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Abstract—The constraints on the design of CMOS operational drawback, the simplest solution could consist in using ampli-
amplifiers with rail-to-rail input range for extremely low supply  fiers connected in inverting configuration (i.e., operating with
voltage operation, are addressed. Two design approaches for y;rta| ground at the inverting input terminal), nonetheless,
amplifiers based on complementary input differential pairs and . . . .

a single input pair, respectively, are presented. The first realizes it also has some d.'sadvantages' In fact, the input 'mPEdance
a feedforward action to accommodate the common-mode (CM) can be low and the input and output dc levels must be different.
component of the input signals to the amplifier input range. With respect to the latter point, if the amplifier input stage
The second approach performs a negative feedback action overis an n-channel differential pair, at 1-V supply voltage for
the input CM signal. Two operational amplifiers based on the instance, the dc input CM component must be very close to

proposed approaches have been designed for 1-V total supply o . . .
operation, and fabricated in a standard 1.2pm CMOS process. the positive supply voltage, while to ensure rail-to-rail output

Experimental results are provided and the corresponding perfor- Swing, the corresponding output quiescent level should be set

mances are discussed and compared. around the middle between the positive and the negative supply
Index Terms—CMOS analog integrated circuits, low voltage, op- voltages. By contrast, in noninverting amplifier configurations,
erational amplifiers, rail-to-rail operation. the constraint of the input impedance does not exist, but the

amplifier input CM range must be extended up to the rails
to fully exploit the very limited available voltage room. For
these cases, the traditional approach [1]-[13] has consisted

CALING of modern integrated circuit (IC) technologiegn using parallel-connected complementary differential pairs

s well as the increasing importance of battery- and sold-the input stage as shown in Fig. 1(a). The principle of this

powered systems, demand more and more circuits able to @pproach is illustrated in Fig. 1(b). Basically, it consists in
erate in very low supply voltage environments. However, whikeeping at least one of the input pairs adequately biased for any
digital circuits can work without too many problems in suchalue of the input CM voltage. Thus, for input CM voltages
supply conditions, new analog circuit architectures must be dé: . in the middle rangelfy < V; .,, < V], both pairs are
veloped to keep similar performance with respect to the opegstive, but if the input CM component is close to the positive
tion at higher supply voltages. [Ve < Viem < Vpp] or the negativeVss < V; e < V]

The most important basic building block in analog andupply, just the n-channel or the p-channel differential pair,
mixed-mode circuits is the operational amplifier. In a well-dgrespectively, is active. However, the situation is drastically
signed low-voltage (LV) op-amp, the minimum supply voltagdifferent when the total supply voltage is further reduced, as
value is imposed by the differential pair of the input stage, arsthown in Fig. 1(c). Now, a forbidden amplifier operation zone
is equal to a threshold voltag®#) plus two overdrive voltages arises for input CM voltages in the middle range: the input
(Vbsat). For typical CMOS processes, this value turns owoltage is not able to turn on any transistor pair in this range,
to be around 1 V. On the other hand, the main limitation @fnd therefore the amplifier operation is only possible for CM
differential pairs consists in the reduced input common-modeltages very close to either supply rail.

(CM) range. For an n-channel input pair, this is limited to the Recently, two design techniques have been proposed to ex-
voltage interval comprised betwe&ls + Vi + 2 - Vps.: and  tendthe input CM range in LV CMOS op-amps based on asingle
Vpp (Vss andVpp being the negative and the positive supplynput differential pair. The first one [14] incorporates an on-chip
respectively), while for a p-channel input pair it is limitedvoltage multiplier to provide a higher local supply voltage for
betweenVss and Vpp — |Vr| — 2 - |[Vpsa|. To avoid this the input differential pair. However, the use of voltage multi-
pliers is not an effective solution in scaled technologies. An-
other proposed technique [15] uses the back-gate transistor ter-
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Il. RAIL-TO-RAIL AMPLIFIERS BASED ON COMPLEMENTARY
INPUT PAIRS AT EXTREMELY LOW SUPPLY VOLTAGES

A. Principle of Operation

For rail-to-rail amplifiers based on complementary input pairs
operating at very low voltage, the dead region of input CM volt-
ages shown in Fig. 1(c), must be avoided. To overcome this lim-
itation, the concept of dynamic level-shifting has been proposed
for bipolar operational amplifiers [5]. The principle of operation
isillustrated in Fig. 2 and briefly described next. In this figure as
well as in the rest of the papéfs s is assumed to be equalto 0 V
(i.e., connected to ground). A nonlinear circuit, represented by
the square box, generates a curréas a function of the input
CM voltage ;. o), as shown in the square box itself. The gen-
erated current reaches its maximum vallig.() for V; .., in
the middle of the total voltage range, while it decreases down
to zero asV; .., is near either supply rail. The value &f, .«
coincides with the nominal value of the biasing curreds,
andl,, used for the input differential pairs of the amplifier (not
shown in Fig. 2), which are chosen to be equal. Four replicas
of the current/ are applied to two identical pairs of passive
level-shift resistors as depicted in Fig. 2. The output terminals
Vit Vi, andV;" Vi~ ) of the circuitin Fig. 2, are assumed
to be connected to the input terminals of the amplifier based on
complementary differential pairs. Concretely, the outquﬁ

VSS

(b)

vV
R L L LAt LA AN

Vg SNSRI RN AN Vg

© andV,~ (V;* andV;") coincide with the noninverting and in-
— o verting terminals, respectively, of the NMOS (PMOS) amplifier
czzz : NMOS pair is ON input pair. It can be easily deduced from the circuit in Fig. 2 that
: PMOS pair is ON the CI\EI) component of the signals existing at such terminals are
given by

Fig. 1. (a) Typical input stage for rail-to-rail amplifiers, (b) different
operation zones for low supply voltage operation, and (c) different
operation zones for extremely low supply voltage operatién, ( =
Vss + 2 Vosar + Vr,xmos; Ve = Vop — 2+ |[Vbsat| — |Vr, pmos|)-

‘/i,n,crn = Vi,em + I-R (1a)
Vvi,p, cm — Vvi, ecm IR (1b)

whereV; ., ... andV; , .., are the CM components of the sig-

on low-threshold transistors are not very attractive, as they rels applied to the n-channel and the p-channel differential pair,
quire costly nonstandard fabrication processes [16], [17].  respectively. Thus, for input CM voltages close to either rail,

This paper presents two different design solutions fahe level-shifting currenf is zero and the CM component of
very-low-voltage rail-to-rail CMOS op-amps. The first solutiorboth signals applied to the amplifier input pairs coincides with
is adequate for amplifiers based on complementary inpyf ... nthis way, atleast one amplifier input pair will be active,
differential pairs. It incorporates a front-end section, whictiepending on whethdy; ., is close to the positive (NMOS is
realizes a feedforward action to accommodate the input CON) or the negative (PMOS is ON) rail. For input CM voltages
component to the allowed amplifier range. The second ajp-the middle range, both amplifier input pairs are active, since
proach is suitable for amplifiers with an input stage made up tfe shifting current reaches its maximum value &pd ., and
a single differential pair. Now, the input CM signal is adaptelf; ., .., are shifted close to the negative and the positive rail,
to the amplifier input range by means of a front-end circuiespectively. In practice, the circuit in Fig. 2 realizes a feedfor-
based on a CM feedback loop. The description will be maaeard action over the input CM signal to accommodate it to the
assuming the amplifier is driven by a low-impedance signaeéry limited amplifier input range.
source. The rest of the paper has been organized as follows. Ifrrom a practical point of view, the dynamic level-shifting cir-
Section I, the design of rail-to-rail CMOS amplifiers baseduit provide some outstanding features. So, if no mismatch ex-
on complementary input differential pairs at extremely lowsts between the upper and lower current source in each branch,
supply voltages, is described and performance limitations dhe input resistance over the entire voltage range is infinite and,
addressed. Next, Section Ill deals with the design of rail-to-rdience, no loading effect is introduced over the previous stage. In
amplifiers based on a single input differential pair for the sanpgactice, in the unavoidable presence of mismatches, a certain
operating conditions. Experimental results of both approachégyut current will exist, however, it will always have a negligible
obtained from a test chip prototype operating with 1 V of totalalue. Also, the symmetrical topology of the circuit ensures very
supply voltage, are shown and compared in Section IV. Finallyigh common-mode rejection ratio (CMRR), provided that a
conclusions are drawn in Section V. good matching exists between the current sources and level-shift
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Fig. 2. Conceptual circuit schematic to illustrate the dynamic level-shifting principle.
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Fig. 3. Circuit implementation of the nonlinear level-shifting current generator.

resistors of the left and the right branch. In the presence of mi- Circuit Implementation
matches, the CMRR for any output signal paif'{,, V;", and o the generation of the nonlinear level-shifting current,

2

Vijrp’ Vi, p) is given by we used the circuit in Fig. 3. The circuit portion enclosed by
1 the dashed line (left side of the scheme) is a replica circuit of
1 AR  AG, . . : : .
CMRR = =4 (2) the amplifier complementary input pairs. For sensing the input
R-Gn, R Gm CM voltage, the drain nodes of the transistors in each pair are

whereR and@G,, refer to the average values of the top (bottorrfjonnected together. Thus, in this circuit, and/,, are replica

resistors and the transconductance of the top (bottom) currétues of the biasing currents that would flow through the
sources, respectively. Notice that in (2),, represents the av- NMOS and the PMOS amplifier differential pair, respectively,

erage value in the shifting current variation as a function #fthe input signals were directly applied to the amplifier input
Vi em (.6, G = AIJAV; o). terminals. After appropriate mirroring df,, and I, with LV

Referring to Fig. 2, it is easy to see that the noise is coRUrrent mirrors [18] biased witlis, the sum of these biasing
tributed by the level-shifting network (resistors and curre@Urrents is subtracted from,... in the circuit enclosed by the
sources) to the input-referred noise of the amplifier (nodggtted line at the right side of the scheme (current subtractor).

vt V= . v Vo). In this respect, it should be noted that! he following nonlinear operation is performed by the current
,n ,n P T, pl" ! .

the current noise of the level- shift current sourdgs,, is seen subtractor:

at the amplifier input as multiplied biz”. Noise considerations ;-7 — (Iyn + Lp),  if Ipn + Ip < Lax (3a)

will therefore affect the choice of the resistor values and the _
size of the devices in the level-shifting current generators. Itis
also worth to point out that due to the presence of two parallgig. 4(a) illustrates the simulated results of the circuit in Fig. 3
connected input pairs in the core opamp, each root mean squéne nominal value of,,, andl,, was set to 1QA). The gen-
noise contribution is effectively halved. erated nonlinear currert for shifting the CM component of

otherwise. (3b)

7
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12 uA) better performance. However, our interest resides in achieving
input rail-to-rail operation since here are found the strongest dif-
ficulties for very LV operation. A dynamic level-shifting action
is realized oveWV;_.,, to extend the input CM range of the am-
plifier over the entire voltage range. This is basically carried out
by the matched passive resistéts—R4, the voltage-controlled
current-source transistors M1A-M1B and M2A-M2B, and the
nonlinear shifting-current generator of Fig. 3, represented in
Fig. 5 by a black box.
As indicated in (1), the maximum voltag¥&y, max = max -
R) by which the input CM signal is shifted, will be process de-
pendent. In order to compensate for the unavoidable spreads in
fabrication processes, the simple tuning circuit in Fig. 6 can be
used, where, theoretically, resistiis perfectly matched to the
VientV) level-shift resistorsi1 to R4. The negative feedback action of
@) the circuit in Fig. 6 ensures that the voltage digp, - R equals
L0 \2] . Van, max, Provided that the gain of the error amplifier is high
enough. With this solution, obviously the bias current of the am-
plifier input differential pairs turns out to depend on process
0.8 - parameters. This fact prevents amplifier design optimization,
though this is not a serious concern in most applications. For
06 L 1-V total supply voltage and typical threshold transistor volt-
ages in the order of £0.75 V, a minimum valuelQf, ..« equal
to 300 mV is appropriate to keep at least one amplifier input pair
active over the entire input voltage range. However, to obtain a
— Viem value of Vj_ max compatible with the input range of the error
02+ —=— Vincm amplifier, which in this case is assumed to be based on a PMOS
—— Vi,p,cm input stage, a scaled versioRfn) of the level-shift resistors
00 X . , . . . X . and the maximum shift voltagé’{;, max/n) can be used in the
0.0 0.2 0.4 0.6 0.8 1.0 circuit of Fig. 6. Needless to say, a proper a layout style for the
V. (V) level-shift resistors, in such a way that they are implemented as

iem

(b) a string ofn equal series-connected resistors of valyé, is
Fig. 4. Simulated behavior of: (a) currents in the circuit of Fig. 3 and (b) tHéSeful for matching purposes. In practice, the error amplifier in
corresponding CM voltage components in the dynamic level-shifting circuit &ig. 6 can be easily implemented with a simple single-stage dif-
Fig. 2. ferential amplifier.

Even though, with the above techniques, amplifiers based
the input signals, along with the biasing currefgs and I, ©Nn complementary input pairs can feature rail-to-rail operation,
in the replica input pairs, are depicted. This nonlinear behavidey still suffer from a number of limitations. Indeed, in such
ensures that for input CM values close to one of the rails, tRéplifiers, magnitudes such as transconductance and slew-rate
level-shifting current! is zero, and one of the amplifier input(SR) of the input stage, vary with the input signal level, although
pairs is active. AS; .., goes toward values belonging to theésome circuit techniques have been proposed to avoid or atten-
middle range, the biasing current source of the correspondi#gte these constraints [2]-[13]. However, the major limitation
input pair in the replica circuit is progressively turned off, angonsists in the modest CMRR and harmonic distortion figures
the level-shifting currentincreases. R6r...,, around the middle [2], [4], [14]. The poor performance arises mainly as a conse-
between supplies, the shifting voltagie R is enough to keep duence of the difference in input offset voltages between the
both amplifier input pairs active. Fig. 4(b) illustrates the simfwo differential pairs. The offset voltage, which depends on the
ulated CM componentsif_ ,, e andV; . .,,) existing at the input CM component in this case, appears in series with the
outputs of the circuit in Fig. 2, when the currehts provided applied input signal and, hence, introduces harmonic distortion
by the circuit in Fig. 3. and degrades CMRR. Therefore, if these constraints want to be

Fig. 5 shows a two-stage LV amplifier with Miller compen-avoided, the amplifier input stage should be based on a single
sation. A two-stage topology has been chosen to achieve a hilifferential pair.
enough dc gain with no use of stacked transistors. To avoid the
excessive voltage drop due to diode-connected transistors in the
signal path, a low-voltage folded cascode structure was used {p|. R AL -TO-RAIL AMPLIFIERS BASED ON A SINGLE INPUT
sum the currents provided by the two transistors in each input PAIR AT EXTREMELY LOW SUPPLY VOLTAGES
pair [19]. A class-A topology has been chosen for the amplifier
output stage. It will limit the output swing up to oR® s,;: from As stated above, amplifiers based on a single input dif-
the supply voltages, and in this sense other architectures stevential pair suffer from strong limitations in the input CM

04+

Authorized licensed use limited to: SUN YAT-SEN UNIVERSITY. Downloaded on November 5, 2008 at 06:52 from IEEE Xplore. Restrictions apply.



DUQUE-CARRILLO et al:: 1-V RAIL-TO-RAIL OPERATIONAL AMPLIFIERS IN STANDARD CMOS TECHNOLOGY 37

VDD

LT T T

M3 M4 J— Mg"lL I ™2

R3 Ibn 1 M15
\"Ad <
Ry C
? '—/V}{I—' IM— —e vout
R4 Ib
P, M5

E M2A
| ]

i o
1

;

||}

—1=>  Level-Shift Current Generator

i1
z
%
E3

1]

I
S

Fig. 5. Rail-to-rail two-stage very LV amplifier with input dynamic level-shifting circuit.
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Fig. 6. Tuning section for avoiding the dependence of the maximum voltage
shift on fabrication process variations.

Fig. 7. Conceptual circuit schematic for illustrating the operation principle of
the proposed input CM adapter.

voltage range, compared with amplifiers having parallel-con-

nected complementary input pairs. In particular, for extremefjgnals of this feedback loo ', andV;,, which act as input
low-voltage operation, if the amplifier input stage consis@gnals of an amplifier based on a single PMOS differential
basically of a p-channel differential pair, the input CM range #&ir (not included in Fig. 7), coincide with the corresponding
restricted to the small voltage interval comprised betwien iNPUt voltage signalsy;™ andV;™, shifted by an equal amount
and Vi [see Fig. 1(c)]. As a consequence, a front-end circu@ven by the product-I - R. The value of the current sources
section is needed to adapt the input CM signal component to thé$ controlled by the output voltag&,,, of an error amplifier,
amplifier input voltage range, while the effective input signafhich in its linear operating region is equal to

[i.e., the differential-mode (DM) signal component] should be + N7 ‘

kept unchanged. Fortunately, in practical applications, the DMV ARVeer = (Vily + Vi) | = 24(Veer = Vip.om) (4)
signal swing at the amplifier input is very much reduced dughere, againV; , .. represents the CM component of the
to the external negative feedback, thus posing no substangatput S|gnalsl/+ andV;”,, A accounts for the finite dc gain of
problems of input DM range. Next, to extend the input Chhe error ampllfler and’ref is an appropriate reference voltage
range up to the rails in LV amplifiers based on a single di{close to ground in this case). By expressing the input signals
ferential pair, an approach, which is simpler than the abowg a function of their CM and DM components, the following
dynamic level-shifting technique, and is also compatible witdquations for the output voltage signal components of the CM

scaled technologies, is introduced. adapter are easily derived
A. Principle of Operation Vipem = Vier + 2};/”% (5a)
The above-mentioned requirements to be fulfilled by the Vi pam = Vi.am ’ (5b)

front-end CM adapter circuit, suggest the use of an extra feed-
back loop to control the input CM component. The conceptuahereG,,, is the transconductance of the voltage-controlled cur-
circuit schematic of Fig. 7 is suitable to illustrate how thisentsources (i.el, = —G,,- V), andV;_q,, andV; , 4, are the

task can be carried out. As observed, the two output voltab® components of the input and output signals, respectively.
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Voo dynamic level-shifting approach of Fig. 2. Indeed, the dc shift

in the CM component is very accurate and, hence, no tuning
”i section is needed to compensate for technological parameter
spreads. However, the stability of the loop in Fig. 7 must be en-
sured.

The circuit in Fig. 8, which is derived from the equivalent
CM circuit of the one in Fig. 7, is appropriate to carry out the
stability analysis of the loop. The input node is connected to ac
ground (no signal), and the loop is opened as shown. The two
||:\ PMOS and the two NMOS transistors are considered to have the

same aspect ratio, respectively. Assuming a single-pole model
for the error amplifier open-loop gain [i.ed(s) = A,/(1 +
s/p.)], and neglecting the internal pole of the current mirror, a
routine analysis of the small-signal equivalent circuit leads to
Fig. 8. Equivalent CM circuit for stability analysis of the input CM adapter. the following expression for the loop-gali7(s):

Therefore, the output common-mode quiescent level is equal tEG(s _ Yo o GmigmTout 1 )
the reference voltage, and the output CM voltage signal is at- Ui R~ 4 go2 14 SV (1 I 5
tenuated by the loop gain, while the output and the input DM Do D1

components are equal. The negative feedback only affects the

input CM component and does not act over the differential inplit this equationd, = gm - rous (With obvious meaning of
signal. In other words, the input CM voltage is shifted and agymbols),g1 is the transconductance of transistor M1, is
tenuated while the input DM voltage is maintained unchange#t€ output conductance of transistor M2, gndss the pole at
Alternatively, a reference voltage close to the positive suppife drain node of transistor M2, which correspondsio { +
should be chosen, if the amplifier input stage were based ongn)/Cp, WhereC,, represents the total parasitic capacitance as-
n-channel differential pair, but, in this case, a complementag@ciated to this node. As stated, a single-stage output-compen-
structure with respect to that in Fig. 7 should be used to provigated topology has been assumed for the error amplifier and,
a positive level shift of the input CM component. hence, its dominant-pole frequengy coincides with 1{rq. -

The CMRR of the CM adapter results infinite under perfeéf’r), whereCy, is the output compensation capacitance. Thus,
matching conditions. However, if any mismatch exists betwedi®m (7), the gain-bandwidth product of the loop (LGBW) and
the left and the right branch in the circuit of Fig. 7, assumingte ratio between the secondary-pole frequepdy, < p1)
sufficiently high value for the CM adapter loop gain, the CMRRNd LGBW can be easily derived:
is given by the following expression:

_ 9m19m . L
CMRR — <ﬁ N AGm>—l o LGBW = 22— (8a)
R Grn 140 _ ﬁ . (R_l + 902)2 (8b)

where R and G,,, account for the average values of the re- LGBW Gy gm1Gm

sistors and transconductances of the voltage-controlled currgg} 5 reasonable phase margin in the loop, the yalbGBW
sources, respectively. Comparing (2) and (6), it can be obserygfls; pe kept above a certain value (i.e., above 1.5 for a phase
that the CM adapter shows a lower sensitivity to mismatch%rgm of 60 for a two-pole system). Thus, the error ampli-
th_an the c!rcgit based on the.dynamic Ievel-shifti_ng principle i, transconductanag,, and the compensation capacitatée
Fig. 2. T_h|s improvement arises as the conversion factor frF’r’Fﬂust be chosen low and large enough, respectively, to ensure a
the CM input to the DM output signal in the CM adapter igstorder response. Also, the parasitic capacitafigshould
divided by the gain of the feedback loop, while the dynamigse minimized by a proper layout style. These conditions are easy
shifting technique is based on a feedforward action. _to satisfy in practice. Moreover, it should also be noted that the

By inspection of Fig. 7, we see that three additional noisg. operating point of the circuit in Fig. 7 changes substantially
sources are contributed by the CM adapter loop to the inpyfh the CM component of the input signals, as is usual in any
terminals of the amplifier differential pair (nodés",, V:")),  rajl-to-rail circuit. Special care in the design has to be taken to
namely the thermal noise of the shift resistérsV?,, the input - yrevent the drain node of M2 in Fig. 8 from becoming a too
noise of the error amplified?,, and the current noise of thepjgh impedance node, as will be shown later, and, hence, the
bottom current sources multiplied B (17 R*). Again, noise ratio ;,, /ILGBW from dropping to an unacceptable value. This
considerations willimpose some constraints on the choice of W\%inly occurs for rail-to-rail operation, namely for input volt-
component values. ages close t&ss. In the derivation of (7) and (8), it has been

- assumed that the input signal is provided by a zero output re-

B. Loop Stability sistance signal source. If this does not apply, the vaué in

Since the CM adapter circuit in Fig. 7 is based on a negati{@b) is reduced due to the nonzero output resistance of the signal
feedback loop, it provides an important advantage, unlike teeurce and, hence, the phase margin is decreased.
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It should also be pointed out that when the input CM voltage

Fig. 9. Circuit implementation of the input CM adapter in Fig. 7. signal approximate¥...¢, the current flowing through resistors
R1 and R2 becomes almost zero. In the absence of the above
extra current sources, the output conductapgeof transistors

o ) M2A and M2B, which in the middle range of input CM voltages
C. Circuit Implementation can be not negligible with respect toRL{especially in scaled
A transistor implementation of the conceptual circuitechnologies), becomes very low. According to (8b), this fact
schematic of the CM adapter in Fig. 7, is shown in Fig. $an cause some instability in the feedback loop. The extra cur-
where R1 = R2 = R. The error amplifier is realized by rent sources also help in this respect, as they guarantee a lower
transistors from MA1-MAG together with bias current sourcdanit to the maximum value in the equivalent resistance seen

Ir. As observed, its topology corresponds to a simple one-stdgam the drain nodes of M2A and M2B. Moreover, as will be

transconductance amplifier, with the load capacifpracting seen later, the extra current sources provide a significant im-

as a compensation capacitor. A pseudodifferential structure lpgsvement on the large signal behavior of the whole ampilifier.

been chosen for the error amplifier, since the current sourthe valueR of passive resistors must be chosen as the best
normally used to bias the input differential pair (MA1-MA2tradeoff between stability [(8b)] and noise constraints on the one

and MA3-MA4 in our case) has been removed. This ensurkand, and power consumption requirements and the need for a

better operation of the error amplifier at extremely low supplsufficiently high dc loop gain [(7)] on the other.

voltage, especially as far as its input DM range is concerned,Under perfect matching conditions between the current

as is required due to the not very large gain of the feedbastiurces! in each branch of the CM adapter (M1A, M2A and

loop. The current sources controlled by the error amplifiéM1B, M2B, respectively), the small-signal input resistance of
output voltageV,. are implemented by transistors M1A-M1Bthe circuit in Fig. 9 is infinite, as in the dynamic level-shifting
and M2A-M2B, respectively. Since this particular circuischeme described in Section Il. Again, the presence of mis-
implementation is intended to allow rail-to-rail operation in anatches will give rise to very low input currents. Only for

LV amplifier with a PMOS input pair, the reference voltade:  rail-to-rail input signals or, strictly speaking, for input signals

that fixes the output CM component of the adapiér,, ... closer than on&ps,. to the positive rail, the maximum current

(which is also the amplifier input CM voltage), must be set teequired from the input signal source is approximately equal to

a rather low, but not critical, value (i.e., in the range of 100Vpp — Vier)/R. However, this does not give too much trouble

mV for a total supply voltage of 1 V). Transistor M2D hasf it is assumed that the circuit is driven by a low-impedance

been included in the input branch of the bottom current mirrgignal source. The extra current injected into the drain nodes of

(M2C-M2A and M2C-M2B) to make the drain-to-sourcethe bottom current sources M2A and M2B, only introduces a

voltage of these devices roughly equal, thus minimizing thie offset in the current drawn from the input signal generators.

error due to the finite output resistance. In this respect, it should be noted that in inverting amplifier

When the input CM voltag&; ., falls belowV,¢, as is re- applications, no appreciable input CM signal exists at the
quired in rail-to-rail operation, the current through the passiweputs of the circuit in Fig. 9, due to the induced virtual ground.
resistorsk1 and B2 must flow into the signal sources to closeThen, the input dc voltage of the CM adapter does not change
the CM feedback loop, thereby keepiWig,, .., tiedtoV,.; over with the input signal level and, therefore, no extra currents are
the whole voltage range. To this end, two extra constant currereded in these applications.

sources, not shown in Fig. 9, can be injected into the drain nodeA two-stage Miller-compensated rail-to-rail amplifier based

of transistors M2A and M2B. In the absence of these extra cum a p-channel input differential pair, is shown in Fig. 10. The

rent sources, foV; ., < Viet, Vi, p, om would follow V; ..., amplifier incorporates the input CM adapter of Fig. 9 (repre-
which, however, in our case would not represent a serious caented by a black box), to extend the input range up to the rails
cern, as this voltage range is compatible with the amplifier inpaten for extremely low supply voltages. Again, to allow the op-

CM range [see Fig. 1(c)]. eration of the core amplifier at very low voltage, a low-drop
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TABLE |
MAIN TRANSISTORASPECTRATIOS (IN tm) AND ELEMENT VALUES OF THE
AMPLIFIER BASED ON COMPLEMENTARY PAIRS (FIG. 5)

MIA, MIB 400/5 MIS5 700/2

M2A, M2B 20075 RI-R4 30kQ

M1, M2 400/2 R, SkQ

M3, M4 20072 Cu 10 pF

MS-M8 400/5 L,=1L, 10 pA

MS-M12 500/5 I 40 A
TABLE 1l

MAIN TRANSISTORASPECTRATIOS (IN pm) AND ELEMENT VALUES OF THE
AMPLIFIER BASED ON A SINGLE INPUT PAIR (FIGS. 9 AND 10)

MI1A, MIB 1000/6 M6 1600/2
M2A, M2B 600/4 M7-M10 300/4
MAI-MA4 5072 Mll 700/2
MAS, MA6 300/4 R1-R2 15kQ
M2D 150/2 R, 5KQ E:g.slé'(a) C;l’rlllg T()I&;;Jphotographs of the fabricated LV rail-to-rail amplifiers in
MI, M2 20012 C, 5 pF ' '
M3-M5 40072 =12 10 pA , emor (mV)

folded cascode structure is used to sum the differential curre
provided by the two transistors of the input pair. 20 -
To ensure a proper closed-loop operation of the LV ampl
fier in Fig. 10, the overall stability of the resulting loop must b
also guaranteed. Routine analysis of the whole feedback lc ;|
demonstrates that, for this purpose, the ratio between the [
bandwidth (BWy) of the CM adapter and the gain-bandwidtt
product of the external loop, should be large enough. It is wor
pointing out that BWy; coincides with the secondary-pole fre-
quencyp; of the adapter CM loop [i.e., BBy = 1/(RC))].

0

IV. EXPERIMENTAL RESULTS o 200 400 600 800 1000

The two amplifiers of Figs. 5 and 10 were designed to of Vimv)

erate with 1-V smg!e SUppl.y and fabricated in a standargui2- Fig. 12. Measured input offset voltages in two samples of the amplifier in
CMOS process, with nominal threshold voltage for NMOS anfig. 5 (solid line) and Fig. 10 (dashed line) connected in noninverting unity-gain
PMOS transistors equal to £0.75 V. Tables | and 1l show the a®nfiguration.
pect ratios of the main transistors and the nominal values of the
passive components of the amplifiers in Figs. 5 and 10, respeckig. 13 shows the measured THD for both amplifiers in
tively. In both cases, the amplifier load capacitance was appramity-gain noninverting configuration for different amplitudes
imately 15 pF. All the resistors of the dynamic level-shiftingf a 1-kHz input sinewave. An average improvement in THD
and CM adapter circuits, as well as the resistors in the Mill&rger than 20 dB in most of the voltage range, is obtained in the
compensation networks, were implemented with the polysilicaase of the rail-to-rail amplifier based on a single differential
layer available in the fabrication process. The voltages...x  pair with respect to its complementary pairs counterpart.
andV,.; were set to 0.3 and 0.1V, respectively. Both of them The measured input curredf, as a function of the input
were internally generated froli, , by means of on-chip resis- voltage is depicted in Fig. 14 for both approaches. The input
tive dividers. Fig. 11 corresponds to the chip microphotographbarrent is larger for the amplifier based on a single differential
of the fabricated LV amplifiers. pair. This is due to the larger shifting current existing in this
The measured amplifier input offset voltage as a function chse for most of the input voltage range, which leads to a
the input signal level is plotted in Fig. 12. Offset voltage varidarger mismatch-induced current difference between the upper
tion in the case of the amplifier based on complementary inpand lower shifting-current. In addition, a larger difference is
pairs is evident. By contrast, for the amplifier based on a singbeesent in the channel modulation effect between these current
differential pair, offset is roughly constant almost over the entisources. In fact, while the upper current source has a varying
voltage range. This fact is expected to cause much lower distdrain-to-source voltage, the lower current source is always
tion levels in the second case with respect to the first one.  biased with very smalV;s. In the case of the amplifier based
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Fig. 13. Measured total harmonic distortion (THD) of the amplifiers in Fig. !

sinewave signal.

(solid line) and in Fig. 10 (dashed line) for different amplitudes of a 1-kHz inpt

L (nA)

A1 2007/ A2 2009/

Fig. 15. Experimental response of the amplifier in Fig. 5 to a 900-mV, 50-kHz
squarewave signal, connected in unity-feedback configuration.
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Fig. 14. Measured input current of the amplifiers in Fig. 5 (solid line) and i
Fig. 10 (dashed line) connected in unity-feedback configuration.
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(b)

Experimental response to a 900-mV, 50-kHz squarewave signal of the

on complementary input pairs, the shifting current is smallamplifier based on a single input pair (Fig. 10) in unity-feedback configuration

and better matching between the drain-to-source voltages of tevithout and (b) with A of injected extra currents.

shifting-current sources is achieved over the allowed voltage

range. However, in both cases, the required input currenttiansient response to a large input step, is strongly influenced
sufficiently small and, hence, the load effect over the drivingy the extra currents injected into the drain nodes of the bottom
stage is substantially negligible in most practical applicationsurrent source transistors M2A-M2B of the CM adapter, as

Nonetheless, if smaller input currents are required, larger iis-described next. Fig. 16(a) shows the measured amplifier
sistor values should be used. The input current shown in Fig. tesponse when no extra currents are injected. As observed, two
corresponding to the amplifier based on a single differentiaéry different slope values can be distinguished in the rising

pair, has been measured with no extra currents injected. Edige of the response. The first part of this edge is limited by

of Fig. 14.

nonzero extra current values, an offset that coincides with ttiee positive SR of the main amplifier. The second and slower
value of the injected currents is originated/ig, but the input portion arises as the error amplifier of the CM adapter is not fast

current variation with the input voltage is kept equal to the orenough to maintain the input CM component sigrigl { ...)

within the very limited input CM range of the main amplifier
The experimental response of the two amplifiers, connectétishould be pointed out that the CM adapter feedback loop is

in unity-feedback configuration, to a 900-mV, 50-kHz inpuinitially turned off). Thus, the bias source transistor M3 of the
squarewave signal, is depicted in Figs. 15 and 16. For tamplifier input stage (see Fig. 10) goes into its triode region,
rail-to-rail amplifier based on complementary input pairs idecreasing the amplifier output current that charges the load
Fig. 5, the SR limit is imposed by the core amplifier. In theapacitor and, hence, the rising slope of the output voltage.
case of the LV amplifier based on a single input pair, th@nce the error amplifier has had enough time to adapt .,
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i) . fig 2009, = 3198 1008’ N #A2 STOP TABLE Il
L T T EXPERIMENTAL PERFORMANCE OFAMPLIFIERS IN FIGS. 5 anp 10
................................................... - (Vuopty = 1V, TECHNOLOGY: 1.241m CMOS,C',. — 15 pF)
.....  Parameter D{,“m"’,f,‘i(??;‘ffs‘i)“g milgd (aggtfg)
' 'I"'I'QII-I-"I!A"' " Active die area 0.81 mm’ 0.26 mm’
A I,,, (supply current) 410 pA 208 uA
:% o P P,
_:_ AAAAAAAA ......... AAAAAAAAA ......... E—— v v
Phase-margin 61° 73°
Fig. 17. Experimental response of the amplifier in Fig. 5 in switched-buffer -
configuration to a 900-¥,,,,, 2-kHz input sinewave (clock frequency = 40 kHz). SR 0.8 Vius 0.9 Vius
SR™ 1 Vius 1.7 Vips
TR 62 20T, - B.00¢ 1008/ BB AL RN THD (0.5 Ve @ 1 kHz) -54dB 77dB
......... __ THD (0.5 Voo @ 40 kHz) 32dB -57dB
e TN e e TN AT vo(@ 1 kHz) 267 nVAHz 359 nV/Hz
NG ................ ........ vl (@ 10 kH2) o1 nVAHz 171 nVAHz
L R v (@ | MHz) 74 nVAHz 82 nVAHz
NGB Py pr g
“;; DT (N UUUL POUUURPUNS i SO S SOUUTOROU SUPR N SO SO — i P
A ............................................ e AUOURUUE SUUIUUUUUL FUUURUUUU SUUUUUUTE U bSRE- 1dB LS

® Simulated values
Fig. 18. Measured response of the amplifier in Fig. 10 in inverting unity-gain
configuration to 900-mY,,, 15-kHz input sinewave.
A summary of the experimental amplifier performances is
shown in Table Ill. When applies, all the parameters were mea-

to the main amplifier CM range, the proper amplifier operatiogured for the input CM level at mid-supply. The current con-

IS recovered- gnd, again, the output voltage slope IS determ'%%%ption is larger in the amplifier based on the dynamic-shifting
by the amplifier positive SR. There are two possible ways proach with respect to the one based on the CM adapter,

avoid this _pehav_mr. Qne of them consists in des_lgnlng t ainly due to a larger number of mirroring current operations
error amplifier with higher SR. However, this implies Iarge[

bi tval q I " " n the circuit implementation adopted. Also, the dc gain results
las current values; and a smaller compensation capaci anqgrger in the circuit of Fig. 5, since a true cascode structure has

Valtl.JeCL (ijn the ::ircft:it Ttlfigl. 9. Afct?[?in_gl_r:o ®), b%th tZeseb en used for the first stage. In the case of the amplifier in Fig. 5,
actions adversely afiect the loop stability. The second and m worst case of stability (larger unity-gain bandwidth) occurs

more effective way consists in inject_ing the extra current§ r the input CM level at mid-supply, due to the fact that both
Now, the (.:M adapter feEdban I.OOP.'S never turned off anfiut pairs are active, while for the amplifier in Fig. 10, the
therefore,_ !ts response spe_ed IS 5|_gn|f|cant_ly improved, as is ase margin is roughly constant over the entire voltage range.
loop ;Fab|llty, as indicated in Secfuon ll. Fig. 16.(b) shows th he THD for both amplifiers was measured in unity-gain feed-
arrr:phﬁter resE)onse fortthefsame nput fq(;lare signal as befqge. configuration. The total harmonic distortion of the U;5;
w;n YIVO e,i(- ra cmirYren sdolﬁéAare |njetce i lts obtained .40-kHz input signalwas71.1 dB. As expected, at both frequen-
inaty, Figs. an present results obtaine W'taes THD is smaller for the amplifier in Fig. 10. Noise charac-

two simple application schemes, one referred to the SaW8fistic of both amplifiers is dominated by the flicker compo-

pled—_data and the othe_r to the continuqt_;s-ti_me _approach. I:'rr%rlt. To reduce the noise contributions by the common-mode
a switched-buffer version of the amplifier in Fig. 5, SUItabI%ontrol network, the values of the resistédtshould be reduced

for switched-opamp applications [20], was integrated. ng‘uus decreasing the effective noise added by the shifting cur-

measured response with 40 kHz of clock frequency to ; -
. . . nt sources), but at the cost of increased power consumption.
input sinewave ¥; ,, = 900 mV, f; = 2 kHz), is shown ) P P

in Fig. 17. On the other hand, the LV amplifier based on a
single differential pair was connected in inverting unity-gain
configuration, using externally connected input and feedbackThis paper has addressed the issue of rail-to-rail operational
resistors of 47 K. Fig. 18 shows the details of the amplifieramplifiers for very low supply voltage operation in standard

response to a 0.9;,, 15-kHz input sinewave. This respons€CMOS technology. Two design approaches have been de-
was obtained with zero extra currents since, as stated abaajbed. The first one is based on an amplifier input stage made
in inverting applications the input dc level of the CM adaptenp by complementary differential pairs, and uses the dynamic
remains constant regardless of the input signal level. level-shifting technique [5] to extend the amplifiers input range

V. CONCLUSIONS
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up to the rails. By contrast, the second approach relies on gms]
input stage based on a single differential input pair. Rail-to-
rail operation is achieved thanks to a closed-loop COMmMonpg)
mode front-end adapter, which keeps the input common-mode
voltage of the pair at an appropriate constant voltage, Whil?m
leaving the input signal differential mode unaffected. With the
second approach, the presence of a single input pair biased at
a fixed voltage, ensures that the amplifier offset is maintained8l
roughly constant over the entire input voltage range, thereby
allowing the designer to overcome the typical major limitation[19]
of amplifier based on complementary input pairs, i.e., the
modest THD figures. Two amplifiers based on the described
approaches were designed and integrated in standandni.2- [20]
CMOS process and were then experimentally evaluated. Mea-
sured results showed rail-to-rail operation for both amplifiers
at a supply voltage as low as 1 V. As expected, the amplifier
based on the second approach provides better offset and THD
performance. Moreover, in both cases the measured input
current (although smaller for the amplifier based on the fir~*
approach), is sufficiently small to make the load effect on tt
preceding stage negligible in most applications.
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