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TABLE 1. List of Symbolsused in these cour se notes

Symbol Quantity Unit
b transconductance factor A/NV2
g bulk-threshold parameter -2
Q gate electric field parameter vl

I R bandwidth reduction factor -

m charge carrier mobility cm3Vs
X source-drain electric field parameter mm/V
fs flat-band voltage \Y

S real part of the complex frequency rad/s
w pole frequency rad/s
W, unity-gain frequency rad/s
Ag DC open-loop gain daB
Ay closed loop voltage gain -

B Bandwith Hz
Cys gate-source capacitance F
CMRR common-mode rejection ratio dB

C capacitor F
Cu Miller Capacitor F

CL load capacitor F
Cox normalized oxide capacitance E/m?
E¢ energy dissipation in abinary gate transition J

f frequency Hz
Om transconductance wl
Jdo output conductance wl
lg drain current A

L pull pull current A

I push push current A

lq quiescent current A

ls specific current A

jw imaginary part of the complex frequency rad/s
k Boltzmann's constant, 1.3805 x10™> JK
Ks flicker noise component V2E
L channel length m

m number of binary gate transition cycles -

n weak inversion slope factor -

N number of bits -

p pole rad/s
PSRR Power Supply Rejection Ratio dB
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TABLE 1. List of Symbolsused in these cour se notes

Symbol

Quantity
drain-source resistance

resistor
load resistor

Signal-to-Noise Ratio

absolute temperature
Thermodynamic Voltage

supply voltage

squared equivalent noise voltage

common-mode input voltage
positive supply

drain-source voltage
saturation voltage
gate-source voltage
effective gate-source voltage
offset voltage

Pinch-off voltage
Peak-to-Peak Voltage
source-bulk voltage
negative supply voltage
supply voltage

minimum supply voltage
thermal voltage

threshold voltage

threshold voltage at Vsh=0V
time varying voltage

channel width

zero

impedance

Unit

VZ/HZ

§£3<<<<<<<<<<<<<<<<<
n
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Chapter 1
System related design issues for low-voltage low-
power CMOS analog circuit design

1.1 Introduction

The current trend towards low-power design is mainly driven by two forces: the grow-
ing demand for long-life autonomous portabl e equipment, and the technological limita-
tions of high-performance VLS| systems. For the first category of products, low-power
is the major goal for which speed and/or dynamic range might have to be sacrificed.
High speed and high integration density are the objectives for the second application
category, which has experienced a dramatic increase of heat dissipation that is now
reaching afundamental limit. These two forces are now merging as portabl e equipment
grows to encompass high-throughput computationally intensive products such as port-
able computers and cellular phones.

The most efficient way to reduce the power consumption of digital circuitsisto reduce
the supply voltage, since the average power consumption of CMOSdigital circuits is
proportional to the square of the supply voltage. The resulting performance loss can be
overcome for standard CMOS technologies by introducing more parallelism and/or to
modify the process and optimize it for low supply voltage operation.

The rules for analog circuits are quite different to those applied to digital circuits. In
order to clarify these differences, the fundamental limits to the reduction of the power
consumption are discussed in Section 1.1. It is shown that decreasing the supply volt-
age unfortunately does not reduce the power consumption of analog circuits. Thisis
mainly due to the fact that the power consumption of analog circuits at a given temper-
ature is basically set by the required signal-to-noise ratio (SNR) and the frequency of
operation (or the required bandwidth). A first-order analysis also shows that the abso-
[ute minimum power consumption required to process analog signals is almost inde-
pendent of the supply voltage reduction. In addition to these fundamental limits, some
practical limits and additional obstacles to the power reduction are also discussed.

1.2 Limitsto Low Power for Analog Circuit Design

1.2.1 Fundamental Limits

Power is consumed in analog signal processing circuits to maintain the signal energy
above the fundamental thermal noise in order to achieve the required signal to noise
ratio. A representative figure of merit of different signal processing systems is the
power consumed to realize a single pole. This can be realised by considering the basic
integrator shown in figure 1-1, assuming that all the current pulled from the power sup-
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ply is used to charge the integrating capacitor (i.e an ideal 100% current efficient
transconductor).

]
A l P
VB
Vpp
i(t)
%‘ A
— L V
c—— VO
]
100% current efficient
transconductor
V(t) A
Vpp o Vi
> t
1/

Figure 1-1 Basic Integrator used to evaluate the power
necessary to realize a single pole
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The power consumed from the supply voltage source, Vg, which is necessary to create
asinusoidal voltage V/(t) across capacitor C having a peak-to-peak amplitude V,,, and a
frequency f can be expressed as:

Vg
P = 8KT xf xSNRx—.......... D
Vpp

According to (1), the minimum power consumption of analog circuits at a given tem-
perature is basically set by the required SNR and the frequency of operation (or the
required bandwidth). Since this minimum power consumption is also proportional to
the ratio between the supply voltage and the signal peak-to-peak amplitude, power effi-
cient analog circuits should be designed to maximize the voltage swing. The minimum
power for circuits that can handle rail-to-rail signal voltages, V,,=Vg, reduces to:

P = 8KT xf xSNR......... )

As shown in figure 1-2, the absolute limit is very steep, since it requires a factor of 10
of power increase for every 10dB of signal-to-noise ratio improvement. It applies to
each breakpoint of any linear analog filter (continuous or sampled data as in switched
capacitors). The limit is reached in the case of a simple RC filter, but the best existing
activefilters are still two orders of magnitude above this limit.
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Figure 1-2 Minimum power for analog and digital circuits

The minimum power for an analog system can be compared to that of adigital system,
in which each elementary operation requires a certain number m of binary gate transi-
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tion cycles, each of which dissipates an amount of energy E;,. The minimum power is
then given by:

Pmin—digital = mxf XE“. .......... (3)

wheref isthe signal bandwidth.

The number mof transitionsis only proportional to some power a of the number of bits
N, and therefore power consumption is only weakly dependent on SNR:

m @\~ [10g(SNR)].......... (4)

It is possible to compare analog and digital technology by estimating the number of
gate transitions that are required to compute each period of the signal, which for asin-
gle pole digital filter can be estimated to be approximately:

However, the need to recharge each gate capacitance to the supply voltage raises the
minimum energy above the absolute 8KT limit. As shown in figure 1-2, the minimum
power for digital is therefore much higher than the absolute limit.

Comparison of these fundamental limits are plotted in figure 1-2. They show clearly
that analog systems may consume much less power than their digital counterpart, pro-
vided asmall signal-to-noise ratio is acceptable. But for systems requiring large signal-
to-noise ratios, analog becomes very power inefficient.

1.2.2 Practical Limits

The limits discussed so far are fundamental since they do not depend on the technology
nor the choice of power supply voltage. However a number of obstacles or technologi-
cal limitations are in the way to approaching these limitsin practical circuits, and ways
to reduce the effect of these various limitations can be found at al levels of analog
design ranging from device to system:

1. Capacitors increase the power necessary to achieve a given bandwidth. They are
only acceptableif their presence reduces the noise power by some amount (by reducing

LV-LP ANALOG CMOS DESIGN 7



the noise bandwidth). Therefore, ill placed parasitic capacitors very often increase
power consumption.

2. The power spent in bias circuitry is wasted and should in principle be minimized.
However, inadequate bias schemes may increase the noise and therefore require a pro-
portional increase in power. For example, a bias current is more noisy if it is obtained
by multiplying asmaller current.

3. According to equation (1), power isincreased if the signal at any node correspond-
ing to a functiona pole (pole within the bandwidth, or state variable) has a peak-to-
peak voltage amplitude smaller than the supply voltage Vg. Thus, care must be taken to

amplify the signal as early as possible to its maximum possible voltage value, and to
maintain thislevel all aong the processing path. Using current-mode circuits with lim-
ited voltage swings is therefore not a good approach to reduce power, as long as the
energy is supplied by avoltage source.

4. The presence of additional sources of noise implies an increase in power consump-
tion. These include I/f noise in the devices, and noise coming from the power supply or
generated on chip by other blocks of the circuit.

5. When capacitive loads are imposed (for example by parasitic capacitors), the power
supply current | necessary to obtain a given bandwidth is inversely proportional to the
transconductance-to-current ratio gnvl of the active device. The small value of gnvl
inherent to MOS transistors operated in strong inversion may therefore cause an
increase in power consumption.

6. The need for precision usually leads to the use of larger dimensions for active and
passive components, with aresulting increase in parasitic capacitors and power.

7. All switched capacitors must be clocked at a frequency higher than twice the signal-
frequency. The power consumed by the clock itself may be dominant in some applica
tions.

1.2.3 Other obstaclesto low-power

In addition to the fundamental and practical limitations discussed previously, there are
also historical or even psychological barriers to the efficient design of low power ana-
log circuits. The most important can be listed as:

1. Analog blocks must often be taken from existing libraries with bias currents at the
milliampere level and with architectures that are not compatible with low-voltage or
low-current.

2. Theuse of very low bias currentsis often discarded due to alack of adequate transis-
tor models and correct characterization of transistors parameters as well as worst case
leakage currents. Another obstacle is the fear of breaking the psychological microam-
pere barrier.
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3. The requirements on PSRR are often exaggerated and mistaken for insensitivity to
noise generated on chip.

1.2.4 Implications of supply voltage reduction

According to equation (1), reducing the supply voltage of analog circuits while pre-
serving the same bandwidth and SNR, has no fundamental effect on their minimum
power consumption. However, this absolute limit was obtained by neglecting the pos-
sible limitation of bandwidth B due to the limited transconductance g, of the active

device. The maximum value of B is proportiona to g,/ C. It can be shown that by
replacing the capacitor value C by g,,/B yields:

SNRXB = V2, x:’—m .......... ©)

In most cases, scaling the supply voltage Vg, by a factor K requires a proportional
reduction of the signal swing V,,. Maintaining the bandwidth and the SNR is therefore

only possible if the transconductance g, is increased by a factor K2. If the active
device is a bipolar transistor (or a MOS transistor biased in weak inversion), its
transconductance can only be increased by increasing the bias current | by the same
factor K2 power (Vg x 1) is therefore increased by K. The situation is different if the

active device is a MOS transistor biased in strong inversion. Its transconductance can
be shown to be proportional to I/Vy,, where V, is the pinch-off or saturation voltage of

the device. Since this saturation voltage has to be reduced proportionally with Vg,

increasing g, by K2 only requires an increase of current | by a factor K and hence the
power remains unchanged.

However, the maximum frequency of operation may be affected by the value of the
supply voltage. For aMOS transistor in strong inversion, the frequency f,,5 for which

the current gain falls to unity is approximately given by:
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Therefore, if the processiis fixed (channel length L constant) a reduction of Vg, and V,,
by afactor K causes a proportional reduction of f, 5. However, there is no fundamental
reason to reduce the supply voltage of an analog circuit in agiven process. On the other
hand, a reduction of Vg is unavoidable to maintain the electric fields constant when
scaling down a process. Both V, and L are then scaled by the same factor K and the
maximum frequency fny IS increased by K. For abipolar transistor, Vp in equation (7)
is replaced by Ut = kT/q and f,,, does not, in first approximation, depend on the sup-
ply voltage Vg.

Low-voltage limitations are not restricted to power or frequency problems. Reducing
5 increases the transconductance-to-current ratio of MOS transistors which in turn

increases the noise content of current sources and drastically degrades their precision.
In analog switches, when the supply voltage falls below approximately the sum of the
p-channel and n-channel transistor threshold voltages, it is difficult to ensure the con-
ductance. The absolute value of charge injection in a switch for a given value of time
constant does not depend on Vg, but it increases in relative value if Vg and Vy, are

decreased. The sameistrue for any constant voltage overhead such as the base-emitter
voltage in bipolar transistors or the threshold voltage in MOS transistors.

As dready illustrated in the previous discussion on the fundamental limits to LP and
LV, many of the problems and solutions encountered in the design of LP-LV analog
circuits are directly related to the properties and limitations of the MOS transistor
itself, which must therefore be properly understood and correctly modelled down to
very low currents.
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Chapter 2

General notes on the design of low-voltage, low-power
operational amplifier cells

2.1 Introduction to low-voltage low-power CM OS cir cuits

Low voltage circuits are needed because:

1. Asthedevice channel length is scaled down into submicrons and the gate oxide
thickness becomes only several nanometers thick, the supply voltage has to be
reduced in order to ensure device reliability. With deep submicron processes now
available, the maximum allowable supply voltage is decreasing from 5V to 3V and
evento 2V.

2. Theincreasing density of the components on chip dictates low power. A silicon
chip can only dissipate alimited amount of power per unit area. Since theincreasing
density of components allows more electronic functions per unit area, the power per
electronic function has to be lowered in order to prevent overheating.

3. Portable, battery-powered equipment needs low power to ensure an acceptable
operation period from a battery, and the supply voltage must be aslow as possible
to reduce the number of batteries used.

2.2 Design Issues

Unlike digital circuits, the power dissipated by analog circuitry does not necessarily
decrease when the supply voltage lowers, as the traditional stacking of transistors has
to be replaced by folding techniques, which inevitably increases the current drawn
from the supply. Hence to decrease the power dissipated in low-voltage analog circuits,
the design has to be kept as simple as possible, while maintaining good circuit specifi-
cations.

The low- voltage low-power demand has an enormous impact on the dynamic range of
an amplifier:

1. Thedynamic range islowered because of the lower allowable signal swing and it
is reduced because of the larger noise voltages that arise as aresult of the smaller
supply currents.

2. In order to maximise the the dynamic range, alow voltage amplifier must be ableto
deal with signal voltages that extend from rail-to-rail. Thisrequires classical circuit
solutions to be replaced by new configurations.

3. The unity-gain frequency of operational amplifiersis greatly effected by the low
power condition. The lower supply currents will drastically reduce the bandwidth
for cases where the the load capacitance cannot be lowered.

4. To obtain sufficient low frequency gain, low voltage amplifiers often require cas-
caded gain stages, which results in more complex frequency compensation
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schemes.In alow voltage low power environment, these frequency compensation
schemes have to be as power efficient as possible.

2.3 Low Voltage Analog Design Condsiderations

2.3.1 Introduction

Low voltage design methods are used for circuits which are able to run on supply volt-
ages somewhere between 1 and 5 Volts. These low supply voltages put an upper limit
on the number of gate-source voltages and saturation voltages which can be
stacked.The gate source and the saturation voltage of an MOS transistor (and therefore
the minimum supply voltage of a circuit) depend on the specific design parameters,
such as the threshold voltage and biasing levels. The lowest supply voltage can be
obtained by biasing MOS transistors in weak inversion, since this gives the smallest
gate-source voltage for a given transistor.

However, relatively high frequency or high slew rate applications require transistors
biased in strong inversion rather than in weak inversion. This raises the gate-source

voltage of a device, and therefore the minimum supply voltage. Section 2.4 focuses on
the gate-source voltage of an MOS transistor. Expressions will be given for an transis-
tor operating in weak inversion and in strong inversion. Associated with the gate-
source voltage is the transconductance of an MOS transistor which also will be dis-
cussed in this section.

Section 2.5 zooms in on a specific problem that is encountered in low voltage opera-
tional amplifier design. The lower supply voltage drastically reduces the dynamic
range of operational amplifiers. In order to maximize the dynamic range, the signal
voltages have to be as large as possible, preferably from rail-to-rail. Thiswill pose spe-
cific demands on the common mode input range and output voltage range of low -volt-
age amplifiers. Section 2.5 discusses these requirements from the point of view of two
widely used applications, the non-inverting and inverting feedback applications. Since
the signal voltage can extend from rail-to-rail, the input and output stage of an ampli-
fier must be able to process these signals. This requires traditional circuit solutionsto
be abandoned.

2.3.2 Classification of CM OS low-voltage cir cuits

In order to enable adesigner to predict the feasibility of acircuit application, this work
gives arelationship between low-voltage and the number of stacked gate-source volt-
ages and saturation voltages. Here the term low voltage is used for circuitsthat are able
to operate on a supply voltage of two stacked gate-source voltages and two saturation
voltages. In aformula

V

sup, min

= 2(Vgs + Vg ororrene(8)
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where Vgsand Vg, are the gate-source voltage and the saturation voltage of an MOS
device, respectively.

Circuits that only need a minimum supply voltage of one gate-source voltage and a sat-
uration voltage will be referred to as extremely low-voltage circuits. Thisyields

Vv = Vo + Vggareron(9)

sup, min

It should be noted that extremely low-voltage circuits require a minimum supply volt-
age that is about half the supply voltage which is necessary for low-voltage circuits.

2.4 Electrical Propertiesof MOStransistors

One of the most important electrical properties of an MOS transistor, when designing
low -voltage amplifiers, is the gate source voltage, as it determines the minimum sup-
ply voltage at which the amplifier is able to operate. Associated with this gate source
voltage is the transconductance. Since the MOS transistor is a voltage driven device,
the required transconductance determines the gate source voltage of atransistor. In this
section the gate-source voltage and the transconductance of an MOS transistor will be
dealt with.

24.1 Strong Inversion

An MOS transistor is said to be operating in the strong inversion region when it’s gate-
source voltage is larger than its threshold voltage. In this region the transistor saturates
when

Vgs > Vgs=Vrewrnri(10)

where V 4sand V1 are the drain-source voltage and the threshold voltage respectively.

The drain-source voltage voltage at which a transistor begins to saturate is called the
saturation voltage, V 4t |N the operational amplifier design practice amost all transis-

tors are biased in the saturation region, because this provides the largest voltage gain
for agiven drain current and device geometry.

In the saturation region, the relationship between the drain current, 14, and the gate-
source voltage, V g, can be expressed by:

mxC 2

W
ox — ><E X(Vgs—VT) .......... (12)
(0]
1+ (Vgs—Vr) Xe‘?b + Lo

_1
Id—éx

where mis the mobility of the charge carriers, Cyy is the normalised oxide capacitance,
Vgs is the gate-source voltage, Vr is the threshold voltage of the device, W is the gate
width, L is the gate length, Q models the effect of the gate electrical field (typical

valueis0.1V™D, x expresses the effect of the source-drain electrical field (typical value
is0.3mm/V).
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In order to determine the total gate-source voltage of an MOS transistor, it can be
divided into two parts, the threshold voltage and the effective gate-source voltage
which actually drives the transistor. Thisyields

Vgs = Vr+ Vg effeemmee

The threshold voltage, V1, can be expressed by::
Vi = Vyo+gx(,/2f (+ Vg — J2f ). (13)

where:Vg, is the source-bulk voltage, Vg is the threshold voltage at zero bulk-source

voltage, gis the bulk-threshold parameter (typical value of 0.7 vV 2), and f ;isthe sur-
face potential (typical value of 0.6 V).

Using these values, figure 2-1 shows the threshold voltage verses the source-bulk volt-
age. Fromthisit is clear that the threshold voltage increases when the source-bulk volt-
age grows. Therefore in low voltage design the source-bulk voltage should be kept as
low as possible. Also, it can be concluded that transistors which have to match must be
biased at the same source-bulk potential

For low voltage design practice, where most of the transistors in the amplifier operate
on the verge of saturation, it can be shown that in devices that are required to supply a
high driving current, for instance in the output transistors of an amplifier, that:

2
Id = % meCOX X\%/ x\V/ gs, eff eveurenen. (14)

This can be re-arranged to show that:

Whichyields:

And by substitution, it can be shown that:

O = Jz xmxC, XVEVXId .......... (18)
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The above equations imply that g, is determined by Vgs . However, if we wish to
increase gpy,, it may not be possible to increase Vs «, since this would require a higher
supply voltage. It is therefore better to increase gy, say by a factor n, by increasing
both W/L and |4 by the same factor n.

vTﬁ B

15 —

0.5

Fig. 2-1 The threshold voltage verses the source-bulk voltage. V1, f sand
gare chosen to be 0.8V,0.6V and 0.7 VY2, respectively.

2.4.2 Weak Inversion

An MOS transistor operates in Weak Inversion when Vg<Vr. In this mode, the transis-
tor saturates when Vys>3 10 4 Vi, . Vi, isthe thermal voltage KT/q, which is about 25mV

at room temperature. In general, the saturation voltage of an MOS transistor operating
in thismode is lower than that of a device operating in strong inversion. The current |

in saturation is described as follows:
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Where n is the weak inversion slope factor, and | is the specific current given by:

g = 2xnxmxC_, xvzth XVEV .......... (20

| typically ranges from 2nA to 200nA. These equations can be re-arranged to as:

V

gseff = N XV, xlngl'ijg .......... (21)
S

Because |4 is less than I, Vs et has a negative value. Therefore, Vgs (Vgs=V1+Vgsefr)
for a MOS transistor operating in weak inversion, is smaller than the Vs of a device

operating in strong inversion. Thus a device biased under the weak inversion regimeis
mor e suitable for |ow voltage operation.

The transconductance in weak inversion is defined as:

In order to achieve a large gy, we must increase | 4. However, increasing this current
may push the device into the strong inversion mode, and this must be avoided to pre-
serve low voltage operation. We can maintain the device in the low voltage mode by
adjusting the WIL but the increased device geometries lead to increased device para
sitic capacitances, thus affecting the high frequency performance.

2.4.3 Moderate Inversion

There is a smooth transition region between the weak inversion and the strong inver-
sion, which is called the moderate inversion. The moderate inversion region extends
the drain currents approximately as follows:

%><|s<|d<8><|s .......... (23)

In this region, simple analytic models are not available, therefore it is advisable to use
computer simulations to analyse the transistor operation.
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2.5 Rail-to-Rail Signals

The lowering of the power supply and voltage has an enormous impact on the SNR of
analog circuits. SNR decreases because of the lower allowable signal voltages and also
because of the higher noise voltages due to lower supply currents.

To maximise SNR, we must make the signals as large as possible, ideally from rail-to-
rail. This imposes special demands on the common mode input range and the output
voltage range of an amplifier. We will discuss these demands by employing two widely
used op-amp applications, the inverting and non-inverting amplifier.

251 Thelnverting Amplifier

The inverting amplifier is described in figure 2-2.

Z2
]
L 1
Z1
Vio—{ ] :

Figure 2-2 Inverting Amplifier
Vem

The gain of thisamplifier is asfollows:

<

y4
A, = 2= —Z—i .......... (24a)

To maximise the SNR, the output voltage swing should be as large as possible, ideally
from rail-to-rail.

The demand on the common mode input voltage range is less severe. This range can be
small because the positive input of the amplifier is biased at a fixed common mode
voltage, V., Thisinput can be biased at any voltage, but it is more efficient to connect
it to half the supply voltage, because then the output voltage can have it’s maximum
positive and negative swing. If the common mode voltage is biased at another value, a
level shift is required to obtain the maximum signal swing at the output and the addi-
tional level shift will induce noise and thus degrade the SNR further. Very careful
design of the level shift is required to minimise this noise.

LV-LP ANALOG CMOS DESIGN 17



2.5.2 Non-Inverting Amplifier Configuration

The non-inverting amplifier configuration is described in figure 2-3.

Vio +
— oVo

Z2
e

ZlU
1

Figure 2-3 Non-Inverting Amplifier Configuration

The gain for the non-inverting amplifier is described as follows:

Vo Z2
= — = 1+=....... 24b
A z1 - (240)

To maximise the SNR the output voltage swing has to be able to swing from rail-to-
rail. The demands on the common-mode input voltage range are more severe than for
the inverting feedback application. This is because the feedback network is connected
in series with the output and therefore the common-mode input voltage swing is as
large as the input signal itself. Assuming that V, can swing from rail-to-rail, it can be

shown that the common-mode input voltage range of the amplifier hasto be at least:

Veommon = VeuplAyeeeeeeee (25)

where Vgommon = Common Mode Input Voltage
Vap = Supply Voltage

In the limiting case, that is when Z1 approaches infinity and Z2 reaches zero, the non-
inverting amplifier operates as the well-known voltage buffer with a gain of one. For
this type of application, the common-mode input voltage range of the amplifier has to
be from rail-to-rail.

2.5.3 Summary of Amplifier Configurations

To obtain amaximum SNR in the inverting feedback applications:
» The output voltage has to be able to swing from rail-to-rail
» The common mode input voltage has only to be biased at a fixed voltage

To obtain amaximum SNR in the non-inverting feedback applications:
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» The output voltage has to be able to swing from rail-to-rail
» The common mode input voltage range has to extend from rail-to-rail

2.6 Rail-to-rail stages

To maximise SNR in LV-LP requires rail-to-rail input and output ranges, although
input range is required only in voltage follower applications.

Thisrail to rail demand on the amplifier stages requires classical solutions to be aban-
doned.
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Chapter 3
| nput stage design of low-voltage, low-power
operational amplifier design

3.1 Introduction

The main purpose of the input stage is to amplify differential signals and reject com-
mon-mode input voltages. An important specification of an input stage is the common-
mode input range. If the common mode voltage is kept within this range, the input
stage will properly respond to small differential signals. Hence an application has to be
designed such that the common mode input voltage stays within the common-mode
input range. Other important specifications of the input stage are the input referred
noise, offset, and the common-mode rejection ratio.

3.2 Single Differential Input Stage

The most commonly used input stage is a single differential pair. This can typically be
composed of a p-channel pair, M1-M2, or an n-channel pair M3-M4, as shown in fig-
ure 3-1.

O

Figure 3-1 The common-mode input range of a p-channel and
an n-channel differential pair

For a p-channel pair, the common mode input voltage range is given by:

VSS < VCOmmon < VDD - Vdsat _ngp ..........

where;
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Vcommon 1S the common mode input voltage, Vgy, is the source-gate voltage of an input
transistor, Vet 1S the voltage across a current source, Vpp is the positive supply volt-
age, and Vg is the negative supply voltage.

For an n-channel input pair, the common mode input voltage is given by:

Ves+ Vgen + Ve <V

dsat < <Vppeees (26b)

common

where Vg, is the gate source voltage of an n-channel input transistor.

In practical amplifiers, a differential pair is often loaded with a current mirror instead
of resistors. Thisis shown in figure 3-2.

o VbD
Iref
VB—{ﬁ M1 | M2 o V-
— Vo
MsﬁJPg{L’ M4 '

Figure 3-2 Single differential input pair with a current mirror as aload

This input stage consists of a p-channel differential pair M1-M2 and a current mirror
M3-M4, providing a differential to single ended conversion. This current mirror load
drastically reduces the common-mode input range, because the drain voltage of M3 can
only reach the negative supply rail within one gate-source voltage.

To understand this, suppose the common mode input voltage decreases. As a result of
this, the current mirror will finally push M1 out of saturation. This yields a common
mode input voltage range which is limited to:
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Vgst Vgen ¥ Vrp <V <Vpp—V

common sgp - Vdsat ..........

Other factors raise this gate source voltage, Vg, 1.€::
* Vgsn Of themirror is often increased to minimise noise and offset

» 300mV increasetypica due to threshold voltage mismatch

As a consequence, the current mirror can easily raise the lower limit of the common
mode input range by 600mV above the negative supply rail. This also raises the mini-
mum supply voltage of the input stage by 600mV.

The folded cascoded input stage, as shown in figure 3-3, overcomes these problems.

Voo IREF M3 . M4Vb1<>
\</3+—{ M1 M2 }—g M> j Vo
M?JI IL’[ -

")

Vb o LT H’
. ]
M9

Figure 3-3 Folded Cascode Input Stage

The operation of the folded cascode stage can be described briefly as follows; the input
stage consists of ap-channel differential pair M 1-M2; the folded cascodes M7-M8 pro-
vide a level shift function; current mirror M3-M6, providing differential to single
ended conversion; M9-M 10 function as bias current sources (in order to maximise the
output current of the input stage these current sources are biased at the same values as
thetail current IREF).

In this configuration, the drain voltage of both input transistors can reach the negative
supply voltage within one saturation voltage of the current sources M9 and M10. This
saturation voltage is generally much smaller than the gate-source voltage. Thus the
folded cascode input stage has a common mode input voltage which includes the nega-
tive supply rail.
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An important parameter of the folded cascode input stage is the input referred offset
voltage. The most significant mismatches that give rise to offset are those of threshold

1 W
voltages, V1, and those of transconductance factor = 5 Xm*Co, X ...o.....(28)

The offset of the folded cascode input stage can be minimised by making:

* Theareaof the transistors as large as possible
* the effective gate source voltage of the input transistors as small as possible
» the W/L ratio of the current mirror and the current sources as small as possible

The thermal noise can be minimised by making:

» Theg,,of theinput transistors as large as possible

» TheWIL ratio of the current mirror and the current sources as large as possible

The flicker noise of the input stage can be minimised by making:

* Theareaof the input transistors as large as possible
» Thelength of the current mirror and the current source as long as possible

» Useof input transistors that display the smallest flicker noise possible, often p-chan-
nel devices

The single differential input pair has a common mode input range which includes only
one of the supply rails. Thereforeit is only suitable for applications in which the com-
mon mode input range of the amplifier can be small, as in the inverting amplifier con-
figuration. In voltage follower applications, the amplifier requires a common mode
input voltage range that extends from rail-to-rail.

3.3 Rail-to-Rail Input stage

The input stage of an amplifier intended for use in avoltage follower configuration has
to have acommon mode input range which extends from rail to rail. In order to achieve
this, an n-channel and a p-channel input pair can be placed in parallel, as shown in fig-
ure 3-4.

The n-channel input pair M3-M4 is able to reach the positive supply rail while the p-
channel one, M1-M2, can sense common-mode voltages around the negative supply
rail.

LV-LP ANALOG CMOS DESIGN 23



15D £\ z+U50 A 1955 & ey JoBire| s18Be)j0A Ajddns sy “afes ndull |reu-03-|res e Jo oy Indu | 8pO N-UOWWOD) t-€ 3InBi4

O +
SSA BSp o BSp } cdl
vy ey
=5 wop sy F T
uip © W ew |- Ouip
wo = +
A T ﬂm_\,_ N U
dbs
A Qmm> 0
EU> _ " |
| K
B 24 o
°A LN _ ﬁg
¢ 14l
o ,

n_n_>

24

LV-LP ANALOG CMOS DESIGN



In order to ensure afull rail-to-rail common mode input voltage range, the supply volt-
age of therail-to-rail input stage hasto be at |east:

V

sup, min

= Vggp + Vgen * 2V g prrvren (29)

gsn dsat

If the supply voltage is above the minimum supply voltage, the common mode input
voltage range can be divided into the following three parts:

* Low common mode input voltages; only p-channel input pair operates

* Intermediate common mode input voltages; the p-channel as well as the n-channel
input pair operate.

» High common mode input voltage; only the n-channel input pair operate

If the rail to rail input stage is biased at a supply voltage below Vg min, & 9ap appears
in the intermediate part of the common mode input voltage range. This is clearly
depicted in figure 3-5.

V
O DD
V dsat
Vcm Vcm
Vsgp
GAP
Vsgp
Vcm vem
V dsat
o Vss

P-CHANNEL N-CHANNEL RAIL-TO-RAIL

Figure 3-5 Common-Mode input range of arail-to-rail input stage.
The supply voltageis smaller than V gy, +V gy +2V ey

Some important points about the rail-to-rail input stage:

»  Theminimum supply voltage of this stage can be aslow as 1.6V, assuming that it
operates in weak inversion and that the threshold voltages of the p-channel and n-
channel devices have avalue of 0.8V.

» The minimum required supply voltage increases when the input stage operatesin
strong inversion. | t will be about 2.5V for agate source voltage of 1V and a Vg, of

0.25V.
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* Inorder to maintain the rail-to-rail capabilities of the input stage, the complemen-
tary input pairs have to be loaded with folded cascodes instead of current mirrors,
which is shown in figure 3-6.

Rail-to-Rail M1through M4 are loaded with a summing circuit. The summing circuit
comprises folded cascode M9-M 10, which together with the low-voltage current mir-
ror, M5-M8, add the signals from the input stage. M11-M 12 function as bias current
Sources.

The key parameter in the rail -to -rail input stage is the input referred offset voltage.
The most important mismatches that give rise to this offset are mismatches in the
threshold voltages, V1, and mismatches in the transconductance factors, b. The strate-
gies adopted for reducing these are similar to those identified for the single input pair
differential amplifier, section 3.2.

A major drawback with the rail-to-rail input stage is that it's transconductance varies
by a factor of two over the common mode input range. If thisinput stage is part of an
operational amplifier in feedback, the loop gain of this configuration will also vary by a
factor of two. Thisin turn causes an undesired additional distortion. To understand this,
consider the non-inverting feedback application, as shown in figure 3-7. The gain of
this configuration is given by:

Vo _ 1. :2AXB §
— = = XK= M 30
V. B €1+ A xB9 (30
ViO_+
A —()VO

Figure 3-7 Amplifier connected in a non-inverting feedback configuration
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As can be concluded from this a varying loop gain, AB, results in a change of the gain
of the non-inverting feedback configuration. At heavy resistive loads, the nominal
value of AB can be as low as 100 in the upper and lower part of the common mode
input range. At intermediate common mode input voltages the gain increases to avalue
of 200. Asaresult the gain of the non-inverting feedback application varies about 0.5%
over the common-mode input range, which in turn gives rise to distortion.

Another drawback of the varying load transconductance is that it impedes an optimal
frequency compensation. This can be explained by examining the two stage op-amp
shown in figure 3-8. This circuit consists of a rail-to-rail input stage M1-M4, a sum-
ming circuit M5-M10, a simple class A output stage. The capacitor Cy, provides the

frequency compensation of the amplifier.

A two stage amplifier has to be dimensioned such that w,,, (it's unity gain frequency)
always obeys:

w o= om _1.9m0 3y

uTcy, 2 C

where: gy, is the transconductance of the input stage, g, is the transconductance of
the output transistor M 13, and C, isthe load capacitor

Suppose that the amplifier should have a unity gain frequency of at least Wy, over
the total common-mode input range. Since the gy, of the input stage is two times larger

in the intermediate than in the outer parts of the common mode input voltage range,
this indicates that for intermediate common-mode input voltages the unity gain fre-
quency is 2w, min- From the above equation it can be understood that the transconduct-

ance of the output transistor has to be two times larger than required in order to
guarantee stability for each common mode input level. Assuming that the output tran-
sistor is biased in strong inversion, this resultsin a bias current of the output transistor
which has to be four times larger than necessary. Often the bias current of the output
transistor largely determines the the total current of an amplifier, and thus the total
power drawn from supplies. Thus the power dissipation of the amplifier is four times
larger than necessary.

In order to overcome the aforementioned drawbacks of rail-to-rail amplifiers, the
transconductance has to be regulated at a constant value.
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3.4 Constant g, rail-to-rail input stages

The rail-to-rail folded cascode input stage, as shown in figure 3-6, can be biased in
weak or in strong inversion. If it operates in weak inversion, the total transconductance
isgiven by:

. = p + n
Omi ,weak 2 XN, YA XXV (32

where:
* lpisthetail current of the p-channel input pair

* |,isthetail current of the n-channel input pair

If the input stage is biased in strong inversion, then the total g, is given by:

Omi,strong = J% XCox xédtvgp X1, + J% XCox Xg%vgn X e, (33

or from avoltage point of view:

- 0 0
gmi,strong - I’T’b ><Cox xeéytvg ><ngp,eff +n, ><Cox xeéytvg ngsn,eff """"" (34)
p n

where Vs « is the effective gate-source voltage of an input transistor.

| t can be seen that gy weak CaN be controlled by changing the tail currents of the input
transistors. gy strong Can be controlled by either changing the tail currents, the gate-
source voltages or the W/L ratios.

3.4.1 Rail-to-rail input stageswith current based g,,, control
Om control by one-times current mirror

In weak inversion the g, of an MOS transistor is proportional to it’sdrain current. This
indicates that the g, of a rail-to-rail input stage operating in weak inversion can be
made constant by keeping the sum of the tail currents of the complementary input pairs

LV-LP ANALOG CMOS DESIGN 30



constant. Thus for a constant g,,, the sum of the tail currents has to obey the following
expression:

where it is assumed that the weak inversion slope factors of both transistor types are
equal.

The above mentioned principleisrealized in therail-to-rail input stage as shown in fig-
ure 3-9. It consists of complementary input pairs M1-M4, and a summing circuit M5-
M10. The g,,, control of the input stage isimplemented by means of the current switch

M 13 and the current mirror M14-M15.

If low common mode input voltages are applied to this input stage, the current source
|, ¢, biases the p-channel input pair M1-M2. As a consequence, the p-channel input pair
can process the input signal. If the common-mode voltage is now raised by about
(Vpp-VB3), the current switch M13 takes away a part of the current I,, and feeds it

through the current mirror M14-M15, into the n-channel input stage. In this way, the
sum of the tail currents of the input pairs is kept equal to I, If the common mode

input range is further increased the current switch directs the complete current |, via
the current mirror, into the n-channel input pair. Theresult isalargely constant g,,, over
the entire common mode input range, as shown in figure 3-10.

As can be observed from equation (32), the transconductance of an input pair depends
on the weak inversion slope factor, n. If thisfactor is different for the n-channel and the
p-channel input pair, it will result in a variation of the g, This difference in n can be

largely compensated by modifying the gain factor of the current mirror.

When the current switch gradually steers the current |, from the p-channel to the n-
channel pair, the offset of the rail-to-rail input stage will change, because the offset of
the input pairs tends to be different. In order to maximise the CMRR of the rail-to-rail
input stage, this offset change should be spread out over alarge part of the common-
mode input range. To achieve this, either the WIL ratio of the current switch has to be
made small when compared to that of the input transistors, or aresistor can be placed in
series with the source of the current switch.

Apart from a constant g,,,, the main advantages of the g,,, control by a current switch are
its small die area and its low power consumption. The g, control hardly increases the

size of the input stage, because the current switch and the current mirrors are small in
comparison.
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Another advantage is that g,,, control does not increase the noise of the input stage. This
is because the noise generated in the gy, control circuit is inserted into the tails of the

complementary input pairs, and thus can be considered as acommon-mode signal. Asa
consequence, the noise contribution of the g,,, control to the rail-to-rail input stage can

be neglected, assuming that the input transistors are matched.

If the input stage shown in figure 3-9 is biased in strong inversion, the transconduct-
ance of an input pair is proportional to the square root of itstail current. Asaresult, the
O displays a variation of about 41% over the common-mode input range, as shown in

figure 3-11. Although this variation is less than that of arail-to-rail input stage without
Oy control, it is still too large for a power optimal frequency compensation of the

amplifier. Thusfor input stages operating in strong inversion, adifferent g,,, control has
to be designed.

25
20
_ ;- N
/ \
/ \
Im,norm ™ / !
/ \
[ |
I \
_ _ _ _ without g, control
0.5 with g, control
0 | | | |
0 V common —_— Vpp

Figure 3-10 Normalized gy, versus the common mode input voltage for the
rail-to-rail input stage as shown in figure 3-9. The input pairs are biased in
weak inversion
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0.5 with g, control
0 | |
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Figure 3-11 Normalized g, versus the common mode input voltage for
the rail-to-rail input stage as shown in figure 3-9.The input pairs are
biased in strong inversion.

Oy control by three-times current mirrors

The transconductance of arail-to-rail input stage operating in strong inversion can be
made constant by keeping the sum of the square roots of the tail currents of the comple-
mentary input pairs constant, as readily follows from equation (33). Thisyields:

Jot ln = 2%V g (36)

where it is assumed that the WIL ratios of the input transistors obey the condition:
Vo
eL
—— P- n_}1 (37)

o
eLe.

A brute force implementation of equation (37) is applied to the rail-to-rail input stage
as shown in figure 3-12. The input stage consists of a rail-to-rail input stage M1-M4
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and a folded cascoded summing circuit, M5-M10. The g,,, of this input stage is regu-
lated by means of two current switches, M13 and M 16, and two current mirrors, M 14-
M15 and M17-M 18, each with again of three. For the sake of simplicity, these current
mirrors will be called three times current mirrors, in the remaining part of this section.
The sizes of the input transistors are chosen such that relation (37) is obeyed.

In the intermediate part of the common mode input range both current switches are off.
The result is that the complementary input pairs are biased with a current of |, and
thus the tail currents obey expression (36) in this part of the common-mode input
range.

If the common-mode input voltage decreases below VB4, the current switch M 16 takes
away the tail current of the n-channel input pair and feeds it into the current mirror
M17-M18. Hereit is multiplied by afactor of three and added to the tail current of the
p-channel input pair. The result is that the tail current of the p-channel input pair is
equal to 4l . Sincethetail current of the n-channel input pair is zero in this part of the

common-mode input range, equation (36) is fulfilled. Similarly, it can be explained
that, for large common mode input voltages, the g,,, control regulates the tail current of

the n-channel input pair at a value of 4l,«. As a consequence, the tail currents again
comply with expression (36).

From the above, it follows that the transconductance of the rail-to-rail input stage with
Om control by three times current mirrors has the same value for each part of the com-

mon-mode input range. This transconductance is given by:

W
Omr_r = Jz xmxC,, *C Xl gferenennns (38)

Figure 3-13 shows the normalised transconductance of the rail-to-rail input stage as
shown in figure 3-12 versus the common-mode input voltage. In this figure the solid
line depicts the transconductance of the input stage with gy, control, while the dashed

line shows the transconductance of the rail-to-rail input stage as if it was biased by two
tail current sources, each with avalue of |« From figure 3-13 it can be concluded that

the transconductance of the input stage with g,,, control by two three-times current mir-
rorsis nearly constant over the entire common-mode input range, except for two take-

ver regions where it varies only 15%. In the take-over regions, one of the current
switches gradually steersthetail current out of one of the input pairsto the other.

The main disadvantage of the rail-to-rail input stage with g,,, control by three times cur-

rent mirrorsis that both current switches can conduct at very low supply voltage. As a
consequence, the current switches together with the three times current mirrors form a
positive feedback loop with a gain larger than one.Obviously this cannot be tolerated.
The positive feedback loop can be avoided by, for instance, ensuring that the current
switch M13 is always turned off at these very low supply voltages. This can be noted
that when M 13 isaways off at avery low supply voltage, the g,,, control does not obey

equation (36). As a conseguence, the gy, is not constant at these supply voltages.
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2.5

2.0 J,\ /|
N / \
/ \
/ \
Om,norm 7| // \\
[ |
/ |
1 | |
- — _— 1 Lo
_ _ _ _ without g, control
05 with g, control
0 | | | |

\% S
0 common Vb

Figure 3-13 Normalised g,,, verses the common mode input voltage

for the rail-to-rail input stage as shown in figure 3-12. The input
pairs are biased in strong inversion.

Other g, control strategies

* gy control by sguare root current control
* voltage based g,,, control

* WI/L based g,,, control
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Chapter 4
Output stage design of low-voltage, low power
oper ational amplifiers

4.1 Introduction

The main purpose of the output stage of an operational amplifier isto deliver acertain
amount of signal power into aload with acceptably low levels of signal distortion.

In alow-voltage, low-power environment, this has to be achieved by efficiently using
the supply voltage as well as the supply current.

To implement this the output voltage range must be as large as possible, preferably
from rail-to-rail. To achieve thisthe output transistors have to be connected in common
source configuration.

An efficient use of the supply current requires a high ratio between the maximum sig-
nal current that can be delivered to aload, and the quiescent current of the output stage.
T o accomplish this the transistors have to be class AB biased.

When designing alow voltage output stage, it isof prime importance to know:

» What is the minimum supply voltage at which an output stage is able to operate.
Thiswill be determined by the gate-source voltage of the output transistors, which
can become large, particularly when the output stage hasto drive large output signal
currents.

Two classes of class AB control circuits will be discussed:

» Feedforward class AB control is suitable for operation in alow-voltage environ-
ment.

» Feedback class AB control is suitable in op-amps which are part of a system that
operates under extremely low voltage conditions

4.2 Common-Source Output Voltage
Common Source Output Stage

The most rudimentary output stage that can be used in alow voltage op-amp is a com-
mon source connected transistor as shown in figure 4-1.
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Figure 4-1 Common-Source Output Stage

The minimum required supply voltage for this output stage is given by:

Vsup, min — Vgso + Vdsat

where;

Vgso IS the gate source voltage of the output transistor M1 and Vysy is the voltage
across the current source 1B2, which is necessary to have a current flowing out of it.

The minimum supply voltage can be kept low by making the gate-source voltage of the
output transistor M1 and the saturation voltage of the current source IB2 small.

1. The gate source voltage of the output transistor can be reduced by minimising both
the threshold and the effective gate-source voltage. The latter can be kept small by
maximising the W/L ratio of the output transistor and by minimising the maximum
required output current (in most cases this maximum output current is predeter-
mined by the application for which the amplifier isintended, and this cannot be low-
ered by the designer).

2. In practical amplifiers the saturation voltage of the current source IB2 varies
between 100mV for asimple current source biased in weak inversion, and 500mV
for a cascoded current source operating in strong inversion.

3. The maximum gate-source voltage of the output transistor varies between 1V, for
output stages designed for mediocre output currents and 2V for output stages that
have to deliver very large output currents, assuming that the output transistors have
athreshold voltage of about 0.8V.

4. Asaresult the output stage can run on supply voltages between 1.1V and 2.5V,
depending on the implementation of the current source and the driving capability of
the output stage.
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5. Inthe operational amplifier design practice a push-pull stage, as shown in figure 4-
2, is often used as an output stage.

O 1/2vDD

Vinlo_‘ E M1
Vo

vinzo-{ [ M2 R

O -1/2VvDD

Figure 4-2 Rail-to-Rail Push-Pull output stage

It consists of two complementary common-source connected transistors M1-M2,
allowing arail-to-rail output voltage range. The output transistors are driven by two in-
phase signal voltages. If these input signal voltages are above their DC value, the drain
current of the n-channel output transistor will be larger than that of the p-channel out-
put transistor, and thus the output stage pulls a current from the load. Similarly, if the
input signal voltages are below their DC value, the output stage pushes a current into
the load.

In order to determine the output voltage range of the rail-to-rail push-pull output stage,
first suppose that the signal voltage is increasing. As aresult, the output stage pulls a
progressively increasing current from the load, and thus the output voltage
decreases.The output voltage continues to decrease until the n-channel output transistor
is no longer in the saturation region (the region where |4 changes with Vs only) and

ends up in it's triode region (the region where |4 changes with Vs and Vg, and the

output voltage is limited. Similarly, it can be explained that the p-channel output tran-
sistor ends up in the triode region, when the input signal voltage decreases.

The drain current of atransistor operating in its triode region is given by:

1 2
Iy = > XD X((2 XVgg et XVgs)—Vgs) -ermeeee (39)

Using this equation and neglecting the term Vg squared the output voltage swing can
be estimated by equation (40) as follows::

1 1 f6) 1 1 f5)
—= XVDD XX _ <V <—><VDD xX _
2 € bn ><Vgsn, eff ><RL +10 ° 2 € bp ><Vgsp, eff ><RL +10
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From this equation it can be concluded that the output voltage swing can be optimised
by maximising the gate-voltage swing as well as the transconductance factor of the
output transistors. The latter can be achieved by choosing the largest possible W/L
ratio of the output transistors. As an example, suppose that R_is 10KW, b, is 7.5mA/

V2, by is 7.5mA/VZ, and both output devices have a Vg ¢ of 200mV. The latter value

corresponds to the maximum effective gate-source voltage of a 1V output stage,
designed with devices having athreshold voltage of 0.8V. Using this data, it can be cal-
culated that the output voltage of the common source push-pull output stage can reach
both supply rails within 31mV, which aimost corresponds to arail-to-rail output swing.
The output voltage swing reduces when the output voltage stage is loaded with a small
resistive load. For instance, if the same output stage has to drive aresistor of 1IKW, its
output voltage can only reach the supply rails within 200mV .

4.3 Class AB output stages

In order to efficiently use the power supply, an output stage should combine high max-
imum output current with a low quiescent current. To fulfil this requirement class-B
biasing can be used, because an output stage equipped with thistype of biasing unites a
large output current with a quiescent current which is approximately zero.

In order to determine the power efficiency of aclass B output stage, the following def-
inition can be used. The power efficiency of an output stage is equal to the average sig-
nal power divided by the power drawn from the supplies. Using this definition, it can
be calculated that the power efficiency of a rail-to-rail class B output stage is about
75% for arail-to-rail output sine wave.

A drawback of class B biasing is that it introduces a large cross-over distortion. To
minimize this distortion, class A biasing can be used. However, the maximum output
current of aclass A biased output stageis equal to it’s quiescent current, which leads to
power efficiency of only 25% for a rail-to-rail output sine wave.Thus from a power
point of view class A biasing is highly undesirable.

To achieve a good compromise between distortion and quiescent dissipation, the out-
put stage has to be biased between class A and class B. The solution to thisis called
class AB biasing. Figure 4-3 shows the desired class AB transfer function.
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Figure 4-3 Desired class-AB transfer function

As can be readily seen, the output transistors are biased at a small quiescent current,
which decreases the crossover distortion compared to that of class B biased output
transistors. The maximum output current of the output stage is much larger than its qui-
escent current, which increases its efficiency compared to that of a class A biased out-
put stage. Figure 4-3 aso shows that the output transistor which is not delivering the
output current is biased with a small current I, This minimum current prevents a
turn-on delay of the non-active output transistor, which in turn reduces the crossover
distortion.

In arail-to-rail output stage, the class AB transfer function can be realized by keeping
the voltage between the gates of the output transistors constant. This principleis shown
in figure 4-4a. In order to make the relation between the push and the pull currents of
the output transistors insensitive to supply voltage and process variations, the voltage
source Vg, has to track these parameters. To achieve thisit can be modelled by the cir-
cuit shown in figure 4-4b. In this schematic, two diodes M3-M4 are biased by a con-
stant current |, and two constant voltage sources each with a value of Vsup/2, replace
the function of the source V. As a result, the relation between the push current, |y,
and the pull current | 4, of the output transistorsis given by:

LV-LP ANALOG CMOS DESIGN 42



Vint————— -+ M1

Vo (D &
B M2

Vin2

Figure 4-4aBasic Principle of aclass-AB control circuit
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Figure 4-4b Class-AB control circuit with insensitivity to
supply voltage and process variations

oush * Toun= 2%/10e. (41)

where it is assumed that the output transistors operate in strong inversion, and their
transconductance factors obey:

W _ _1
th = n}1 XC oy Zér_vg =5 xCoy ?’VB .......... (42)
p

The quiescent current, Iq, of the output stagesis given by:
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which isinsensitive to process and supply voltage variations.

From equation (41) it can be concluded that the current through the output transistor
which conducts the lowest current, slowly reduces to zero when the other output tran-
sistor approaches a value of four times the quiescent current. Note that according to
figure 4-3, the non-active output transistor should preferably conduct a minimum cur-
rent larger than zero, in order to minimise turn-on delay of the non-active output tran-
sistor.

The maximum output current of the class AB output stage is determined by the allowa
ble gate voltage drive of the output transistors. The gate voltages of the output transis-
tors, as shown in figure 4-4a and 4-4b are capabl e of extending beyond the supply rails.
In practice thisis of course not feasible, because the gate voltage will be limited by the
driving circuit of the output stage and the supply voltage. A well designed class AB cir-
cuit should not substantialy further limit the maximum allowable gate-source voltage
of an output transistor.

In weak inversion, the circuit as shown in figure 4-4b realizes a relation between the
push and pull current which resembles the well known bipolar class AB relation, i.ethe
product of the currents which flow through the output transistors is constant. This
yields:

x|

push ~'pull = g

where it is assumed that both transistor types have the same weak inversion slope fac-
tor. The quiescent current of an output stage biased in weak inversion is also given by
(43).

The next step is to replace the function of the voltage source by an actual circuit imple-
mentation. When designing these real life class AB circuits for low voltage, low power
environment, the most important design parameters are inevitably the minimum
required supply voltage and the quiescent current. In a low voltage environment the
output stage should still be able to run on a supply voltage of two stacked gate-source
voltages and two saturation voltages, while for extremely low voltage applications only
one saturation voltage on top of a gate-source voltage can be allowed. In order to meet
the low power condition the class AB control circuit should not raise the quiescent cur-
rent of the output stage too much.

Other requirements of a class AB output stage are:
* A sufficiently large maximum output current

» A good high frequency performance
* A smal diearea
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* A quiescent current which hasto have alow sensitivity for process and supply volt-
age variations.

In the next section, several class AB control circuits will be discussed with respect to
these specifications. Two main types of control circuits will be distinguished, the feed-
forward class AB control for use in low voltage op amps, and the feedback class AB
control for use in extremely low voltage amplifiers.

4.4 Feedforward class AB output stages
In the previous section it was shown that class AB biasing of an output stage can be

achieved by setting the voltage between the gates of the output transistors. A straight-
forward implementation of this principle is shown in figure 4-5.

o VoD

| Msjj_HI,\M

|
%@ | M1

J R2 R1 Vo
lin2

M6 |- [_wms

oVss

Figure 4-5 Rail-to-rail output stage with resistive feedforward class AB control

This circuit contains arail-to-rail output stage M1-M2, and a resistance coupled class
AB control, R1-R2 and M3-M6. The output stage is driven by two in-phase signal cur-
rents linl and lin2. The diode connected transistors M3 and M6 together with R2 build
up areference chain which generates a bias current I .. This current is copied by cur-
rent mirrors M3-M4 and M5-M6 and fed into resistor R1. Thisresistor in turn sets the
voltage between the gates of the output transistors.

Figure 4-6 depicts the push and pull current as a function of the transistors. In order to
make this function independent of the supply voltage the resistors R1 and R2 must
have the same value. Using this assumption, the relation between the push 14, and the

pull 14, current can be described by:
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Moush * punr = 2% 1geees (45)
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Figure 4-6 Push and pull current versus the output current
for the rail-to-rail output stage with resistive class-AB control

in which the quiescent current 1 is given by:

o
| eLe,
eLoe,

Please note that the class AB relation of the resistive class AB controlled output stage

isidentical to that of the basic class AB output stage, as discussed previously.

The maximum current of this output stage is limited to mediocre values, because the
gates of the output transistors can only reach the supply rails within one saturation volt-
age and the DC voltage across the resistor R1. For example with the following process

parameters: m, =440cm?/V, m, =147cm?/V, Coy =1.77x10° FIm?, Vp =-0.8V Vyy
=0.8V, Q=0.1, x=0.3mM/V, Vgp=3V, Vgeus=200mV, Vges=200mV, Viy=1.1V,

W1=200um, L1=2um, W2=600um, and L2=2um.
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We previously discussed that:

1 uCox W
Iy = é>< ><E X(Vgs=Vgt) wereeens (47)

X0
1+ (Vgs=Vr) Xg@ Lo

Using this equation (47), it can be calculated that the maximum current for the design
example has a value of about 2.5mA, which is about 30 times the quiescent current.

The minimum supply of this class AB output stage can be as low as two stacked gate-
source voltages and one saturation voltage, which makes class AB control suitable for
operation under low voltage conditions.

The main advantage of this circuit is that the class AB hardly increases the quiescent
current of the output stage because the current through the reference chain can berela-
tively low. To achieve this the resistors have to be large, which deteriorates the high
frequency behaviour of the class AB control. This problem can be overcome by insert-
ing a capacitor paralel to the class AB resistor R1.

The main disadvantage of thiscircuit isthat it is sensitive to supply voltage variations.
If the supply voltage increases, the current in the reference chain increases, and so will
the quiescent current in the output stage.

Another disadvantage is that this circuit can occupy considerable die area. This is
mainly due to the resistors which have, in practical cases, values between 10KW and
100K W.

To overcome these problems, the transistor coupled feedforward class AB control as
shown in figure 4-7 can be used.
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Figure 4-7 Rail-to-rail output stage with transistor coupled
feedforward class AB control

The circuit consists of a rail-to-rail output stage M1 and M5, and a class AB control
circuit M4 and M8. Since the class AB control consists only of transistors, it occupies
potentially less die area than the resistive class AB contral.

The class AB control sets up two translinear loops M1 through M4 and M5 through
M8, which fix the voltage between the gates of the output transistors, in accordance to
the principle shown in figure 4-4a.

The resulting behaviour of the push, |4, and the pull 145 is shown in figure 4-8. In qui-
escence the current I1B2 is equally divided into M4 and M8. To compensate for the
body effect, M7-M8 and M3-M4 are biased at the same gate-source voltage and thus
M5-M6 as well as M1-M2 also have equal gate-source voltage. Now it is calculated
that the quiescent current, Iq, in the output transistorsis given by:
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Figure 4-8 Push and Pull current versus the output current
for therail-to-rail output stage with transistor coupled feedforward
class-AB control

= S xIB1........ (48)

whereit isassumed that IB1 and 1B4 have the same value and that transistor sizes obey:

N6 o o Ao
e|_ra e|_ra e|_ra e|_ra

Mo o o e
eLe, €L9, €Lg, €Lg,

If the output stage operates in strong inversion, then the relation between the push and
the pull current can be described by:

(Tousn— (@ X TN+ (i = (@ x 1) = 2><§LAB g‘{_\’g Xl v (50)
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where;

The push and pull current obey relation (50) until either push or pull current exceeds a
value of:

where a is given by (51).

If for example the push current exceeds this value, the complete bias current B2 flows
through M8, while M4 is cut off. As a result the current through the output transistor
M5 is kept at a minimum value. This minimum value immediately follows from equa-
tion (50), and is given by:

Iin = (8= /2X(@=1)) X v (53)

In the case that M6 and M7 are the same size, the minimum current will be about
0.341. The body effect of M3-M4, M7-M8 will dlightly increase this value. Similarly,

it can be explained that if the push current exceeds the current | ,,y, the current through
M1iskept at a minimum value of I ;.

In weak inversion the relation between the push and the pull currentsis given by:

Toush Xlpul _ ad g6 (54)

Lo + 1

pull push

If either the push or the pull current becomes large, the current through the transistor is
kept at aminimum value of 0.5l

In both weak and strong inversion, the class AB control is able to operate until one of
the output transistors pushes either M4 or M8 out of saturation. As a result, the gate
voltage of the output transistors can reach the supply rail within one saturation voltage
and one minimum gate-source voltage, which restricts the output current to mediocre
values. Using equation previously used to calculate | 4, atypical value for the maximum
current would be about 5mA, which is about two times larger than for the resistive
class AB output stage. This is because the gate swing of the output transistor in the
transistor coupled class AB control is about 300mV larger.

The minimum supply voltage of the output stage equals two stacked gate-source volt-
ages and one saturation voltage, which makes it suitable for low-voltage operation.
Note that the output stage with resistive class AB control requires the same minimum

supply voltage.
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An advantage of the transistor coupled class AB control is that it hardly increases the
dissipation of the output stage, although it consumes dlightly more power than the
resistance coupled class AB control. In addition a good high frequency behaviour is
achieved, because the coupling between the gatesisrealised by asingle transistor. This
is particularly advantageous when only one gate of the output transistor isdriven, asin
this case the signal has only to pass one single class AB transistor in order to drive the
other gates.

45 Feedback class AB output stage

In the previous section, several implementations of feedforward class AB control cir-
cuits have been discussed. The minimum supply voltage of these feedforward class AB
control circuitsis limited to two stacked gate-source voltages and one saturation volt-
age, which impedes these control circuits to operate under extremely low-voltage con-
ditions.

The aforementioned limitation of feedforward class AB control can be overcome by
using feedback class AB control. In contrast to feedforward control, this type of bias-
ing does not directly control the current of the output stage. Instead, the push and the
pull currents are measured first and then regulated in a class AB way. This allows the
output to run on extremely low supply voltages.

Figure 4-9 shows a straightforward implementation of a feedback class AB controlled
output stage. In this output stage, the current through the output transistors M1-M2 are
measured by M7 and M3 respectively.

The measured currents are fed into the resistors R1 and R2. As a result, the voltage
across R1 represents the drain current of the n-channel output transistor while the volt-
age across R2 mimics the drain current through the p-channel output transistor.

If the output stage is at rest, the currents through the output transistors and therefore the
voltages across R1 and R2 are equal. As a consequence, the tail current of the decision
pair M8-M9 is equally divided over M8 and M9, and thus the common source voltage
of the drain pair represents the quiescent current through the output transistors. This
common source voltage is compared to a reference voltage, which is set by M12,R3
and I1B1. If a difference occurs between the reference voltage and the common source
voltage of M8 and M9, the feedback amplifier feeds a connection signal to the gates of
the output transistors. In this way, the quiescent current in the output stage is set.

In order to obtain a quiescent current which is insensitive to process and temperature
variations, the resistor R3 has to match R2 and R1, the current source 1B1 should have
half the value of 1B2, and the WIL ratio of M12 should be half the W/L of M8 or M9.
Using these values, it can be calculated that the quiescent current is given by:

zA(o)

eLg, R
—— 143

o R
eLg,

X|B1l.......... (55)
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It should be noted that the quiescent current slightly depends on the supply voltage
because the outputs of the feedback amplifier M10-M 15 refer to different supply rails.
This problem can be overcome by using cascoded mirrors. However this will increase
the minimum supply voltage of the output stage with one saturation voltage.

The class AB control also sets the maximum current of the output transistors, that isthe
current through the output transistor which is not delivering the output current. Con-
sider for instance that M1 is pushing alarge current into the output node, then the volt-
age across R2 is much larger than the voltage across R1. As aresult, the tail current of
the decision pair flows completely through M9. Thus the common source voltage of
the decision pair represents the minimum current flowing through the output transistor
M2. Again if a difference occurs between this voltage and the reference voltage, the
feedback amplifier feeds a correction signal to the output stage. In this way, the mini-
mum current of the n-channel output transistor can be controlled. Similarly it can be
explained that the class AB control regulates the minimum current of M1, when the
output transistor M2 is pulling alarge current from the output node. The minimum cur-
rent of both output transistorsis given by:

a6
€Le, V
lin = |q—(ﬁ—1)x 1x—gstz.efft (56)
Ale) R,
eLe

-

As follows from the formula., the minimum current can be controlled accurately
because it depends on process parameters and the absolute value of R2. Using typical
data (1g=75UA, Vgs12 &t Of 150mV, R2 of 20KW and WIL for M1 approximately ten

times larger than that of M7) gives a minimum current equal to 0.41q.

Figure 4-10 shows the push and pull current as a function of the output current. In this
figure the quiescent and the minimum currents are determined by the above equations.

The maximum output current of the output stage can be large because the gate of the
output transistors are able to reach one of the supply rails within one saturation volt-
age.For example using typical output stage data, it can be calculated that the output
stage is able to drive a minimum current of 10mA.
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Figure 4-10 Push and Pull currents as a function of the output current
for the class AB output stage as shown in fiigure 4-9.
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