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Abstract This article presents useful guidelines for

designing CMOS class-AB output stages. Three Quality

Factors, which allow analysis and comparison of different

output stages, are used to design two CMOS class-AB

stages. We show that using the proposed Quality Factors

and the related strategy leads to an efficient design in terms

trade-off among area, current consumption, bandwidth and

distortion. Indeed, for one of the two stages adopted as

example, the design through the Quality Factors results in

superior distortion performance with respect to the design

suggested in the original article. Design examples and

simulations are provided to validate the design strategy.

Keywords CMOS analog circuits �
Analog integrated circuits � Operational amplifiers �
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1 Introduction

In most analog circuits, the power operational amplifier

(OpAmp) represents a fundamental building block. Unlike

the operational transconductance amplifier (OTA), the

OpAmp also includes an output stage to drive low load

resistances [1, 2], which determines several features of the

OpAmp itself. In particular, the output stage significantly

affects the power dissipation, linearity and bandwidth of

the OpAmp [3, 4].

The performance of output stages is measured in terms

of output swing, drive capability, dissipation (or efficiency)

and linearity. In general, the push–pull topology reported in

Fig. 1 is used to maximize the output swing (in this manner

the output swing, Vswing, intrinsically reaches the value of

VDD - VSS - 2VDSsat), and the drive capability required is

guaranteed by properly setting the aspect ratio, (W/L), of

transistors MNO and MPO in Fig. 1.

Efficiency generally depends on the bias current, which,

being a tradeoff between power dissipation and bandwidth,

must be properly controlled. Moreover, as a consequence,

linearity, which strictly depends on the above parameters,

is often sacrificed and its final value is determined by the

topology adopted. Several topologies have been presented

in the literature with the objective of satisfying such dis-

parate requirements. However, their different structures

and characteristics make it hard for the designer to choose

the best option [5–8].

In the article [9], the authors defined three Quality

Factors for comparing different output stage topologies

designed for very low voltage power supply. These Quality

Factors can also be used to give the designer a better

understanding of relationships among current dissipation,

area consumption, bandwidth and linearity of a generic

output stage topology. Thus they can be used profitably

during the design of an output stage.

In this tutorial, we present the use of the Quality Factors

for obtaining useful design guidelines for the design of

output stage topologies. In particular, Sect. 2 deals with an
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overview of output stages with emphasis on low-voltage

(LV) applications; then, in Sect. 3 we define and introduce

the three Quality Factors which relate bandwidth, distor-

tion, efficiency and current consumption; in Sect. 4 we use

the three Quality Factors to analyze two output stages and

to extrapolate some useful design guidelines; in Sect. 5

design examples as well as simulations are given and,

finally, in Sect. 6, conclusions are drawn.

2 Overview of output stage features

With the term drive capability we means the ability of an

output stage to provide current to a resistive load. In par-

ticular, considering Fig. 1, with RL being the real part of

the load ZL, it is apparent that the output stage have to

provide a maximum current iL(MAX) = Vswing/2RL in both

positive and negative direction. Hence, the maximum

amount of current, iL(MAX), depends on the aspect ratio of

final transistors MNO and MPO and on the overdrive that

the driver stage of Fig. 1 can provide to them. Since, in

general, the silicon area of the final transistors is not neg-

ligible and should be minimized, the driver stage has to

provide the maximum allowable overdrive (i.e., the voltage

VDD - VSS -VDSsat) to MNO and MPO [10–13].

In general, for analog circuits a trade-off between

bandwidth and power consumption exists, and it depends

on the quiescent current, IQ, of transistors MNO and MPO.

In fact, if we consider the stage used in a complete

amplifier, as shown in Fig. 2, the compensation is typically

achieved by using the Miller (or Nested Miller) approach

[2–4, 14–17]. Thus the maximum achievable amplifier

bandwidth, xGBW (given by gmOTA/CC), is upper bounded

(through the required phase margin) by the second pole,

x2, which results equal to (GMout + 1/RL)/CL. Moreover,

since stability must be achieved independently of the load

resistance, the maximum amplifier bandwidth is bounded

by the worst-case second pole, x2 = GMout/CL , which is

only due to the output stage [18].

Noting that both the dissipation and GMout increases with

IQ (the former with linear law and the second with a

square-root law), the quiescent current must be properly set

and accurately controlled. Indeed, the ability to accurately

control quiescent current IQ is key factor of a real output

stage [19–21].

Finally, also the linearity, which is measured in terms of

total harmonic distortion (THD), is strictly related to the

quiescent current of the output stage, and in particular, it is

improved (i.e., THD decreases) increasing IQ [22, 23].

3 Quality factors

The discussion in the previous section highlights the trade-

offs among the various features that an output stage has to

exhibit. In general, for the designer, it is not simple to

choose or design such stages. To overcome this difficulty

we use the three Quality Factors previously presented in

[9]. In particular, two Quality Factors, namely QB and QD,

respectively, deal with bandwidth-dissipation and distor-

tion-dissipation performance. The third one, named QC,

supplies the relationship between the bias current of final

transistors, IQ, and the (undesired) current, IDR, required to

bias the driver stage as in Fig. 1. All these Quality Factors

may be used to analyze and compare different output stages

as well as to find useful guidelines which may be used by

designers in the design phase.

3.1 Quality factor QB and bandwidth

Consider the real output stage shown in Fig. 1(a). Assume

that its current IDR biases the driver stage, that current IQ

flows in the final branch and that the aspect ratios of MPO

and MNO are equal to SPO and SNO, respectively. Assume

also that, when inserted in an OpAmp, it is responsible of an

open-loop second pole equal to x2 = GMout/CL where GMout

Fig. 2 Two-stage OpAmp in voltage follower configuration

Fig. 1 (a) Generic output stage based on push–pull topology. (b)

Output swing
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depends on the driver topology and is a function of IDR, IQ,

SPO and SNO (that is, GMout is a function of current and area

consumption). The Quality Factor QB is defined as the ratio

between x2 of the real stage and the open-loop second pole

of an ideal stage, referred to as the normal stage, which

exhibits the same current and area consumption.

The normal stage is defined as the ideal output stage

with the following characteristics: (1) the driver stage has

unity gain; (2) the driver stage current IDR, is zero; (3) final

transistors MPO and MNO have the same aspect ratios as

in the real stage (i.e., SPO and SNO, respectively); (4) the

total current of the normal stage equals the total current of

the real stage (i.e., the current in the output branch of the

normal stage is IQ + IDR of the real stage). The normal

stage can be always developed for any real stage. More-

over, assuming that only MPO and MNO are responsible

for area occupation, the normal stage is unique for any real

stage with equal current dissipation and equal area occu-

pation. Hence its open-loop second pole, x2NORM, can be

used as a normalizing parameter for the open-loop second

pole of the real stage.

Assuming a first-order model for MOS transistors, it is

easy to show that the open-loop second pole of the normal

stage is equal to x2NORM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2bPOITOT

p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2bNOITOT

p
� �

=

CL, where bPO and bNO are the gain factors of the PMOS

and NMOS output transistors, respectively. Consequently,

we can define QB as

QB ¼
x2

x2NORM
¼ GMout

ffiffiffiffiffiffiffiffiffiffi

2bPO

p

þ
ffiffiffiffiffiffiffiffiffiffi

2bNO

p
� �

ffiffiffiffiffiffiffiffiffi

ITOT

p ð1Þ

This Quality Factor tells the designer if both area and

current are worth expending to obtain the present

bandwidth performance. The higher QB is the better the

stage topology.

3.2 Quality factor QC and efficiency in bias condition

Referring to Fig. 1, current IQ of an ideal output stage

should be set by bandwidth and distortion requirements

while current IDR should be ideally equal to zero. Obvi-

ously, to work properly, the driver stage requires a finite

current, IDR, that should be as low as possible (generally

much smaller than IQ). Therefore, we can define the

Quality Factor QC as

QC ¼ IDR=IQ ð2Þ

representing the ratio between the current needed by the

driver stage and the current required by the output branch.

Defining the total current of the stage as ITOT =

IQ + IDR, the efficiency of the stage under bias condition

(defined as the ratio between IQ—useful current—and the

total current dissipated by the stage, ITOT), is: gBIAS = IQ/

ITOT = 1/(1 + QC).

A good design should exhibit gBIAS as large as possible,

that is, close to unity or, equivalently, it should exhibit

QC close to zero. Somehow the two parameters give the

same information and the reader, when dealing with QC,

should keep in mind the physical meaning of this quality

factor that also represents a sort of bias-condition

efficiency.

3.3 Quality factor QD and distortion

Several indicators are used to measure the amount of non-

linearity in analog circuits but, among them, the most

convenient are based on the Fourier decomposition and on

the harmonic analysis. If the analog circuit is fed by a pure

single-tone signal at frequency x0, non-linearity causes

undesired tones (harmonics) at the output. Defining Yk as

the amplitude of the kth tone, harmonic distortion com-

ponents, HD, are defined as HDk = Yk/Y1 and the total

harmonic distortion is defined as THD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

k HD2
k

p

. In the

case of low distortion and in a first-order approximation,

HD2 and HD3 components dominate over higher-order

components and so we may write THD �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HD2
2 þ HD2

3

p

.

Another way to characterize distortion is to use inter-

modulation distortion. In this case two sinusoidal tones of

equal amplitude and frequencies x1 and x2, respectively,

are applied to the input. The output exhibits intermodula-

tion products made of two tones at x1 ± x2 and four tones

at 2x1 ± x2 and at x1 ± 2x2. Intermodulation products

are measured in terms of IM2 and IM3. The former is the

ratio of the two components at x1 ± x2 to the fundamental

while the latter is the ratio of the four components at

2x1 ± x2 and x1 ± 2x2 to the fundamental. In a first-

order approximation, HD2 and HD3 are related to IM2 and

IM3 as IM2 = 2HD2 and IM3 = 3HD3 [24]. Therefore, HD

or IM components may be used to express distortion

equivalently. Moreover, IM components may be derived by

the knowledge of HD components and vice versa [24]. In

our discussion, we shall use THD to measure distortion

and, since very often either HD2 dominates over HD3 or

vice versa, intermodulation components may be obtained

by the knowledge of THD, easily.

In output stages THD decreases while the quiescent

current increases and, for a given bias current, THD mainly

depends on the driver stage topology adopted. Moreover,

THD is a function of the output signal and assuming the

load resistor to be linear, it depends on the load current iL.

At a first approximation, THD increases with the load

current and reaches the maximum value for iL(MAX) =

Vswing/2RL, as focused in Sect. 2. Consequently, an effec-

tive definition for the third Quality Factor, QD, is obtained

assuming THD is proportional to iL(MAX) and 1/ITOT and

setting the following:
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QD ¼ THD � ITOT

iLðMAXÞ
ð3Þ

If THD is really proportional to iL(MAX) and 1/ITOT, QD is

a unique number, independent of current consumption, that

individually defines the stage properties from a distortion

(or linearity) point of view regardless of its dissipation.

Specifically, it tells the designer what is the maximum

distortion the stage can exhibit after paying the price ITOT in

static current consumption. Obviously, the lower the QD the

better the stage, since for a given dissipation and for a given

output swing the stage exhibits better linearity performance.

4 Output stage design guidelines

Starting from the quality factor described above, we can

derive useful guidelines to design CMOS output stages

and, in particular, to size transistors in the driver stage.

We shall show their use through the design of two CMOS

output stages. The first one is the well-known symmetric

differential-input (SDI) stage originally proposed in [25],

the second is an interesting CMOS output stage suited for

LV application and proposed in [26]. As far as the latter

stage is concerned, it is worth noting that, following our

design procedure, we obtain different transistor dimensions

and better linearity performance compared to the original

work [26].

Before starting with the exposition of the two examples,

we define some key parameters that will be useful in the

following. The first parameter is the well-known transistor

gain factor, defined as

bi ¼ lCox
W

L

� �

i

ð4Þ

Assuming a first-order model for the saturated

MOSFET, the drain current of transistor Mi takes the

following expression

iDi ¼
bi

2
vGSi � VTð Þ2 ð5Þ

To define the remaining parameters we refer to generic

schema of output stage in Fig. 3 where we identify

transistors MND and MPD as those transistors of the

driver stage directly connected to the output transistors

MNO and MPO, respectively. Therefore, we define

n ¼ bNO

bND

¼ bPO

bPD

ð6Þ

as the ratio between the gain factors of the output transis-

tors and the corresponding directly connected transistors of

the driver stage. Note that, we assumed that the stage is

symmetric, that is, bNO = bPO and bND = bPD.

Finally, referring to Fig. 3, we may distinguish transis-

tors MNI and MPI as the input transistors of the driver

stage and define

c ¼ bNI

bND

¼ bPI

bPD

ð7Þ

as the ratio between the gain factors of the input transistors,

MNI and MPI, and transistors MND and MPD and of the

same type. Note that, depending on the topology of the

stage, either MPI or MNI may not be present. In this case

the existent input transistor defines the parameter c.

4.1 Symmetric differential-input CMOS output stage

The SDI CMOS output stage originally proposed in [25] is

shown in Fig. 4. This stage exhibits high linearity thanks

to the symmetry of the driver structure. In fact, all NMOS

transistors are designed with a gain factor equal to that

of the corresponding PMOS transistors (i.e. bNi = bPi) and

A- and B-type transistors in Fig. 4 are designed with the

same aspect ratio.

Parameter n is defined as in (6) and, observing that the

input transistor is MNIA (and MNIB), parameter c is

defined as

c ¼ bNIA

bND

ð8Þ

Fig. 3 Geometrical parameters common to output stages

Fig. 4 Schematic of the SDI output stage
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In addition, we introduce the ratio between the gain

factors of transistors MI and M1 as

m ¼ bI

b1

ð9Þ

4.1.1 Large signal behavior

The large signal behavior may be found inspecting the

circuit in Fig. 4. Assuming that all transistors operate in the

saturation region and considering the first-order model for

MOS transistors in (4, 5), following the paths composed by

the gate-source voltages of MNIB-MPIA-MP1A-MN1A

and MNIA-MPIB-MP1B-MN1B, we obtain

VCM þ
vIN

2

� �

� VCM �
vIN

2

� �

¼ 2VT þ 2

ffiffiffiffiffiffiffiffiffiffiffi

2iDPD

bI

s

� 2VT � 2

ffiffiffiffiffiffiffiffiffiffi

2mIB

bI

s

ð10aÞ

VCM �
vIN

2

� �

� VCM þ
vIN

2

� �

¼ 2VT þ 2

ffiffiffiffiffiffiffiffiffiffiffiffi

2iDND

bI

s

� 2VT � 2

ffiffiffiffiffiffiffiffiffiffi

2mIB

bI

s

ð10bÞ

which, considering that iDPO = niDPD and iDNO = niDND,

lead to

iDPO ¼
nbI

2

ffiffiffiffiffiffiffiffiffiffi

2mIB

bI

s

þ vIN

2

 !2

; for
vIN

2
\�VCM

þ 2VT þ VDSsatð Þ

ð11aÞ

iDNO ¼
nbI

2

ffiffiffiffiffiffiffiffiffiffi

2mIB

bI

s

� vIN

2

 !2

; for
vIN

2
[ VCM

� 2VT þ VDSsatð Þ

ð11bÞ

Note that the two conditions of validity of (11a) and

(11b) guarantee either the saturation of MNIB-MPIA or the

saturation of MNIA-MPIB. Consequently, since vOUT =

RLiOUT, we may write

vOUT ¼
RLiDPO

vIN

2
[ VCM � 2VT þ VDSsatð Þ

RL iDPO � iDNOð Þ vIN

2

�

�

�

�\VCM � 2VT þ VDSsatð Þ
�RLiDNO

vIN

2
\� VCM þ 2VT þ VDSsatð Þ

8

<

:

ð12Þ

4.1.2 Quality factor determination

Manipulating (11) it is easy to show that

IQ ¼ nmIB ð13Þ

ITOT ¼ 1þ 2
mþ 1

n m

� �

IQ ð14Þ

GMout ¼ n gmI ¼
ffiffiffi

c
p

gmO ð15Þ

where the latter term is expressed as a function of the

transconductance of output branch transistors, gmO.

As we shall demonstrate in the Appendix B, due to the

symmetric structure of the circuit, the main contribution to

harmonic distortion is given by HD3. This may be evalu-

ated exploiting the approach suggested in [12, 27–29]. The

method gives the third-order harmonic distortion as a

function of the small-signal voltage gain, a1, as well as the

output derivative at the highest and lowest extreme of the

input variation, a+ and a-, respectively. In particular, once

we evaluate a1, a+ and a-, we may write for the harmonic

distortion term

HD3 ¼
aþ þ a� � 2a1

24a1

ð16Þ

In our case the small-signal voltage gain is

a1 ¼
ovOUT

ovIN

�

�

�

�

vIN¼0

� ngmIRL ð17Þ

and, assuming that a sinusoidal input is applied, that is

vIN ¼ VAsin xtð Þ; aþ and a- are

aþ ¼ ovOUT

ovIN

�

�

�

�

vIN¼VA

¼ ngmIRL

2
1þ gmI

4mIB
VA

� �

ð18Þ

a� ¼ ovOUT

ovIN

�

�

�

�

vIN¼�VA

¼ ngmIRL

2
1þ gmI

4mIB
VA

� �

ð19Þ

Therefore, we have for THD

THD � HD3 ¼
1

24

gmI

4mIB
VA � 1

�

�

�

�

�

�

�

�

¼ 1

24

iLðMAXÞ
4IQ

� 1

�

�

�

�

�

�

�

�

� 1

96

iLðMAXÞ
IQ

ð20Þ

where iLðMAXÞ � GMoutVA � IQ was assumed.

Starting from (13) to (15) and (20) it is easy to compute

the Quality Factors QC, QB and QD, obtaining

QB ¼
ffiffiffi

c
p

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2 mþ1
nm

q ð21aÞ

QC ¼ 2
mþ 1

nm
ð21bÞ

QD ¼
1

96
1þ 2

mþ 1

nm

� �

ð21cÞ

4.1.3 Design comments

The three Quality Factors are depicted in Figs. 5–8 as a

function of the ratio n and for different values of m. Their

analysis reveals that m and n should be as large as possible.

In this situation, the Quality Factors reach the theoretical

value of QC ¼ 0;QB ¼
ffiffiffi

c
p
=2 and QD = 1/96. However, as
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this would require excessive area consumption, recourse to

a trade-off becomes mandatory.

Parameter m plays a role in both QB and QC where we

have the ratio (m + 1)/m. This ratio has a maximum value

of 2 (for m = 1) and moves to 1 by increasing m. There-

fore, a good choice for this parameter is setting m about

4–6 for which the ratio (m + 1)/m is about 1.25–1.17.

Note that a larger value does not improve QB and QC

significantly.

Parameter n mainly affects QC which represents stage

efficiency in the bias condition. A good choice for n is

setting it so that the current of the driver stage is not higher

than the 20% of the output-branch current. If we set m = 5,

this means setting n to a value higher than 12.

Finally, parameter c can be found by forcing the stage to

exhibit at least the same bandwidth as the normal stage,

which means QB C 1. However a better choice is setting

c = m, since this satisfies bandwidth requirements and, at

the same time, saves area consumption.

4.2 Low-voltage CMOS output stage

The considered LV output stage was introduced in [26] and

is shown in Fig. 8. It consists of a push–pull output pair,

MNO and MPO and two adaptive loads made up of tran-

sistors MP4-MPD and MN4-MND which are driven by

transistors M2 and M3, respectively. Two voltages, VBP

and VBN are required to bias the adaptive load while the

whole stage is biased by current generators, IB1 and IB2.

Finally, transistors MI and M1 operate the phase inversion

required for frequency compensation.

4.2.1 Large signal circuit behavior

The output stage depicted in Fig. 8 uses transistors M4-MD

as adaptive loads. In fact, in quiescent conditions, all the

transistors are in saturation region and, hence, the resistive

loads connected to node A and B are small. When the input

level increases, for example in the negative direction,

transistor MI delivers an extra current to M1 which is

subsequently mirrored to both M2 and M3. The extra

current in M2 flows through MP4-MPD and, consequently,

the gate of MPD is pulled down, while its drain voltage

Fig. 5 Quality Factor QB for the SDI output stage (c = 1)

Fig. 6 Quality Factor QC for the SDI output stage

Fig. 7 Quality Factor QD for the SDI output stage

Fig. 8 Schematic of the LV output stage
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tends to VDD because of the presence of MP4 whose gate-

source voltage increases, too. If VBP is set properly, MPD

enters the triode region thus causing the overall resistance

at node A to increase as well. In such a situation, any small

increment of current from M2 causes large swing at node A

and provides the adequate overdrive to the gate of MPO. In

the meantime, once the extra current in M3 equals IB2,

transistors MN4-MND and, consequently, MNO turn off.

Therefore the load is supplied by MPO only.

On the other hand, when the input level increases in the

positive direction, the current in both M2 and M3 decrea-

ses. Then, the current in MN4 and MND increases, and, if

VBN is set properly, transistor MND goes to triode region

thus increasing the resistance at node B. Any other incre-

ment of current through MND, makes node B high thus

affording the adequate overdrive to output transistor MNO

which supplies the load. At the same time, once the current

in M2 equals IB1, transistors MP4, MPD and, consequently,

MPO, turn off.

It is worth noting that there is a different behavior in

class-B mode. Specifically, when the input level increases

negatively, the current which flows in MP4-MPD is sup-

plied by M2 and, hence, is not limited. Instead, when the

input level increases in the opposite direction, the current

that flows in MN4-MND is bounded by the current gener-

ator IB2. However, in this condition, the class-B operation is

guaranteed by the adaptive load performed by MN4-MND

which turns node B into a high-impedance node. Anyway,

in order to make up for the current limitation given by IB2, a

high bias current is required for the output stage in order to

guarantee a proper overdrive to output transistor MNO.

As mentioned above, to achieve proper class-B opera-

tion, both voltages VBP and VBN must be set so that, in bias

condition, MPD and MND are in the edge between satu-

ration and triode regions. In this manner, a small increment

of drain current in MP4 (MN4) causes VSGP4(VGSN4) to

increase and VSDPD(VSDND) to decrease. Therefore, the

stage must satisfy the following design constraint

VBN ¼ VTn þ 2VDSsat ð22aÞ

VBP ¼ VDD � VTp

�

�

�

�� 2VDSsat ð22bÞ

For the stage to work properly we set

b1 ¼ b2 ¼ b3 ð23aÞ
IB1 ¼ 1� að ÞIB ð23bÞ
IB2 ¼ 1þ að ÞIB ð23cÞ

being 0 \ a\ 1 the amount of current IB used to bias MDP

and MDN and

IB ¼
IB1 þ IB2

2
¼ ID2;3 ð24Þ

4.2.2 Quality factor determination

By inspection it is easy to show that

IQ ¼ naIB ð25Þ

ITOT ¼ 1þ 3þ a
na

� �

IQ ð26Þ

GMout ¼ 2ngmI ¼ 2

ffiffiffi

c
a

r

gmO ð27Þ

Also in this case, thanks to the symmetric structure of

the circuit, HD3 dominates over HD2 and the former may

be evaluated using again (16). In this case, term a1 results

a1 ¼ �2ngmIRL ð28Þ

In order to evaluate a+ we assume that MP4, MPD and

MPO are switched off and that MND is in the triode region.

This leads to

vOUT ¼ �
bNO

2
vGSNO � VTnð Þ2RL ð29Þ

iDND ¼ bND vGSNO � VTn �
vDSND

2

� �

vDSND

� bND vGSNO � VTnð ÞVDSNDsat ð30Þ

iDND ¼ IB2 �
bI

2
VDD � vIN � VTp

�

�

�

�

� �2 ð31Þ

which may be used to evaluate

aþ ¼ ovOUT

ovIN

�

�

�

�

vIN¼VA

¼ ovOUT

ovGSNO

ovGSNO

oiDND

oiDND

ovIN

�

�

�

�

vIN¼VA

� �ngmIRL
aIB þ gmIVA

bNDV2
DSNDsat

¼ �ngmIRL
aIB þ gmIVA

2aIB
ð32Þ

where we used the approximation gmIVA � 2IB. A similar

procedure let us find a- that results

a� � �ngmIRL
aIB þ gmIVA

bDPV2
SDPDsat

¼ �ngmIRL
aIB þ gmIVA

2aIB
ð33Þ

Consequently, THD, approximately equal to the third

harmonic distortion component, results

THD � HD3 ¼
1

24

aIB þ gmIVA

2aIB
� 2

�

�

�

�

�

�

�

�

¼ 1

24

iLðMAXÞ
4IQ

� 3

2

�

�

�

�

�

�

�

�

� 1

96

iLðMAXÞ
IQ

ð34Þ

where we assumed iL(MAX)& GMoutVA � IQ.

From (25), (26), (27) and (34) we may evaluate the

Quality Factors, that is

QB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cn

a nþ 1ð Þ þ 3

r

ð35aÞ
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QC ¼
1

n
1þ 3

a

� �

ð35bÞ

QD ¼
1

96n
nþ 1þ 3

a

� �

ð35cÞ

4.2.3 Design comments

The three Quality Factors are depicted in Figs. 9–11 as a

function of the ratio n and for different values of a. Their

analysis reveals that n should be as large as possible. In

such a situation, the Quality Factors reach the theoretical

value of QC ¼ 0;QB ¼
ffiffiffiffiffiffiffi

c=a
p

and QD = 1/96 where the

bandwidth can be improved either by decreasing a or

increasing c (Fig. 12).

In order to save area while maintaining an acceptable value

for QB, the best choice is setting small values for botha and c as

in the original work where a was set to 0.2. However, a small

leads to very large n (e.g., from (35b), making QC = 0.2 with

a = 0.2 leads to n = 80). Large n means also setting QD and

QB very close to their theoretical limits. Moreover, as far as QB

is concerned, we may also improve the bandwidth perfor-

mance by choosing c without much effort. As a consequence,

setting a small requires n large for the stage to work efficiently.

This is indeed the case of the design in the original work.

5 Design examples

The SDI and the LV stages were designed in a standard

0.35-lm CMOS process whose main parameters are

reported in Table 1. Both stages are inserted in two com-

plete amplifiers whose overall open-loop gains are 60 dB.

The amplifiers exploit Miller compensation to achieve

stability and are connected as in Fig. 2 with unity-gain

external feedback. In both cases the OTA was built with

ideal (and linear) components so to obtain an effective

comparison of output stages’ characteristics, only.

5.1 Symmetric differential-input CMOS output stage

The SDI stage was designed following the design com-

ments of Subsect. 4.1.3, therefore ratios m, n and c were setFig. 9 Quality Factor QB for the LV output stage (c = 1)

Fig. 10 Quality Factor QC for the LV output stage

Fig. 11 Quality Factor QD for the LV output stage

Fig. 12 Distortion simulation of the SDI output stage
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to 5, 12 and 5, respectively. Final transistor aspect ratios as

well as bias elements (i.e., IB and VDD) are reported in

Table 2. The circuit was simulated using SPECTRE and, as

expected, it exhibits a simulated quiescent current, IQ, of

about 90 lA. Some output stage performance parameters

were evaluated in closed-loop condition, that is, using the

schematic depicted in Fig. 2. In this case the output stage

was fed back by a proper ideal OTA which was designed so

that the overall amplifier exhibited a dc open-loop gain of

60 dB when loaded with a 500-X resistor. The compen-

sation network was designed so that the worst-case phase

margin of the amplifier (without load resistance) would be

about 70� for a maximum capacitive load of 50 pF. Table 3

reports the OTA and the compensation network parameters

while Table 4 reports the open loop gain, the transition

frequency and the corresponding phase margin. The effi-

ciency of the stage in terms of power consumption is

reported in Table 5.

As far as the Quality Factors are concerned, they are

summarized in Tables 6–8. As forecasted, the bias current

of the driver is about the 20% of the quiescent current of

the final stage. The analytical value of QC(=0.2) is there-

fore in agreement with the simulated value. Quality Factor

QB is reported in Table 7. The simulated QB is the ratio

between the simulated second pole of the loop gain, x2,

and the estimated second pole of the normal stage. The

analytical QB is evaluated from (21a). Also in this case an

excellent agreement is apparent. Similarly, for the third

Quality Factor, we simulated the THD in closed loop

configuration in terms of the first two harmonic distortion

factors (i.e., HD2 and HD3), as shown in Fig. 12. As

expected, the main contribution to nonlinearity comes from

HD3 which is lower than -80 dB up to 2.5 Vpp of the

output voltage. The open-loop THD reported in Table 8

is evaluated multiplying the simulated closed-loop THD

(-84.65 dB at 750-mV output voltage) by the overall loop

Table 1 Main technology

parameters
Parameter Value

ln0Cox 175 lA/V2

lp0Cox 60 lA/V2

VTn0 0.55 V

VTp0 -0.65 V

Table 2 Output stage design parameters

Parameter SDI stage LV stage

MI – 45/0.6

MNIA, MNIB 25/0.3 –

MPIA, MPIB 75/0.3 –

M1 – 15/0.6

MN1A, MN1B 5/0.3 –

MP1A, MP1B 15/0.3 –

M2 – 15/0.6

M3 – 15/0.6

MN4 – 3/0.6

MND 5/0.3 3/0.6

MP4 – 9/0.6

MPD 15/0.3 9/0.6

MNO 60/0.3 150/0.6

MPO 180/0.3 450/0.6

IB 1.5 lA –

IB1 – 8 lA

IB2 – 12 lA

VBN – 725 mV

VBP – 160 mV

VDD 3 V 1 V

Table 3 OTA and compensation network parameters

GMOTA (lA/V) ROTA (MX) CC (pF) RC (X)

SDI stage 500 1 20 300

LV stage 100 1 2 60

Table 4 Simulated amplifier frequency performance

A0 (dB) fT (MHz) Mu (deg)

SDI stage 60 2.72 73.7

LV stage 60 8.61 69.0

Table 5 Efficiency simulations

PLOAD

(simulated) (lW)

PSUPPLY

(simulated) (lW)

g
(simulated) (%)

SDI stage 90.82 279.6 32.5

LV stage 92.56 236.6 39.1

Fig. 13 Distortion simulation of the LV output stage
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gain of the amplifier (60 dB) [4]. Finally, we evaluated the

simulated QD reported in the second column of Table 8,

which is in agreement with the analytical QD evaluated

from (21c).

5.2 Low-voltage CMOS output stage

The LV stage was designed following the design comments

of Sect. 4.2.3, therefore parameter a was set to 0.2 and n was

set to 50. Parameter c was set to 5 while m (which actually

does not play any role in the Quality Factors) was set to 3.

Final transistor aspect ratios as well as bias elements are

shown in Table 2. The circuit was simulated using SPEC-

TRE and, as expected, it exhibits a simulated quiescent

current, IQ, of about 100 lA. The output stage was fed back

by a proper ideal OTA which was designed so that the

overall amplifier exhibited a dc open-loop gain of 60 dB

when loaded with a 500-X resistor. The compensation net-

work was designed so that the worst-case phase margin of

the amplifier (without load resistance) would be about 70�
for a maximum capacitive load of 50 pF. Table 3 reports the

OTA and the compensation network parameters while

Table 4 reports the open loop gain, the transition frequency

and the corresponding phase margin. The efficiency of the

stage in terms of power consumption is reported in Table 5.

The Quality Factors are summarized in Tables 6–8. The

bias current of the driver is about the 33% of the quiescent

current of the final stage. The analytical value of QC

(=0.32) is therefore in agreement with the simulated value.

Quality Factor QB is reported in Table 7. Note the superior

performance of this stage with respect to bandwidth/dissi-

pation performance. Also in this case an excellent

agreement is apparent between the simulated and the

analytical value of QB. As a final step, we simulated the

THD as shown in Fig. 13. The same figure reports the THD

for a LV stage designed as in the original work, also (see

the Appendix A for details). In this latter case the circuit is

asymmetric and the worst THD behavior is due to HD2

which dominates over the whole output range. The poor

THD performance of the original stage may be evinced by

comparing the Quality Factor QD in (35c), which refers to

our design, to the Quality Factor QD in (A.21), which refers

to the same stage designed as in the original work. Once

again, the open-loop THD reported in Table 8 is evaluated

multiplying the simulated closed-loop THD (-85.18 dB at

300-mV output voltage) by the overall loop gain of the

amplifier (60 dB) [4]. Finally, the simulated QD reported in

the second column of Table 8 is in agreement with the

analytical QD evaluated from (35c).

6 Conclusions

In this article, we have presented useful guidelines for

designing output stages. Three Quality Factors, which were

previously introduced to analyze and compare different

output stages, are used to design two CMOS class-AB

stages. It has been shown that using the proposed Quality

Factors and the related strategy that arises from their

adoption, leads to an efficient design in terms trade-off

among area, current consumption, bandwidth and distor-

tion. Indeed, for one of the two stages adopted as example,

the design through the Quality Factors resulted in superior

distortion performance with respect to the design suggested

in the original article. Design examples and simulations

were provided to validate the design strategies.

Appendix A

In the original work, the LV stage was designed setting

[26]

W

L

� �

2

¼ 1þ að Þ W

L

� �

3

ðA:1aÞ

IB1 ¼ IB ðA:1bÞ
IB2 ¼ 1þ að ÞIB ðA:1cÞ

As we shall see from the Quality Factor analysis, this

strongly degrades the harmonic distortion with respect to

the design procedure of Sect. 4.2 where aspect ratios of M2

and M3 and bias currents IB1 and IB2 were set as in (23).

Table 6 Quiescent current and QC

IQ

(simulated)

(lA)

IDR

(simulated)

(lA)

QC

(simulated)

QC

(analytical)

SDI stage 108.7 20.4 0.19 0.20

LV stage 94.61 31.57 0.33 0.32

Table 7 Bandwidth performance (open-loop second pole) and QB

x2

(simulated)

(Mrad/s)

x2NORM

(estimated)

(Mrad/s)

QB

(simulated)

QB

(analytical)

SDI stage 81.2 85.4 0.95 1.02

LV stage 382 81.6 4.68 4.35

Table 8 THD and QD

Open-loop THD
(simulated, dB)

QD

(simulated)

QD

(analytical)

SDI stage -24.65 12.59 9 10-3 13.02 9 10-3

LV stage -25.18 11.59 9 10-3 13.75 9 10-3
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By inspection, it is easy to show that

IQ ¼ n a IB ðA:2Þ

ITOT ¼ 1þ 3þ 2a
n a

� �

IQ ðA:3Þ

GMout ¼ 2þ að Þn gmI ¼ 2þ að Þ
ffiffiffi

c
a

r

gmO ðA:4Þ

Due to the different transconductance factor of M2 and

M3,1 the circuit is asymmetric and HD2 dominates over HD3.

To evaluate HD2, we exploit the approach suggested in [30]

and compared in [29]. The method, properly modified, shows

that the second harmonic distortion factor arises due to the

two different paths that process large positive and negative

signals. Specifically, if vIN = VAsin(x t), assuming that VPO

and VNO are the values that the output voltage assumes when

vIN equals -VA and VA, respectively, the second harmonic

distortion component is given by

HD2 ¼
3

2
� 16

5p

� �

VPO þ VNO

VPO � VNO

�

�

�

�

�

�

�

�

� 0:48
VPO þ VNO

VPO � VNO

�

�

�

�

�

�

�

�

ðA:5Þ

Assuming the circuit in Fig. 8 is designed following the

constraints in (A.1), large positive signals are processed by

MI, the current mirror M1–M3 and the adaptive stage

MN4–MND–MNO (for large positive signals, the current

through the other adaptive stage is negligible). Transistor

MND works in the triode region while MN4 and MNO

work in the saturation region, therefore we may write

iDND ¼ bND vGSND � VT �
vDSND

2

� �

vDSND

� bND vGSND � VTð Þ VBN � vGSN4ð Þ ðA:6Þ

vGSN4 ¼ VT þ
ffiffiffiffiffiffiffiffiffi

iDND

bN4

2

s

ðA:7Þ

iDNO ¼
bNO

2
vGSND � VTð Þ2 ðA:8Þ

Substituting (A.7) in (A.6), we obtain

vGSND � VT ¼
iDND

bND

VBN � VT �
ffiffiffiffiffiffiffi

iDND
bN4

2

q ðA:9Þ

and (A.8) becomes

iDNO ¼
bNO

2

iDND

bND

VBN � VT �
ffiffiffiffiffiffiffi

iDND
bN4

2

q

0

B

@

1

C

A

2

ðA:10Þ

Current iDND comes from the drain of M3 and may be

approximated as

iDND � aIB þ gmIvIN ðA:11Þ

Large negative signals are processed by MI, the current

mirror M1–M2 and the adaptive stage MP4–MPD–MPO.

For iDPO and iDPD expressions similar to (A.10) and (A.11)

hold, specifically

iDPO ¼
bPO

2

iDPD

bPD

VDD � VBPð Þ � VT �
ffiffiffiffiffiffiffi

iDPD
bP4

2

q

0

B

@

1

C

A

2

ðA:12Þ

iDPD � aIB � 1þ að ÞgmIvIN ðA:13Þ

Since for large signals vOUT equals RLiDPO for vIN \ 0

and -RLiDNO for vIN [ 0, we have for VPO and VNO

VPO ¼
bPORL

2

aIBþ 1það ÞgmI VA

bPD

VDD � VBPð Þ � VT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

aIBþ 1það ÞgmI VA
bP4

2

r

0

B

B

@

1

C

C

A

2

� K aIB þ 1þ að ÞgmIVA½ �2

ðA:14Þ

VNO ¼ �
bNORL

2

aIBþgmI VA

bND

VBN � VT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

aIBþgmI VA
bN4

2

r

0

B

B

@

1

C

C

A

2

¼ �K aIB þ gmIVAð Þ2 ðA:15Þ

where the approximation in (A.14) takes into account the

fact that in the denominator 1 + a&1 and, due to the stage

symmetry, K is

K ¼
bPORL

2b2
PD

VDD � VBPð Þ � VT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

aIBþgmI VA
bP4

2

q

� �2

¼
bNORL

2b2
ND

VBN � VT �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

aIBþgmI VA
bN4

2

r

 !2
ðA:16Þ

Substituting (A.14) and (A.15) in (A.5) we have

HD2 ¼ 0:48
agmIVA 2þ að ÞgmIVA þ 2aIB½ �

2 gmIVA þ aIBð Þ2
ðA:17Þ

which, considering that iL MAXð Þ ¼ GMoutVA ¼
2þ að ÞngmIVA and IQ = naIB, may be written as

HD2 ¼ 0:48
a

2þ a

iL MAXð Þ
IQ

1þ iL MAXð Þ
2IQ

1þ iL MAXð Þ
2það ÞIQ

h i2

� 0:48
a

2þ a

iL MAXð Þ
IQ

1þ iL MAXð Þ
2það ÞIQ

ðA:18Þ

1 Their aspect ratios are set in (A.1a) and it is easy to show that

ID2 = (1 + a)ID3. Therefore gm2 = (1 + a)gm3.
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where the approximation holds for 2 + a & 2. Note that, if

iL(MAX) � IQ, HD2 is almost constant and equal to 0.48a.

From (A.2) to (A.4) and (A.18) we may evaluate the

Quality Factors, which result

QC ¼
1

n
2þ 3

a

� �

ðA:19Þ

QB ¼
2þ a

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cn

a nþ 2ð Þ þ 3

r

ðA:20Þ

QD ¼ 0:48
a

2þ a

1þ 3þ2a
na

1þ iL MAXð Þ
2það ÞIQ

ðA:21Þ

Comparing (A.21) with (37) reveals that, for typical

values of iL(MAX) and IQ, the LV stage has better linearity

performance if designed taking into account constraints

(23)–(24) instead of (A.1) as in the original work.

Appendix B

Following the paths composed of the gate-source voltages

of MNIB–MPIA–MP1A–MN1A and MNIA–MPIB–

MP1B–MN1B, we obtain

VCM þ
vIN

2

� �

� VCM �
vIN

2

� �

¼ VTNIB þ
ffiffiffiffiffiffiffiffiffiffiffi

2iDPD

bNIB

s

þ VTPIA þ
ffiffiffiffiffiffiffiffiffiffiffi

2iDPD

bPIA

s

� VTP1A

�
ffiffiffiffiffiffiffiffiffi

2IB

bP1A

s

� VTN1A �
ffiffiffiffiffiffiffiffiffiffi

2IB

bN1A

s

ðB:1aÞ

VCM �
vIN

2

� �

� VCM þ
vIN

2

� �

¼ VTNIA þ
ffiffiffiffiffiffiffiffiffiffiffiffi

2iDND

bNIA

s

þ VTPIB þ
ffiffiffiffiffiffiffiffiffiffiffi

2iDnD

bPIB

s

� VTP1B

�
ffiffiffiffiffiffiffiffiffi

2IB

bP1B

s

� VTN1B �
ffiffiffiffiffiffiffiffiffiffi

2IB

bN1B

s

ðB:1bÞ

In MOS circuits mismatch can affect the gain factor, b,

and the threshold voltage, VT. However, in analog circuits,

where small VGS - VT are set, mismatch in threshold

voltages is dominant with respect to mismatch in gain

factors [31]. Therefore, referring to the circuit in Fig. 4, we

may assume that the mismatch of the aspect ratio of two

NMOS transistors is negligible and that the same holds

between two PMOS transistors. More specifically, the

ratios of MNIA–MN1A, MNIB–MN1B, MPIA–MP1A and

MPIB–MP1B still remain m, the ratios of MNIA–MND,

MNIB–MND, MPIA–MPD and MPIB–MPD remain c and,

finally, the ratios of MPO–MPD and MNO–MND remain

n. NMOS and PMOS transistors, however, behave

differently and, in case of mismatch, the condition that

bNi = bPi cannot be guaranteed anymore and must be taken

into account.

Considering our assumptions on mismatch, relationships

(B.1) become

vIN ¼ DVTN1 þ DVTP1 þ 2

ffiffiffiffiffiffiffiffiffiffiffi

2iDPD

b�I

s

� 2

ffiffiffiffiffiffiffiffiffiffi

2mIB

b�I

s

ðB:2aÞ

�vIN ¼ DVTN2 þ DVTP2 þ 2

ffiffiffiffiffiffiffiffiffiffiffi

2iDPD

b�I

s

� 2

ffiffiffiffiffiffiffiffiffiffi

2mIB

b�I

s

ðB:2bÞ

where we defined

DVTN1 ¼ VTNIB � VTN1A ðB:3aÞ
DVTP1 ¼ VTPIA � VTP1A ðB:3bÞ
DVTN2 ¼ VTNIA � VTN1B ðB:3cÞ
DVTP2 ¼ VTPIB � VTP1B ðB:3dÞ

and

1
ffiffiffiffiffi

b�I
p ¼ 1

2

1
ffiffiffiffiffiffiffiffiffi

bNIB

p þ 1
ffiffiffiffiffiffiffiffiffi

bPIA

p

 !

ðB:3eÞ

Solving (B.2) for currents iDPD and iDND yields

iDPD ¼
b�I
2

vIN

2
� DVTN1 þ DVTP1

2
þ

ffiffiffiffiffiffiffiffiffiffi

2mIB

b�I

s
 !2

ðB:4aÞ

iDND ¼
b�I
2
� vIN

2
� DVTN2 þ DVTP2

2
þ

ffiffiffiffiffiffiffiffiffiffi

2mIB

b�I

s
 !2

ðB:4bÞ

which, neglecting higher order terms (i.e., DVT
2), become

iDPD ¼ mIB þ gmI
vIN

2
þ b�I

2

vIN

2

� �2

�b�I
DVTN1 þ DVTP1

2

vIN

2

� gmI
DVTN1 þ DVTP1

2

ðB:5aÞ

iDND ¼ mIB � gmI
vIN

2
þ b�I

2

vIN

2

� �2

þb�I
DVTN2 þ DVTP2

2

vIN

2

� gmI
DVTN2 þ DVTP2

2

ðB:5bÞ

Output currents iDNO and iDPO are obtained through

mirrors MND–MNO and MPD–MPO, respectively, and,

considering statistical deviations of threshold voltages they

are [31]

iDPO ¼ niDPD þ gmODVTP3 ðB:6aÞ
iDNO ¼ niDND þ gmODVTN3 ðB:6bÞ

being gmO the small signal transconductance of both MNO

and MPO, DVTP3 = -VTPO + VTPD and DVTN3 = -VTNO

+ VTND. Finally, the output voltage, vOUT, takes the same

expression as in (12).
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For evaluating HD2 we use (A.5) where VPO ¼
RLiDPO½ �vin¼VA

and VNO ¼ �RLiDNO½ �vin¼�VA
are given by

VPO ¼ gmORLDVTP3 þ nRL

"

mIB þ gmI
VA

2
þ b�I

2

VA

2

� �2

� b�I
2

VA

2
þ gmI

2

� �

DVTN1 þ DVTP1ð Þ
#

ðB:7aÞ

VNO ¼ �gmORLDVTN3 � nRL

"

mIB þ gmI
VA

2
þ b�I

2

VA

2

� �2

� b�I
2

VA

2
þ gmI

2

� �

DVTN2 þ DVTP2ð Þ
#

ðB:7bÞ

Hence, HD2 results

Some simplifications based on reasonable assumptions

can be made in (B.8). First of all, we may presume that in

the denominator the main contribution is given by the

addend containing VA. Then we may suppose that all DVTi

gives the same contribution. Hence we have

HD2 � 0:48

b�I VA

gmI
DVTj j

2mIB

gmI
1þ gmI

mIB

VA

2
þ b�I

2mIB

VA

2

� �2
h i

� 0:48

gmI VA

4mIB

� �

1þ 2 gmI VA

4mIB

� �

þ gmI VA

4mIB

� �2

gmI DVTj j
mIB

� �

ðB:9Þ

where the latter term results after a few algebra. Equation

(B.9) has a maximum for VA = 4mIB /gmI for which HD2

results

HD
ðmaxÞ
2 � 0:48

4

gmI

mIB
DVTj j ðB:10Þ

Comparing (B.10) with (20) (i.e., HD3 � 1
48

gmI

mIB
VAÞ, it is

easy to show that HD3 is larger than HD2 for VA [ 6 DVTj j,
that is, for a typical case of DVTj j � 25 mV, when VA is

above about 150 mV. As a consequence, even in the

presence of mismatch, HD3 dominates over HD2 for the

SDI topology.
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