistorM;1,. The class-AB amplifier is part of the
When M- handles large currents we find for the unity-gaig | o meshMaoz, Maos, Magar , Mags: . Frequency compen-

frequency sation is obtained using Miller capacitof,1.4+ and Ca15.
, _ Gmas Gm12 18) The Miller capacitors determine the unity-gain frequengy
W0,4 B,max . ( ) - .
gm1z Ca1 +Cast of the amplifier as given by
As discussed in the previous section, the unity-gain fre- _ gm2

(19)

quency is a factor of/2 larger than in the quiescent state if wo = Cy

the transistors are operating in strong inversion. Therefore, Wﬁereg » is the transconductance of the input stage @ng

minimum ph_ase margin of the class-AB contr_ol loop |s_foung the total value of the Miller capacitors. The second pole is
in the situation that one of the output transistors dellversszf)]ifted to a frequency of

large output current. By investigating the control loop of the

circuit shown in Fig. 6(a), we see that the loop for controlling wg = gm1 c (20)

the minimum current of the PMOS output transistor is shorter Cas+Cr+ =<5 oy,

than the loop for controlling the NMOS transistor. Thus, the Cm

minimum phase margin is found wheld; handles a large whereg,,; is the transconductance of the output staGes
current and the bias current af, is controlled by the class- is the gate-source capacitance of the output stage including
AB circuit. In that case, the bandwidth is limited by the polall parasitics connected to the gates, afig is the load

of current mirror M5, M, and the pole of cascodéf;;. capacitance including all parasitic capacitance connected to
If necessary, the unity-gain frequency of the class-AB lodpe output. The phase margin is given by

must be reduced by reducing the transconductangcgs of <w2> Gmi Cu

the control amplifier in order to obtain sufficient phase margin. ¢» = atan .
Im2 Cas

<OGS +Cp + T CL)
B. Complete Op-Amp M 21)

wo

Because of the low number of components and the low cur-With Cgs of 1.4 pF,Cy, of 8 pF, Cy; of 2 pF, andg,,.1
rent consumption, the class-AB control with simple minimurof 1 mA/V, the second pole is shifted to 10 MHz. To achieve
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Fig. 8. Conventional compact operational amplifier with rail-to-rail input stage and two meshes.

sufficient phase margin of about §@he unity-gain frequency increases the mismatch between transistakge and Mo
should be a factor of two lower than the second pole, whidh 15%. Assuming the mismatch terms are not correlated,
yields a realizable unity-gain frequency of approximately the total mismatch is found by taking the square root of all
MHz. Further, we should investigate the influence of théne squared mismatch terms, yielding a total mismatch of
right-half-plane zero. The frequency of the zerpis given by the order of 20%. Using (21), this gives a reduction of the
Gm1 phase margin of 5in weak inversion and only“2in strong
Wy = Cnt’ (22) inversion. It can therefore be concluded that the influence of
mismatch on the stability is small if the circuit is designed
The influence ofw. on the phase margin depends on thgith sufficient phase margin of about %60

ratio w, /wp. Combining (19)—(22) and using that the second-
pole frequency is a factor of two larger than the unity-gain
frequency, the influence af. can be expressed as a phase IV. OPTIONAL RAIL-TO-RAIL INPUT STAGE

shift Ay given by In this section, we discuss the extension of the low-voltage

compact op-amp topology to a circuit with a rail-to-rail input

wo Cum stage. For full rail-to-rail operation, a rail-to-rail input stage
Ap =—atan w. ) " —atan | 2 Cas * requires a supply voltage of two gate-source voltages and two
Cos + 0L+ Cu CL saturation voltages, which is higher than the minimum supply

(23) voltage of the basic low-voltage compact op-amp. Because
the currents handled by the input stage are relatively small,

Substituting the values f@qs, Cr,, andCy, as listed above the minimum supply voltage can be lower than the supply
yields a phase shift of only°4at the unity-gain frequency. voltage required by conventional output stages. Therefore, it
Therefore, measures to remove the right-half-plane zero #@seanteresting to consider a low-voltage compact op-amp with
not required. rail-to-rail input stage.

Last, the accuracy of the bias current of the output stage mayrhe main problem of the rail-to-rail input stage is that
have an important influence on the stability of the amplifiethe output currents vary as a function of the common-mode
As given by (21), the phase margin depends on the matchwgjtage. To process these signals without affecting the biasing
of the transconductance of the output stage and the input stagfethe output stage, a special structure of the summing circuit
The transconductance is determined by the bias currents, @dequired. Therefore, we first examine the conventional
therefore the phase margin is affected by the matching of tbempact op-amp with rail-to-rail input stage, and thereafter
following transistors:M3sa1 /Masg, Maig/Mi12, M110/Mioe, this circuit is modified to allow lower supply voltages using
M1 /Mio1, Mi13/Miis, Maos/Maos1. The mismatch in the same techniques as used for the class-AB output stage. A
drain currents of two transistors with equal gate-source voltagecond solution is applying @,,-control circuit that keeps the
can be estimated at 5%. For the transistor gdiro, M100, oOuUtput currents of the rail-to-rail input stage constant, so that
a larger mismatch is assumed because their sources atandard summing circuit can be applied. This technique is
not biased at the same voltage. Further, a relatively lardescussed afterwards.
offset for class-AB amplified\503, M2oz1 0f 20 mV is taken A conventional compact op-amp with rail-to-rail input stage
into account because the loop gain of the class-AB loop isshown in Fig. 8 [4]. A PMOS input paik/s, M>- is placed
relatively low and the drains of the transistors are biaséa parallel with an NMOS input paitM,;, Ms3 to process
at different voltages. The offset of the class-AB amplifiesignals from rail to rail. As indicated by thg,-control block,
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Fig. 9. Principle of low-voltage compact operational amplifier with rail-to-rail input stage and two folded meshes.

a control circuit is needed to make the transconductance as a ype
function of the common-mode input voltage constant. Without
gm-control, theg,,, of the input stage is a factor of two larger in
the middle of the common-mode range where both input stages
are operating than in the other part of the common-mode range | EM—PJr([lM E”_EH%
when only one stage functions. Therefore, the bandwidth also Viu Ly i
changes by a factor of two. Because the op-amp has to be
compensated for the worst case situation, the bias current in
the output stage must be increased by a factor of two. Since [lues
the transconductance of CMOS transistors operating in strong Qb e
inversion is proportional to the gate-source voltage, constant

gm Can be obtained by regulating the sum of the gate-source

voltages of the PMOS input pair and the NMOS input pair

constant, which explains the zener diode shown in the control Oref -
block [12]. We will considerg,,-control circuits at the end of

this section. First, we discuss the summing circuit.

As shown in Fig. 8, a special summing circuit is required ng Imp I
consisting of two current mirrord/;, My and Mg, M1o with \\
cascodesMs, M, and My, Mg, respectively, and a floating :
current sourceM,3, M1, in order to handle the changing — VCM
currents of the input stage. The current generated by the )
floating current sourcé/;s, M4 flows throughM3; and M. ) ) o ] ]

Al the source of);, the bias current of the NMOS inputEd; 0 Constan. railionel input stage wih curent suiches. (@
pair is added, and the current is mirrored BY;, My. At

the source ofM;, the bias current of the NMOS input pair

is subtracted again. At the NMOS current mirrbfs, M19, Fig. 9, a second mesh is used to implement the floating
the same addition and subtraction occurs. Consequently, therent source. The circuit consists of a PMOS input pair
current throughM;, Mg and the class-AB control transistorsisg;, Msgs, an NMOS input pairdsgg, Mag2, @ summing
Mi; and My is constant and equal to the current set by thercuit Magg — Magr, Magor, Maoi1, Mag21 and Mopsr, and
floating current source. By using this configuration, the biasiram output stagé/oq, M10:. A class-AB control circuit and a

of the output stage is not affected by the common-mode inpyt -control circuit still have to be inserted and are indicated
VOltage [4] by the blocks. A first meSWQOQ,Mgog,Mgogl,Mgogl is

To obtain the same behavior at lower supply voltages, thised to implement the class-AB control by controlling the
basic topology of the rail-to-rail compact op-amp is combineghtes of the output transistor&l;gg, M101. The summing
with the folded-mesh circuit as discussed in the previowsrcuit has the same topology as in the conventional compact
section. In the low-voltage rail-to-rail op-amp as shown inail-to-rail op-amp with two current mirror4so4, M2og and
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Fig. 11. Low-voltage compact operational amplifier with two folded meshes and rail-to-rail input stage,witbntrol circuit using current switches.
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Fig. 12. Constanty, rail-to-rail input stage with current switches and constant common-mode output current.

Moo5, Mooz and a floating current source. A second medieed-forward method to control the,, of the input stage is
Moo, Mao1, Mooo1, Mao11 1S Used to create the floating cur-applying current switches as shown in Fig. 10(a) [7], [13].
rent source by controlling the gates of the mirror transistohs this circuit, a part of the bias current of the PMOS pair
Mooy, Maog and Mags, Mag7. The biasing of these mirrors is My, M3 is removed in the middle of the common-mode input-
controlled in the same way as with the class-AB control byoltage range by the current switchés;, A/;. At the same
means of a feedback loop. The bias current of the PMQighe, switchesMs, Mg remove part of the bias current of
mirror Mosoy, Moo iS measured using/s»4. The biasing of the NMOS input paird{,, M,. For high common-mode input
the NMOS current mirroiMsg5, Mag7 is measured byso5.  voltages, the NMOS input pair operates and the PMOS input
The drain currents of\f225 and Mss4 flow into the current- pair is off, while the bias current of the PMOS pair completely
source control block, which completes the feedback loop lflgpws through the switchess;, M~-. For low common-mode
driving the gate ofMso;. The current-source control can bdanput voltages, the PMOS input stage functions and all the
implemented by using the same circuits as used for controllibégas current of the NMOS pair flows through the switches
the output stage. Mg, Mg so that the NMOS input stage is off. In the middle
As discussed before, constant input-stage transconductaotthe common-mode range, when the common-mode voltage
can be obtained by regulating the sum of the gate-sourseequal to the reference voltagé;-, both input stages are
voltages of the two input stages constant by using an electrooperating together, and therefore thg of each input stage
implementation of a zener diode [12]. However, such a circighould be a factor of two smaller than when only one input
is quite complex and requires another feedback loop. A sim@tage functions. Consequently, the current through the input
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Fig. 13. Low-voltage compact op-amp with folded mesh and congtantail-to-rail input stage using current switches with constant common-mode
output current (R-R).

stage transistors should be a factor of four smaller, which g
be obtained by assuring that three-fourths of the bias curr
flows through the current switches. This is obtained ififieL
ratio of the current switches is a factor of three larger than t
W/ L ratio of the input transistors. The current switches form
MOS translinear loop together with the input-stage transisto
which gives the relation

8Irpr — 11,3+ /S8IrEr — 124
Lizs++/1I2s= v \/3\/ (24)

where I; 3 is the current flowing through/; and M3 and
I 4 is the current flowing throughl/, and A,. It can be
easily verified that the case whefgz and I, 4 are both equal
to 2/rgr satisfies (24). Another interesting situation is foun,
when one of the currents 3 or I» 4 is zero. In that case, it
can be calculated using (24) that the other current is equal to @
6/rrr instead of8/grr, Which would be required to obtaing
constanty,,. This causes a deviation of 13%, which can als..~
be concluded from the,,, plot shown in Fig. 10(b).
Fig. 11 shows a complete op-amp with rail-to-rail inpL-
stage with g,,, control using current switches and with ¢
summing circuit using two folded meshes. The circuit consis,
of a PMOS input pairMsg;, Msg3, an NMOS input pair | |
Msgg, M3ge with g,,-control current switches\ls;g, M311, &-
a SUmming circuit Msoo — M207,M2001,M2011,M2021,
and Msg3; With current source controlMsoy, — Maag, and
an output stageMigg, M191 With class-AB control circuit
M0 — My15 and class-AB amplifiefdsgs, Mooz, The mesh &
M2007M201,M2001,M2011, which implements the floating -
current source, is biased using a class-A control consisti
of measuring transistors\iso4, Mass and current mirror B2 . i
Mooz, Maag. A class-A control is sufficient because the bias (b)
current in the summing circuit is relatively small. The biagig 14. photomicrographs of compact low-voltage op-amp. (a) PMOS
current of the PMOS mirrofM5g4, Maog IS measured using op-amp. (b) R-R op-amp.
M>24. The biasing of the NMOS current mirr@tsos, Mao7 IS
measured by\z,5. The drain current of\f,,; flows through the control amplifierMsg;, Magy1 that regulates the current
mirror Mya7, Maog and is added to the drain current bfyo,.  through the current mirroré/sgy, Mags and Mags, Magr in
The sum of these currents flows through;>, and steers such a way that their sum is equal to a reference current
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therefore contribute to the noise of the amplifier. Fortunately,
gecause relatively small current-switch transistors can be used,
their noise contribution can be made relatively small.

Iggr, which flows throughMaz19. Thus, the sum of the bias
current of the PMOS mirror and the NMOS mirror is regulate
constant, yielding a class-A biasing.

A disadvantage of the input stage used in the circuit shown
in Fig. 11 is that theW/L ratio of the current switches is
a factor of three larger than the sum of thHé/L ratios of
the two corresponding input-stage transistors. Therefore, a
considerable die area is consumed by #hecontrol circuit. A. Realizations
If we would apply current switches with a smalléf/ L ratio, Two op-amps have been designed and fabricated in a
the gate-source voltage of the current switches in the middles-um CMOS process. The first op-amp with PMOS input
of the common-mode input voltage range would be largetage (PMOS) was presented in Section Ill, and the complete
than the desired gate-source voltage. This, however, cande@ematic was shown in Fig. 7. The second op-amp uses
compensated by adding a level-shift voltages connected the rail-to-rail input stage (R-R) with constant common-mode
between the gates of NMOS current switdy; and PMOS  output current, which was discussed in the previous section,
current switch}; as shown in Fig. 12. Another modificationand the complete circuit diagram is presented in Fig. 13.
depicted in Fig. 12 is that the current switches are divided infthe rail-to-rail input stage has @,.-control circuit, as dis-
two transistors of which the drains are connected to the draicgssed in Section IV. Therefore, the simple summing circuit
of the corresponding input-stage transistors. The advantageobthe first op-amp can be used. The rail-to-rail input stage
adding the currents to the outputs of the input-stage transistoomisists of PMOS input paifdzg;, M3p3 and NMOS input
is that the output current of the rail-to-rail input stage dogsair Msgg, M3g2. The g,,-control consists of current-switch
not change as a function of the common-mode input voltageansistorsis;q — Ma;3. The level shift between the gates of
Therefore, the same summing circuit can be used such as intthe PMOS and the NMOS current-switch transistors is created
first op-amp implementation. A disadvantage is that the curramding {324 and Ms2;. The summing circuit and output stage
switches are connected in parallel with the input transistors aack identical to those applied in the first op-amp.

V. REALIZATIONS AND MEASUREMENT RESULTS
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5 TABLE |
//«H*«ﬁ——-—.—‘ MEASURED SPECIFICATIONS OF COMPACT LOW-VOLTAGE CMOS O>-AMPS
0.25
parameter PMOS R-R unit
0
V Die area .08 0.1 mm?
OST'O'ZS Supply-vol 1.8-7.0 18-70
[mV] Supply-voltage range 8-7. 3-7 v
5
0 05 1 15 2 15 Supply current 184 230 HA
-
Peak output current 1.2 1.2 mA
Vem VI
input offset voltage 3 6 mV
@
10 input noise voltage (/' = 100 kHz) 33 38 nVAHz
N max. Voo-13 | Vopi3 | Vppi0.s
0.75 - T CM Input range v
min. V0.5 | Vg05' | Vgg+1.2!
05 SS S8 8S
gi max Voo - V, Q.1
g 0.25 Output voltage ’ 0.1 DD - Y
re
range v
0 min. Vg +0.1 Vg +0.1
0 0.5 1 1.5 2 25
- THD (unity-gain feedback,
VCM [V] -80 -41 dB
f=1kHz, 1V)
(b)

i f . . . Unity-gain fi > 4 4 MH
Fig. 17. Offset and input-stage transconductance of op-amp with rail-to-rail My-ean frequeney ‘
input stage as a function of common-mode input voltage. (a) Offset voltage. Phase margi

. N £gin 67 67
(b) Transconductance (based on measurement of unity-gain frequency).
DC-gain 86 86 dB
Pho'tom|crographs c_)f the two op-amps are shown in Fig. 14, Slew-rate 4 15 Vis
The die area of the first op-amp is 0.08 mnand the other
op-amp has a die area of 0.1 ﬁlm Setthing-time (1%, 1V) 380 370 ns
Settling-time (0.1%, 1V) 480 465 ns
B. Measurement Results
) i ) 1) Tty P
The op-amps have been tested using a @Qsistive load Railto-rail if Vgyp > 2.5V

and a 5-pF capacitive load. An HP 4195A network analyzer

was used to measure the frequency response. The frequesiGy transconductance of the op-amp with rail-to-rail input
response qf the _amplmers is shown in Fig. 15. Both Op-aMByge as a function of the common-mode input voltage are
have a unity-gain frequency of 4 MHz and a phase margihown in Fig. 17(a) and (b), respectively. The offset voltage
of 67° while consuming a supply current of 184 and 23@hanges as a function of the common-mode input voltage
pA, respectively. The power efficiency of the design can by the offset of the PMOS input stage for low values of
expressed by using the bandwidth-to-power ratio as a figyf common-mode input voltage to the offset of the NMOS
of merit. A modified version of this figure is given by input stage for high values of the common-mode input voltage.
B (L (25) The offset varies approximately 8 mV, which increases the
~ Psup Crer total harmonic distortion of a unity-gain connected amplifier

where B is the unity-gain frequencyPsup is the quiescent to about—40 dB for S|gnaI§ around the switch-over region
power dissipation, an@rgr is an arbitrary reference capaci-_Of the g,,,-control current switches. Th_e tran_sconductance plot
tor. The capacitive term has been added to be able to compI rgased on measurement of the unity-gain frequt_ancy. _From
circuits designed for different load capacitors. This way, € plot, it can be conc_:luded that tlge, apd t.he gnlty—gam
can compare the circuit with the conventional compact %equency vary approximately 18%’ wh|§:h s slightly more
amp, which has a bandwidth-to-power ratio of 4 MHz/m an the 13% that was calcu!ate_d in S_ect|on IV. An overview
while driving a 10 pF load. Takin@rgr equal to 10 pF, the of the measurement results is given in Table I.
figure of merit for the first op-amp is 6 MHz/mW and for the
rail-to-rail op-amp is 4.8 MHz/mW. VI. CONCLUSION

The response to a 1 V step is presented in Fig. 16. TheA compact operational amplifier principle has been demon-
op-amp with PMOS input stage has a 1% settling time of 3&@rated that allows operation down to one gate-source voltage
ns, a 0.1% settling time of 465 ns, and a slew rate of A4sV/ and two saturation voltages by using a folded mesh class-AB
The R-R op-amp has a 1% settling time of 370 ns, a 0.1&6ntrol circuit with a simple minimum selector. Using this
settling time of 465 ns, and a slew rate of 4.5:¥/The offset principle, two op-amps have been designed that can operate
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down to 1.8 V. The first amplifier has a PMOS input stage angb]
occupies a die area of only 0.08 ririn a standard 1.gm
CMOS technology. The second op-amp has a rail-to-rail inpyg,
stage that enables a rail-to-rail input range at supply voltages
down to 2.5 V. Current switches are used to control¢heof [10]
the rail-to-rail input stage, resulting in output currents of the
input stage that are independent of the common-mode voltage
in addition to yielding a constat,,. This simplifies the design 11
of the summing circuit. The op-amp with rail-to-rail input stage
occupies a die area of 0.1 MnBoth amplifiers have a unity-
gain frequency of 4 MHz while consuming a supply currerﬁz]
of only 184 and 230uA, respectively, and driving a load

capacitance of 5 pF. [13]
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