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Abstract

The operational amplifier is a fundamental building block for electronic devices and
systems. The advancement of modern electronic technology has been setting more
performance demand on the underlying integrated circuits including the operational
amplifier. Reduction in power consumption and improvement in speed are some of the
most important requirements. To address these concerns, this thesis presents a design of
micropower Class AB operational amplifiers which has the ratio of gain bandwidth
product to supply current higher than that of an existing IC. The design is in a 0.6itm
CMOS process. The input stage of the design has the folded-cascode architecture that
allows the input common-mode range down to negative supply voltage. The Class AB
output stage swings rail-to-rail and has the ratio of maximum current to quiescent current
greater than 100. The bias cell of the operational amplifier is designed to consume only
6% of the total supply current. The thesis concludes the operational amplifier design
with two frequency compensation options. The one with simple Miller compensation has
a unity gain frequency of 360kHz with 61.5 degrees of phase margin at 100pF load while
consuming 201 A supply current. The other with the hybrid of simple Miller
compensation and cascode compensation offers an improved unity gain frequency of
590kHz at the same loading and power condition.
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Chapter 1 Introduction

The operational amplifier is a fundamental building block in electronics. It is

employed in a wide range of applications including monitoring circuitry, cellular phones,

portable devices, medical instrumentation, and solar-powered systems [1], [2]. Linear

Technology Corporation launched LTC1541 Micropower Op Amp/Comparator/Reference

in February 1998. The IC has been incorporated in many consumer products such as

smoke detectors, infrared receivers, battery-powered systems, and portable phones [1].

1.1 Overview of Micropower Op Amp in LTC154J
The micropower op amp, which is part of LTC1541, was fabricated in a 4.01Om

CMOS process. It has a unity-gain frequency of 12kHz while consuming a typical

supply current of 1.51pA. Electrical characteristics of LTC1541 with 3V supply voltage at

25 'C from [I] are summarized in Table 1-1.

Specifications are at 25 0C. VDD= 3.0V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Min Typical Max

CL = OpF
GBW1  Gain Bandwidth Product - 12 - kHz

RL = 100kn

Large-Signal Voltage Gain CL = OpF
AVoL 93 114 - dB

(DC Open-Loop Gain) RL = 100kW

Is Supply Current No load - 1.5 - pA

VDD -
VINCM Input Common-Mode Range Vss - V

1.3V

Vos Input Offset Voltage VINCM = I.5V - 0.7 mV

VDD-

VOUT VOUTH Output High Voltage RL = 100Wk to Vss V
0.07V

'Implying the gain bandwidth product per supply current GBW/ Is= 8 MHz/mA @ CL = OpF



Vss +
VOUTL Output Low Voltage RL = 100kD to VDD 0.05V

ISOURCE Output Source Current 0.6 0.95 mA

ISINK Output Sink Current - 1.2 1.8 mA

Secondary Characteristics

Value
Symbol Parameter Condition Unit

Min Typical Max

SR Slew Rate Av = I V/V, IV Step - 0.008 - V/gs

@ DC
CMRR Common Mode Rejection Ratio 63 - - dB

VINCM = Vss to VDD -1.3

PSRR Power Supply Rejection Ratio @ DC 74 - - dB

e, Input Noise Voltage f = 0.1 to 10Hz - 3 - IVp.p

Table 1-1: Electrical Characteristics of LTCI541 11

1.2 LTC1541 Limitations and Problem Definition

The standard of electronic equipment and systems has been constantly developing

for the past years. This condition has imposed more demanding performance

requirements on the supporting semiconductor products, particularly lower power

consumption and higher speed. As a result, these foundational integrated circuits

including op amps have to continually improve to meet the need.

Currently, there are a few general-purpose low-power op amp ICs in the market.

One of them is MAX9914 1MHz, 20pA, Rail-to-Rail I/O Op Amps with Shutdown by

Maxim Integrated Products. It has a 1MHz gain-bandwidth product at 15pF load with 45

degrees of phase margin [3]. Another well-known one is MIC861 TeenyTM Ultra Low

Power Op Amp by Micrel, Inc. With static supply current of 4.6piA, MIC861 offers a

225kHz gain-bandwidth product at 50pF load with approximately 45 degrees of phase

margin 2 [4].

Although the Micropower Op Amp in LTC1541 consumes an extremely low

supply current, its speed is far too low to accommodate the need of modem technologies

such as medical instrumentation [5] and portable devices. This thesis seeks to identify

2 The phase margin is not given in [4]. It is estimated from the datasheet that the IC has 2-3 periods of
decayed oscillation in the small-signal pulse response at 50pF load.



the fundamental limit of speed versus power consumption and propose an improved

general-purpose micropower op amp whose speed to supply current ratio is higher than

that of LTC1541. Other crucial performance specifications are large DC gain and wide

input common-mode range that includes the negative supply voltage. In addition, op amp

characteristics such as stability, input offset voltage, output swing, and output drive

capability have to be considered as well. Some target applications of the new general-

purpose low-power op amp include battery-powered systems, portable electronic devices,

and safety sensors.

1.3 Thesis Goal

This thesis aims to design a two-stage operational amplifier that satisfies the

performance specifications in Table 1-2 and can operate between supply voltages of 2.5V

up to 6.OV. The specifications are defined at supply voltage of 2.5V, and they are

ordered by their relative importance in the descending order. The first three parameters:

unity gain frequency, DC open-loop gain, and supply current, are central in the design

process. The other requirements on the primary list must be met, unless their sacrifice

exceptionally enhances one of the first three characteristics. The design should also

satisfy all the secondary specifications.

Specifications are at 250C. VDD = 2.5V and Vss = OV.

Primary Specifications

Symbol Parameter Condition Value Unit

GBW3  Gain Bandwidth Product pF > 0.3 MHz
RL = 100kWl

Large-Signal Voltage Gain CL = 00pF
AvoL > 100 dB

(DC Open-Loop Gain) RL = 100kW

Is Supply Current No Load < 21 pA

> VDD - 1.25V

VINCM Input Common-Mode Range And must include V

negative supply voltage

Implying the gain bandwidth product per supply current GBW/ Is> 14.3 MHz/mA @ CL= 100pF. Note
that GBW/Is @ CL = OpF is going to be higher than that @ CL = 100pF.



Vos (Untrimmed) Input Offset Voltage VINcM = 0.65V < 5 mV

VOUTH High Output Voltage ISOURCE = I.OmA > VDD - 0.3V V
VoUT

VoUTL Low Output Voltage ISINK = 1.OmA < Vss + 0.3V V

CL = 100pF
ISOURCE Output Source Current > 1.0 mA

RL = 100kO

CL = 1OOpF
ISINK Output Sink Current > 1.0 mA

RL = I 00kO

Secondary Specifications

Symbol Parameter Condition Value Unit

SR Slew Rate Av = I V/V, IV Step > 0.15 V/gs

CMRR Common Mode Rejection Ratio @ DC > 60 dB

PSRR Power Supply Rejection Ratio @ DC > 60 dB

t, 0.1% Settling Time Av = IV/V, IV Step < 10 gs

Table 1-2: Design Specifications of Micropower Op Amp

With these specifications, the new design is expected to be a more versatile low-

power general-purpose op amp than the Micropower Op Amp in LTC1541. The unity-

gain frequency is specified to be greater than 300kHz so that the op amp can

accommodate a broader range of applications. At this frequency, the op amp has to be

properly compensated and well stable with 100pF load.

For supply current, the new op amp must take less than 21 pA in order to be

power-friendly to portable equipment and battery-powered systems. This power

restriction implies that the ratio of gain-bandwidth product to supply current has to be

greater than 14.3 MHz/mA at 100pF load, which is higher than that of the Micropower

Op Amp in LTC1541 or 8 MHz/mA at OpF load.

Another main specification of the new design is a large DC open-loop gain of

more than 100dB. The large DC open-loop gain is important for low-frequency detecting

applications such as gas sensors because it minimizes the gain error. Moreover, in these

applications, the input voltage is small and a large gain is needed to get a measurable

output [6].

The input common-mode range of the new micropower op amp is specified to be

wider than half of the supply voltage and must include the negative supply voltage. This

specification is imposed because a number of single-supply applications, such as the

photodiode amplifier in Figure 1-1, have to take the input at the ground level. In



addition, many dual-supply applications such as the inverting amplifier in Figure 1-2 are

often biased at its mid supply voltage or ground [6].

2.5V

Figure 1-1: Photodiode Amplifier with Single-supply

+1.25V

Figure 1-2: Inverting Amplifier with Dual Supplies

1.4 Thesis Organization

Chapter 1 gives an overview of low-power operational amplifiers and their

applications, defines the problem of interest, and sets the goal that this thesis seeks to

achieve.

The rest of the thesis is organized as follows. Chapter 2 discusses how the target

specifications constrain the design of input stage of the micropower op amp, and

demonstrates the input stage details resulted from the restrictions. Chapter 3 extensively



describes the output stage. The design of bias cell is presented in Chapter 4. Chapter 5

looks into the limitation on the gain bandwidth product in the context of frequency

compensation of two-stage op amps. It then presents the complete micropower op amps,

and selected simulation results. Lastly, Chapter 6 discusses the results and concludes the

thesis work. In addition, the appendices provide a complete collection of simulation

results of the proposed micropower op amp with different frequency compensation

schemes.



Chapter 2 Input Stage

This chapter examines a number of common input stages and explains how the

input stage design is shaped by the constraints from specification. It first reasons why the

PMOS input pair is chosen over the NMOS one. The related constraints, namely input

common-mode range, DC open-loop gain, and input offset voltage, are then discussed in

the design context. The input common-mode range requirement sketches the preliminary

topology of the input stage. The final architecture is the result of the open-loop gain

restriction. Lastly, the input offset voltage constraint instructs how the transistors have to

be sized.

Consideration of Transistor Type in Input Stage

One of the primary reasons that PMOS transistors are chosen for the input stage is

the fact that its input common-mode range includes ground for single-supply operation

[6]. There are a number of other benefits for having PMOS transistors as the input stage

rather than NMOS transistors [7]. First, PMOS transistors have less I/f noise. Second, a

PMOS input stage results in a higher slew rate than an NMOS one.

The following sections explain the design details of input stage based on the

consideration of the related constraints: input common-mode range, DC open-loop gain,

and input offset voltage.

2.1 Constraint 1: Input Common-Mode Range
One of the primary specifications of the op amp in design is to have the input

common-mode range that includes ground for single-supply operation as well as mid-

supply voltage for dual-supply operation. This section discusses different input stage

architectures and reasons why the single-ended folded-cascode configuration is used as

the input stage in the proposed micropower op amp.

Most op amps employ one of the following common topologies or their variants

as the input stage: single-ended or fully differential basic input stage, or single-ended or



fully differential folded-cascode input stage. The four common topologies are shown in

Figure 2-1, Figure 2-2, Figure 2-3, and Figure 2-4 respectively [8]-[10].

The basic input stage in Figure 2-1 has the maximum common-mode input of VDD

- (VSGP + VDS.SAT), which is high enough to accommodate mid-supply inputs for dual-

supply applications. However, its common-mode range cannot go down to ground for

single-supply operation, and therefore does not meet the requirement. The lowest of the

input range is only VGSN - VSGP + VDS.SAT, which amounts to be approximately 1 VDS.SAT to
2 VDS,SAT above the ground (In general, VGSN > VSGP because the input pair is usually

weakly inverted due to its large width, but the current mirror transistors are strongly

inverted).

VINP - VINM

VOUT

Figure 2-1: Basic Input Stage

The basic input stage may also be implemented as a fully differential architecture

shown in Figure 2-2, simplified from [8]. Its common-mode input level can go up to VDD

- VSGP - VDSSAT (same as that of Figure 2-1) and can go down beyond the ground to as low

as 2VDS,SAT - VSGP. Although it satisfies the input common-mode range specification, it

requires a common-mode control circuit, which in turn increases power dissipation in the

op amp. The second stage must also have differential inputs, which increases the power

dissipation even more. These extra implementation costs are its disadvantages, especially

for the op amp in design in which the total supply current has to be minimized.



VINP

VOL

VaBD

3 VINM

OUT2

Figure 2-2: Fully Differential Basic Input Stage 181

The folded-cascode topology in Figure 2-3, adapted from [9] to have the PMOS

input pair, has the same input common-mode range as the fully differential basic input

stage in Figure 2-2. Therefore, it satisfies the requirement. In addition, its input

common-mode range remains the same if a cascode current mirror or a wide-swing

current mirror is used instead of the simple current mirror shown in the schematic. The

only drawback is it consumes more current than the basic input stage for the same tail

current to implement the folded section. However, a wider input common-mode range

that includes ground for single-supply operation is more important. The input stage of

the proposed micropower op amp is based on this topology.



VINP =*

Figure 2-3: Folded-Cascode Input Stage (adapted from 191 to have the PMOS input pair)

The differential form of the folded-cascode input stage is shown in Figure 2-4 [9].

This topology has the same additional implementation need as the differential basic input

stage, and therefore is not appropriate for the author's design. Other input stage

topologies explored include the complementary input stage in [21]. It allows rail-to-rail

inputs. However, it needs a transductance control circuit to ensure that the input stage

has a constant transconductance across all the input range. This additional requirement

increases design complexity and results in more power consumption. Therefore, the

complementary input stage is not selected for the proposed micropower op amp.



VB2 C I

VINP

T2

Figure 2-4: Fully Differential Folded-Cascode Input Stage 191

2.2 Constraint 2: Large DC Open-Loop Gain

The specified DC open-loop gain is at least 100dB. This high DC open-loop gain

is one of the design goals because the op amp has to support many applications that

require very large gains at low frequencies. These applications include gas sensors and

other transducers such as thermocouples, bridges, hall-effect sensors and photodiodes

[10]. This high gain characteristic is not easy to achieve in a two-stage op amp.

The simple current mirror in the chosen folded-cascode input stage in Figure 2-3

has low output resistance, compared to Wilson current mirrors and cascode current

mirrors, and thus making it more difficult to meet the required DC open-loop gain. In

addition, VDS of MI 6 in the simple current mirror changes with the operating supply

voltage and the bias of the output stage, and thus undesirably causing the bias current in

M 16 to slightly vary upon those condition changes.



VINP .-

Figure 2-5: Input Stage of the Proposed Micropower Op Amp

The wide-swing current mirror [9] is chosen for the input stage of the proposed op

amp as shown in Figure 2-5. It has high output resistance and has the highest bandwidth

per drain current ratio after the basic Wilson mirror and the improved Wilson mirror [I I].

In addition, the wide-swing current mirror can operate with voltage down to 2 VSDo.SAT

across its output side, unlike both forms of Wilson current mirrors and the cascode

current mirror that require at least VSG + VSD.SAT across the output side to operate

properly, i.e. the transistors stay in the saturation region. With the increased output

impedance of the current mirror, the op amp not only has a higher DC gain, but also

higher CMRR and PSRR [10].

2.3 Constraint 3: Input Offset Voltage

The input offset voltage comes from two sources. They are systematic offset

voltage and random offset voltage [12], [13]. The systematic offset voltage is caused by

asymmetry in the op amp architecture. The random offset voltage is the consequence of

mismatches in transistor pairs such as the differential input pair. The contribution of the



random offset voltage on the total offset voltage is more significant than that of the

systematic offset voltage when the first stage gain is large. This condition is particularly

true in the author's design in which most of the op amp gain is from the input stage.

(Simulation results show the input stage gain is on the order of 104 in the proposed op

amp). As a result, only the random offset voltage will be considered in this section.

Transistor pair mismatch comes from the difference in their threshold voltage VT

and current factor f [14]. In general, the variation in the threshold voltage and current

factor becomes less as the transistor area increases. The following calculation of input

offset voltage for transistor sizing is based on the model in [14] and [15]. The standard

deviation of the threshold voltage difference A V, is described by

o(AV,) = A,

where Ar, is a constant depending on the process technology (usually less for smaller processes)

(2-1)

The standard deviation of the relative current factor difference - is described by

where Ap is a constant depending on the process technology

(2-2)

According to [14], the variance of the gate-source voltage difference in a

transistor pair with the same drain current can be described as

WL 4 A

where Vos is the offset voltage (or gate - source voltage difference of a transistor pair)

(2-3)

Equation (2-3) implies the effect of the current factor mismatch reduces as the overdrive

voltage decreases. In almost all circumstances, the threshold mismatch dominates the

offset voltage. For a 0.71im CMOS technology, the effect of the threshold mismatch is

more significant than the current factor mismatch for overdrive less than 1.4V [14]. In



the author's design where the total supply current is under 20V1 A, most transistor pairs are

weakly or moderately inverted. Therefore, the offset voltage can be estimated by only

considering the component due to threshold mismatch as

WL

(2-4)

This following section explains transistor sizing and input offset voltage consideration.

VINP H
IT

Figure 2-6: Input Stage with Transistor Sizes

The input stage with transistor sizes is depicted in Figure 2-6. The input referred

offset voltage is the result of the mismatch in the following 3 transistor pairs: M I 1-M 12,

M15-M 16, and MB 19-MB20. Transistor pairs M 17-M 18 and MI 13-M 14 do not affect the

input offset voltage. It is also not necessary to consider the offset voltage due to any

mismatch in the output stage because that offset voltage is divided by the gain of the

input stage when referred to the input [10], [14].

The micropower op amp is specified to have an untrimmed input offset voltage of

less than 5mV. In order to achieve good yields in IC production, the transistors are sized



such that three standard deviations of input offset voltage is less than 5mV. This

condition corresponds to yielding 99.7% of fabricated ICs having untrimmed input offset

voltage within +/- 5mV [16]. The transistor sizes in the final input stage design in Figure

2-6 evolve from preliminary hand calculation and simulation. The differential input pair

is sized to be very wide for two main reasons. The first goal is to make the input pair

having the highest transconductance gi, compared to other transistor pairs in the input

stage, so that the offset voltage due to the other pairs is attenuated as implied by (2-6).

The other intention is to keep its gate-source voltage small so that the input common-

mode range is increased. For the wide-swing current mirror, transistor pair MI 5-M 16 is

sized to be long to get high output impedance. The cascode transistor pair M I7-M 18 of

the mirror is sized to be wide to have high transconductance [10]. The following

calculation shows the course of preliminary hand calculation of input offset voltage using

the final transistor sizes.

Require 3a(Vos)< 5mV

a(Vs) < 5 mV
3

(2-5)

From the input stage in Figure 2 - 6,

( Fs)= 12 + m5 15 2 + m m6 192
il gmii

(2-6)

From (2-6), the transconductance ratio (•"' and (g"'9) will be made to be one to
ml gmil }

simplify the calculation. Hence, the calculated offset voltage will be an overestimate.

a(V Vs)= 2 +152 +a"192

(2-7)



For 0.7gLm CMOS technology [14] 4,
ArM, = 22mV · m

A,7 = 13mV. lm

7, 12 (2 V(;S) - , _ (22mV gm 0m)2  0.242mV2

(WL),, [4. (50pm) - (10 2 mm)]

2152(;s)A AV,( 2  (22mV- tm)2  -1.61mV 2

(WL),, [2 (1OCm) (15pm)]

B19 A 2  (13mV. jm)2  =0.094mV2
(WL),, 9  [15 (3tm) (40tm)]

o(V(o)= 0.242 +1.61 +0.094mV

o(Vos) = 1.39mV < 5 mV
3

If the input offset voltage were not a concern, the author could size input stage

transistors to be extremely small. This sizing would make the parasitic capacitances

minimal, so the unity-gain frequency would be higher without any other changes.

However, in practice, it is desirable for the op amp to have low input offset voltage, and

the input offset voltage specification must be met. Therefore, some transistors in the

input stage need to be sized to have large areas as shown in the calculation and Figure

2-6.

4 The constant A 7,for 0.6pm CMOS technology was not found in literature, so the one for 0.7Iim CMOS
technology is used instead. This choice will result in a conservative estimate of offset voltage because this
constant decreases as the process becomes smaller.



Chapter 3 Output Stage

In this chapter, the background on output stages and desired characteristics of the

proposed op amp are first explored. Then, the design of the output stage employed in the

proposed op amp is explained.

3.1 Output Stage Background

The output stage is needed for op amps that have to drive resistive loads or heavy

capacitive loads [17]. This section presents a brief introduction on the configuration of

output transistors and the classification of output stage biasing.

Configuration of Output Transistors

The arrangement of the output transistors in an output stage can be classified into

two basic configurations. They are complementary source-follower and complementary

common-source as shown in Figure 3-1 and Figure 3-2, respectively [18]. Since the

proposed micropower op amp needs to have a rail-to-rail output stage, the

complementary common-source configuration is used in the design.

VDD

VINA

VINB

Figure 3-1: Complementary Source Follower Configuration (181



VDD

VINA = |

VINB

Figure 3-2: Complementary Common-Source Configuration 118)

Output Stage Biasing

The three common biasing schemes for the output stage are Class A, Class B, and

Class AB. Class A output stage is easy to implement, but it dissipates power all the time

and cannot source or sink current from the load more than its quiescent current value.

Class B output stage saves power because it is inactive when there is no signal, but it has

crossover distortion when transitioning between the active input ranges of the two

devices. Class AB output stage keeps both of the output transistors on with a small

amount of biasing current so it does not have the distortion problem [19]. Moreover, it

can source or sink current when required by the load.

Desired Characteristics of Output Stage

The output stage of the proposed micropower op amp has to be able to swing rail-

to-rail. For the biasing, the output stage should maintain relatively constant quiescent

current across the operating supply voltage of 2.5V to 6.OV. Moreover, because of the

output source/sink current specification, it needs to have a large ratio of the maximum

sourcing/sinking current to the quiescent current. As a result, the output stage of the

proposed micropower op amp is in the complementary common-source configuration and

is biased by a Class AB scheme described in the next sections.



3.2 Translinear-Loop-Biased Output Stage

The biasing scheme of the proposed op amp output stage evolves from the

translinear-loop-biased configuration shown in Figure 3-3. This translinear-loop-biased

topology was presented in [20] and extensively investigated in [21]-[22]. It is also called

the Yin-Yang output stage due to the symmetry of biasing [23]. This output stage

exhibits Class AB characteristics. It can operate down to a supply voltage of 2 VGS +

2VDs if cascode current sources are used, and down to 2 VGs + VDs if simple current

sources are used. In addition, this output stage topology does not add noise and offset to

the op amp, provided that the two current sources biasing the bridging transistors, M23

and M26, are implemented by the existing bias currents in the input stage [21]. The

signals from the input stage, viA and VinB, feed directly to the gate of their respective

output transistor and also feed to the other transistor through the bridging transistors,

M23 and M26. While M23 and M26 actively bias the output transistors, nodes vINA and

VINB are always of high impedance regardless of supply voltage.



Figure 3-3: Translinear-Loop-Biased Class AB Output Stage

In the NMOS translinear loop, M23 is sized to be a times as wide as M21 and

M22 to accommodate 12 which is 2a times as large as I. The output device M2N is sized

to be b times as wide as M21 and M22 so that the output pair can sink and source large

currents and have high gm's. The same geometry guideline applies to the PMOS

translinear loop. In addition, PMOS transistors are sized to be 3 times as wide as their

NMOS counterparts because the hole mobility is approximately one third of the electron

mobility. This decision is made so that PMOS transistors have the same

transconductance and the same gate-source voltage as NMOS transistors under the same

condition, i.e. equal bias currents [18].

Quiescent Current

When the output stage is at rest, the quiescent current can be calculated from

either of the translinear loop. Consider the NMOS translinear loop M21-M22-M23-

M2N, the quiescent current is determined as follows, similar to an example in [18].



From the translinear loop,

V;S21 + Vs22ý' VGS23 +V ,S2N

(3-1)

Since V,, = VN + FID for NMOS transistors in saturation assuming the effect of

e + C,,x- )

channel length modulation is negligible.

(3-2)

V7TN21 + + VIN22 + = V7N23 + + VIN2N +

(3-3)

Since VIN2, = V7N 2N and V7N22  V7N23

(3-4)

(Note that V, 22 V7N 2 1. The body effect causes VIN22 > V7N because VyB22 > OV).

D)21 D22 I23 D•)2N

(W)21 + C 22  (WL +23 L 2
(3-5)

S E )2N1 22 +) 23

(3-6)
-2

D =21 + ID 22  23

(LW)21 (W22 (W323

(3-7)



r 
12

ID2N + 2 a

IVL 21

(3-8)

In the quiescent state, half of 12 flows through M23 and the other half goes through M26.
-2

I, = ID2N = b 2. - 2

(3-9)

Since 12 = 2al,

(3-10)

Q= D2N bl
(3-11)

The conclusion is the same for the PMOS translinear loop because of the

symmetry. The actual quiescent current may slightly differ from (3-1 1) from two causes.

The first one is all the transistors do not have the same VDs's, but the effect of channel

length modulation is ignored in the derivation. The other error source contributes to the

deviation from calculation if the transistors are not well in strong inversion. This

deviation is particularly true in the author's design because the currents of the translinear

transistors (except the output pair) are only in the range of 0.2 - 2.0pA. Although the

transistors have VGS > VTN, their overdrive voltages are less than 50mV, and thus operate

in moderate inversion. From the simulation of one of the proposed op amps in Figure

3-6, the quiescent current is found to be within I 1% of the calculated value, i.e. the

simulated quiescent current is 8.33gtA at Voo = 2.5V while the calculated value is

9.85pA.

As far as the current allocation is concerned, the total supply current should be

invested in the output pair transistors as much as possible so that the output stage

transconductance, gm2, is high. This design choice is made in order to put the op amp's

second pole location as high as possible. However, the remaining current has to be

enough for the first stage for two reasons. One is the tail current of the differential pair



input cannot be too small, otherwise the slew rate is too low. The other need is the

summing current mirror in the input stage has to be high enough so that the mirror pole

does not affect the op amp frequency response near the crossover point. In the proposed

op amps, the author distributes approximately half of the total current in the output pair

transistors, and verifies by simulation that the current left for the first stage after the bias

cell and the biasing of the output stage is sufficient.

Minimum Current in Output Transistors

When the load requires the op amp to source or sink current, one of the output

pair transistors is driven hard while the other is retained active with a small bias current.

For example, if the load draws current from the output stage, VSG2P increases to allow

more drain current in M2P. As a result, VSG26 reduces, following the translinear relation

VS(;24 + Vs625 = VSi26 + VS(i2P , because VSG24 and VSG25 are fixed by bias current Il.

Therefore, more of bias current 12 flows through M23. When all of 12 goes through M23,

M2N is biased with the minimum current rather than turns off as in the Class B output

stage.

The following calculation for the minimum current is done for M2N, but the same

result also applies to M2P in the opposite scenario [18].

Consider NMOS translinear loop M21 -M22-M23-M2N.

From (3-8), ID2 N )2N 21 [ I+2-•

The minimum current in M2N occurs when all 12 goes through M23.

IMI = ID2N = b (2 J, - ý
(3-12)

I,,MI = ID2 N= (2 - F)2 bl

(3-13)

Since I,) = blj

IA41N 'D2N (



(3-14)

IMIN = I2N = 0.3431I

In this proposed micropower op amp, the minimum current in the output

transistors is close to 0.4 6I1 according to the simulation result in Figure 3-7. This

difference from the calculation is caused by the fact that the transistors in the translinear

loops are in moderate inversion because of very low bias currents.

Maximum Current in Output Transistors

The maximum current is defined to be the maximum current that one of the output

transistors is capable of sourcing/sinking current while the other output transistor is

biased with the minimum current (rather than being turned off). To continue the analysis

from the minimum current section, the following absolute maximum current calculation

is performed for M2P [18], [23]. Again, the same result applies to M2N as well.

When M2N is biased at the minimum current, all of 12 flows through M23. VG2P

is pulled down to VG2N by M23, and it can be pulled down to be as low as VG2N +

VDS,SAT23 at most (to allow M23 to remain in saturation). The lowest gate voltage of M2P

is described by the following equation.

VGS21I +VGS22 - VGS23 +VDS,.SAT23 - VG2P

(3-15)
Under this condition, VSG2P is the largest and M2P conducts the maximum current. The

source-gate voltage of M2P can be expressed as.

Kvm2P = VDD - (VGS21 +VGS1 22 -VGS; 23 + VS,SAT23)

(3-16)

Rewrite VSG and VGS in terms of VTP, VTN, and ID.

2(-I2,P)

- F IC +LW
aPCo• L- ) 21'



D21F2 I
D + I7N22 +Co 2

V/,, - I VN 2 1+

Since VIN 22 = VN23

- VT/72P +

V,,- VIN21 +
I))

D21 2+
2I CD

F2 IA ju"Ci
S21)23
nC L 23

+ VI,,SA•. 23j

(3-18)

L2(w P

VIM +V7P2P - VN21 -VDSSAT23

(3-19)
Use the approximation,

1

SpC,, = -I P Ca3

pC oxjI (V,)/+ V7Y,2P,- I7N21- VSsSAT23 F 02b1l

(3-20)

= pCXL 2P (V1 o +P2 -VIN21 - VS,SATI23 )- 2 2bW - 2b(2al ),

(3-21)

2 -

022 -V7N 23

F2L I
+ VDS,SAT231

(3-17)

2(-I,)2 ,) =

J2c-r,2,



'E- 2
IMAX = -D2P= V, -VN2 2I- VSAT23 ( - 24N]

(3-22)

u,-2IMx = UD2P pC,[ x 2(Y V, + -V7N21 -VfssT 23)- 24 ( -12

(3-23)

For the following parameter values,

VDD = 2.5V

VTP2 P = -0.9V (typical value from [24])

VTN2, = 0.8V (typical value from [24])

I, = 0.2jA

a = 5, and b = 50

and VDSSAT23 is approximated to be 0. IV (because it is moderately inverted).

The maximum current, Im•U, calculated from (3-23) is found to be 0.98mA while the

simulated Im•X is approximately 1. mA as shown in Figure 3-7. At this point, the

minimum bias current in M2N is down to approximately 3tLA. This result indicates that

the ratio of the maximum current to the quiescent current is 133.

As (3-23) implies, the maximum current increases as the supply voltage goes up.

The derivation also applies to the case when M2N conducts IMAx and M2P is biased with

IMIN.

Variation of Quiescent Current over Supply Voltage Range

The translinear-loop-biased topology in Figure 3-3 is a robust Class AB output

stage, but it has a minor problem. The output pair quiescent current increases as the

supply voltage increases. This variation is due to the effect of the channel-length

modulation. Consider the NMOS translinear loop, M21-M22-M23-M2N, M21 and M22

have the same VDs regardless of the supply voltages because their gate and drain are

connected together. However, VDs23 and VDS2N become larger as the supply voltage

increases. For M23, as VDs23 goes up with supply voltage but the bias current is the same,

VGS23 becomes slightly smaller. As a result, VGS2N is slightly larger at a higher supply



voltage because the available voltage for M23 and M2N, which is set up by M21 and

M22 is the same. Together with the increase in VDS, M2N conducts more quiescent

current at higher supply voltages. The same observation is also true for the PMOS

translinear loop. The simulation in Figure 3-4 shows as much as 47% increase in IQ

when VDD goes up from 2.5V to 6.OV.
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Figure 3-4: Quiescent Current Il vs. Supply Voltage VDD in Translinear-Loop-Biased Output Stage

3.3 Modified Translinear-Loop-Biased Output Stage

The modified configuration shown in Figure 3-5 mitigates the variation in the

quiescent current over the supply voltage change. It is the topology used in the proposed

micropower op amp. This modified biasing scheme alleviates the change in IQ at a small

cost of extra bias currents.

The variation in IQ is reduced by allowing VDs22 and VSD25 to increase with the

supply voltage [23]. VGS22 and VSG 25 then become slightly lower as the supply voltage

increases, thereby leaving less voltage available for M23 and M2N, and M25 and M2P,

41



respectively. This effect counters the increase in VDs23 and VSD26, and thus keeps VGs2N

and VSG2P more constant over the supply voltage change. The simulation result in Figure

3-6 shows the variation in IQ is down to only 20% with the supply voltage change from

2.5V to 6.OV.

VDD

Figure 3-5: Modified Translinear-Loop-Biased Class AB Output Stage
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Chapter 4 Bias Cell

This chapter demonstrates the design of the bias cell used in the proposed op amp.

It explains how the reference current and reference voltages are generated and passed on

to the op amp. The need and the implementation of the start-up circuit in the bias cell are

also explained.

4.1 Reference Current in Bias Core

The bias cell core is implemented by the bipolar Widlar current source in Figure

4-1 [25], [26]. Transistor QB2's emitter area is N times as large as that of transistor QB 1.

In this design, N is chosen to be 5, which is the minimum of emitter area ratio normally

used. The reference current is generated by the base emitter voltage difference between

QB I and QB2 across resistor RB. Note that transistors QB 1I is in the forward active

region because QB I is diode-connected. At the minimum supply voltage of 2.5V, QB2 is

also in the forward active region because VCEB2 = VDD - VSGMB2 - IREFRB, which is greater

than VCE.SAT if the VSGMB2 and the drop across RB are not too high.
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Figure 4-1: Bias Core Generating Reference Current 1251, 1261

The reference current, IREF, can be determined by starting from the KVL equation

of the QB l-QB2-RB loop, as presented in [26].

p, +1
Vl 1 - VH2 IR+ I..R = 0

(4-1)

Find VBE in terms of Ic

Since I,. = I s 1 + e e , and assume VA >> Vy,,, [27]

(4-2)

I, = Ise V' , where V, = 26mV at 300K

(4-3)

Therefore, V,,, V. Vlnt(.i)

(4-4)

Is Is2 fr1



(4-5)

Since f,, >> 1, + 1

(4-6)

V7. In -V7. In I - R,,FRq = 0
Is1 IS2

(4-7)

V7 In c l REFR =0

R,
(4-9)

This result implies the bias cell's ability to provide a constant reference current

under process variation. From (4-9), the mismatch in the emitter area ratio AN from

process shifts is reduced to In(AN). Hence, the remaining source for error is the resistor

RB value (± 25% maximum) which can be reduced by adding a trimming resistor [25].

The current mirror transistors are sized to have the width of I 0pm and the length of 40p.m

so that they have a reasonable area and the mismatch is minimal.



4.2 Start-Up Circuit

VDD
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The bias core has two stable points: one with Ic, = Ic2 = 0, the other with Ic, =

Ic2 = IREF. Without the start-up circuit, VBof transistors QB I and QB2 could be at GND,

and thus not generating the reference current. For the bias core to generate a reference

current, the base voltage of QBI and QB2 must be initially pulled up from the ground by

a start-up circuit. A compact start-up circuit used in this op amp is shown in Figure 4-2

[25]. MSI and MS2 are sized to be narrow and long to minimize the start-up current, Isu.

The first two devices in the start-up circuit becoming active upon the power up

are MS I and MS2. The supply voltage across their gate-source voltages forces them to

turn on, and thereby, MSI and MS2 start to conduct start-up current Isu. The start-up

current is then mirrored to MS3-MS4, and MS5 respectively. At this moment, MS5 tries

to sink current from MS6, but MS6 cannot source any current because the bias core has

not been turned on. Therefore, the gate of MS7 is pulled to ground, causing MS7 to pull

the bases of QB I and QB2 up from ground and the bias core is in operation. Now, MS6



can source enough current to MS5 and turn MS7 off by pulling its gate up. Note that

MS6 is sized to be 10 times as wide as MB I and MB2 so that MS7 can be easily turned

off as soon as the bias core starts to supply IREF. The final current in MS6 is limited by

MS5.

The start-up current, Isu, can be estimated by the following. Upon the power up,

MS I and MS2 see the supply voltage across their gate-source voltages according to the

relation.

SGMS I + SGMS 2 = VDD

(4-10)

To simplify the calculation, the body effect on VTp increase of MSI is ignored, and the

following approximation is made.

(4-11)

And thus,

SMS 2 D2

(4-12)

MS2 is in saturation because it is diode-connected. The start-up current can be

approximated by

Is = -I ( , + V PMS2 )
2 L

(4-13)

I(,, =- -I 'V IGS2 + V(w P2 Ly.jsMs,,+ ' Io
(4-14)

ISU = -I D (' + ( 77 +

(4-15)

This approximation is an overestimate of Isu because in reality VSGMSI > VSGMS2 due to the

body effect.



4.3 Reference Voltages Bias Circuit

Besides the reference current generated by the bias cell, the op amp needs two

reference voltages: one is the reference voltage for PMOS cascode transistors, the other is

that for NMOS cascode transistors.

The circuit in Figure 4-3 shows how to set up the two reference voltages.

Start-up
Circuit

Figure 4-3: Reference Voltages Set Up in Bias Cell

MB5 sets up the reference voltage for PMOS cascode transistors, and MB8 sets up the

reference voltage for NMOS cascade transistors. The voltage at the gate of MB8,

VNCASCODEB, can be determined as follows.

Transistor MB6 mirrors the reference current, IREF, to MB8. Since MB8 is diode-

connected, it operates in the saturation region and

2 I
P " M - C

(4-16)



Similarly,

VI(ASCODEB = VD, - VMJS = VDJ - I - Vo

(4-17)

In the design, VNCASCODEB and VPCASCODEB are set up such that all the inner

transistors of current mirrors (e.g. transistors MBI and MB2 of current mirror MBI-

MB2-MB3-MB4, for example) operate in the saturation region by having VDs > 0.4V.

Together with IREF, VPCASCODEB, and VNCASCODEB, are passed on to the op amp.

In an IC, especially large ones, the supply voltage line and common ground line

vary slightly from one corner to another. Therefore, reference current IREF is fed to the op

amp as a current instead of the gate voltage of MB2 to ensure the accuracy of bias

currents in the op amp. In contrast, the cascode transistors' voltages, VPCASCODEB and

VNCASCODEB, are supplied to the op amp as voltages because their deviation from the

intended value has little effect on the biasing in the op amp.

The complete bias cell is shown in Figure 4-4. The value of reference current

varies as little as 3.1 nA when changing from the supply voltage of 2.5V to 6.OV. Figure

4-5 show the values of IREF, Isu, VNCASCODEB, and VPCASCODEP as a function of supply

voltage VDD.
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Chapter 5 Frequency Compensation

The previous chapters have explained the design process of the op amp and the

bias cell. The remaining part to complete the micropower op amp design is the frequency

compensation. This chapter briefly discusses two frequency compensation schemes. The

most popular compensation scheme, simple Miller compensation, is considered first.

Next, cascode compensation is explored as a potential scheme in extending the gain

bandwidth product but with a defect of causing peaking in the frequency response. The

combination of the previous two compensation schemes is then presented as the solution

which offers moderate improvement in gain bandwidth and eliminates the peaking

problem in the frequency response of the op amp.

5.1 Proposed Micropower Op Amp with Simple Miller

Compensation (SMC)
The most common scheme to compensate two-stage op amps is Simple Miller

Compensation (SMC) [28], [29]. The implementation is achieved by feeding the output

signal back to the input of the output pair transistors through capacitors Cc, and CC2 as

shown in Figure 5-1. A disadvantage of SMC is that the right half plane zero severely

compromises the phase margin. This problem can be alleviated by inserting nulling

resistors Rcl and Rc2 in series with the existing compensation capacitors to reduce the

feedforward signal. However, there is limitation on the values of the nulling resistors.

As their values increase, the left half plane zero moves toward lower frequencies.

Although this movement of the left half plane zero helps increase the phase margin of the

op amp, it also reduces the gain margin at the same time. In the proposed op amp with

simple Miller compensation, the gain margin is designed to be at least 10dB and this

requirement is the limit on the nulling resistors size. The complete micropower op amp

with Simple Miller Compensation (SMC) is illustrated in



Figure 5-2. Figure 5-3 and Figure 5-4 show its frequency response and transient

response respectively. With supply current of 201A, the proposed op amp with SMC has

a unity gain frequency of 360kHz with 61.50 phase margin at 100pF load.
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5.2 Cascode Compensation

The cascode compensation eliminates the feedforward signal by putting a current

buffer in the compensation path as shown in Figure 5-5 [30]. This technique was first

presented by Ahuja in [30]. It was also analyzed for Class A folded-cascode op amps by

Ribner and Copeland in [31], and for fully differential op amps by Hurst et al. in [32].

In the proposed micropower op amp, two current buffers already exist in the

design. One is the cascode transistor pair of the input pair. The other is the cascode

transistor pair in the wide-swing current mirror. Therefore, there is no need to establish

separate current buffers, and the compensation capacitors Cc3 and CC4 can be directly

connected to the embedded cascode transistors at node E and D respectively as depicted

in Figure 5-6. The results show a significant improvement in the speed. The unity gain

frequency extends to 991kHz as shown in Figure 5-7 when the output stage is at rest with

the same supply current and loading condition. However, when the transconductance of

the output stage transistors changes, there is peaking in the frequency response as shown'

in Figure 5-8. This defect in the frequency response greatly reduces the gain margin and

causes oscillatory behavior in the small-signal transient response such as the one in

Figure 5-9. In [33] and [34], Langen, Hogervorst, and Huijsing describe this problem of

using only cascode compensation in Class AB op amps and suggest the need of keeping

simple Miller compensation capacitors Cc, and Cc2 to prevent the peaking.
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5.3 Proposed Micropower Op Amp with Hybrid

Asymmetric Embedded Cascode Compensation

(HAECC)

In order to exploit the benefit of the cascode compensation, the proposed op amp

employs the hybrid of the simple Miller compensation and the cascode compensation

[33], [34]. The hybrid compensation maintains the simple Miller compensation path to

tame the frequency response when the current in the output stage change as shown in

Figure 5-10. The detailed schematic of the proposed op amp with this compensation

scheme is in Figure 5-11. The simulation results show an improved unity gain frequency

of 589kHz with the same supply current of 201pA and load condition of 1 OOpF as depicted

in Figure 5-12. The op amp now exhibits neither the peaking behavior in its frequency

response nor the oscillatory transient response when the current in the output pair change

as shown in Figure 5-13 and Figure 5-14 respectively
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Chapter 6 Final Results and Conclusion

Final Results

Two micropower op amp designs have proved to satisfy the project specifications

set forth in Chapter 1. They essentially have the same architecture, but employ different

frequency compensation schemes. The first one (Figure A-I in Appendix A) uses Simple

Miller Compensation (SMC). The other one (Figure D-1 in Appendix D) is compensated

by a combination of simple Miller compensation and cascode compensation, or called

Hybrid Asymmetric Embedded Cascode Compensation (HAECC) in this thesis. The

detailed simulation results of all op amp designs are in the appendices. Table 6-1

summarizes the characteristics of the proposed micropower op amp with simple Miller

Compensation (SMC). It has a unity gain frequency of 360kHz with 61.50 phase margin

when loaded with 100pF. The proposed micropower op amp with Hybrid Asymmetric

Embedded Cascode Compensation (HAECC) has a higher unity gain frequency of

589kHz at the same loading and power dissipation condition. Table 6-2 includes the

detailed simulated characteristics of the design with HAECC.

Table 6-1: Characteristics of 20pA Micropower Op Amp with Simple Miller Compensation (SMC
Simulation results are at 250 C. VDD = 2.5V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

CL = 100pF 0360
GBW s  Gain Bandwidth Product > 0.3 0360 MHz

RL = 1 00k (oM = 61.50)

Large-Signal Voltage Gain CL = 100pF
AVOL > 100 122 dB

(DC Open-Loop Gain) RL = 100kf

Is Supply Current No Load < 21 19.95 pA

VINCM Input Common-Mode Range - > VDD - 1.25V 1.3 V

5 Gain bandwidth product per supply current GBW/ Is = 18MHz/mA @ CL = 100pF.
6 Verified by CMRR simulation in Figure A-4.



and must include and includes

negative supply negative supply

voltage voltage

Vos (Untrimmed) Input Offset Voltage VINCM = 0.65V < 5 4.18 mV

VOUTH High Output Voltage ISOURCE = 1.OmA > VDD - 0.3V 2.34 V
VOUT

VOUTL Low Output Voltage ISINK = 1.0mA < Vss + 0.3V 0.19 V

CL= 100pF
ISOURCE8 Output Source Current > 1.0 1.55 mA

RL = 100kW

CL = 100pF
ISINK Output Sink Current > 1.0 1.04 mA

RL = 100kW

Secondary Characteristics

Value
Symbol Parameter Condition V Unit

Specified Simulated

Av= IV/V, IV
SR Positive Going Slew Rate > 0.15 0.223 V/1lsStep

Av= IV/V, IV
SR- Negative Going Slew Rate < -0.15 -0.236 V/gs

Step

CMRR Common Mode Rejection Ratio @ DC > 60 144 dB

Positive Power Supply Rejection
PSRR+ @ DC > 60 84.5 dB

Ratio

Negative Power Supply Rejection
PSRR- @ DC > 60 99.4 dB

Ratio

Av= IV/V, IV
t, 0.1% Settling Time < 10 5.29 ps

Step

Table 6-2: Characteristics of 20pA Micropower Op Amp with Hybrid Asymmetric Embedded
Cascode Compensation (HAECC)

7 Conservative estimate from calculation.
8 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as 1 jA.
9 Gain bandwidth product per supply current GBW/ Is = 29.5MHz/mA @ CL = 1 00pF.

Simulation results are at 250 C. VDD = 2.5V and Vss = OV.

Primary Characteristics



Large-Signal Voltage Gain CL = 100pF
AVOL > 100 122 dB

(DC Open-Loop Gain) RL = 100kiO

is Supply Current No Load < 21 19.95 pA

> VDD - 1.25V 1.3

VINCM 0  Input Common-Mode Range - and must include and includes V
negative supply negative supply
voltage voltage

Vos I
5  (Untrimmed) Input Offset Voltage VINCM = 0.65V <5 4.17 mV

VoUTH High Output Voltage ISOURCE = I.OmA > VDD - 0.3V 2.34 V
VOUT

VC)UTL Low Output Voltage ISINK = 1.OmA < Vss + 0.3V 0.19 V

CL= 100pF
ISOURCE12 Output Source Current > 1.0 1.55 mA

RL = 100ki

CL = 100pF
ISINK Output Sink Current > 1.0 1.03 mA

RL = 100Wk

Secondary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

Av = IV/V, IV
SR+ Positive Going Slew Rate > 0.15 0315 V/pts

Step

Av = IV/V, IV
SR- Negative Going Slew Rate < -0. 15 -0342 V/ps

Step

CMRR Common Mode Rejection Ratio @ DC > 60 144 dB

Positive Power Supply Rejection
PSRR+ @ DC > 60 84.6 dB

Ratio

Negative Power Supply Rejection
PSRR- @ DC > 60 99.5 dB

Ratio

Av = IV/V, IV
ts 0.1% Settling Time < 10 3.70 Ms

Step

10 Verified by CMRR simulation in Figure D-4.
" Conservative estimate from calculation.
12 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as I iA.



Discussion

The two proposed micropower op amp designs have a higher unity gain frequency

than the two commercial low-power op amp ICs previously mentioned, MAX9914 and

MIC861, when compared at approximately the same supply current and loading

condition. The design with HAECC offers a gain bandwidth product of 1.87MHz when

compensated to have phase margin of 450 at 15pF load as shown in Figure 6-1. Table

6-3 summarizes the frequency domain performances of the proposed design and

MAX9914.

In addition, when the proposed design is biased at 5pA, the one with HAECC

compensation gives a gain bandwidth product of 375kHz with the phase margin of 450 at

50pF as depicted in Figure 6-2, which is higher than that of MIC861. Table 6-4 presents

the overview of the comparison between the proposed designs and MIC861.
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Frequency Res onse
20pA Op Amp [IM=45 @ CL=15pF, vs

MAX9914] CL = OpF, RL I0k CL = 15pF, RL = 100k

GBW (MHz) Qm(0) GBW (MHz) mQ (0)

Simple Miller Compensation SMC 1.79 72 1.65 47

Hybrid Explicit Cascode Compensation HECC 1.63 68 1.56 46
Hybrid Asymmetric Embedded
Cascode Compensation HAECC 1.91 63 1.87 45

MAX9914131 - - 1.0 45
Table 6-3: Comparison of Unity Gain Frequency between the Proposed 20pA Micropower Op Amps

and MAX9914
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Frequency Response
5pA Op Amp [PM=45 @ CL=50pF, vs

MIC861] cL = OpF, RL = 100kK CL = 50pF, RE = 100kI

GBW (kHz) MD (O) GBW (kHz) M (0)

Simple Miller Compensation SMC 329 81 267 45

Hybrid Explicit Cascode Compensation HECC 369 79 327 46
Hybrid Asymmetric Embedded
Cascode Compensation HAECC 403 72 375 45

MIC86114] 350 N/A 225 4513
Table 6-4: Comparison of Unity Gain Frequency between the Proposed 5pA

and MIC861
Micropower Op Amps

Future Work

For the same op amp architecture, different frequency compensation schemes

result in different performance characteristics, especially the speed. One potential

direction to further this project is to improve the biasing scheme of the output stage. A

more power-saving biasing scheme for the output stage can help increase the speed of op

amps because more current can be allocated to the output pair and the differential pair.

Another potential improvement is to research on novel compensation techniques. This

work includes the optimization scheme in compensating an op amp such as how to

minimize the capacitors in the simple Miller path in the hybrid compensation while

guaranteeing op amp stability.

~3 The phase margin is not given in [4]. It is estimated from the datasheet that the IC has 2-3 periods of
decayed oscillation in the small-signal pulse response at 50pF load.
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Table A: Characteristics of 20pA Micropower Op Amp with Simple

Miller Compensation (SMC) from Simulation

Simulation results are at 250 C. VDD = 2.5V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

CL = 100pF 0.360
GBW'4  Gain Bandwidth Product > 0.3 MHz

RL = 100Wk (u = 61.5")

Large-Signal Voltage Gain CL = 100pF
AvoL > 100 122 dB

(DC Open-Loop Gain) RL = 100kW

Is Supply Current No Load < 21 19.95 pA

> VDD - 1.25 V 1.3

VINCM 15  Input Common-Mode Range and must include and includes V
negative supply negative supply

voltage voltage

Vos 16 (Untrimmed) Input Offset Voltage VINCM = 0.65V < 5 4.18 mV

VOUTH High Output Voltage ISOURCE = I.OmA > VDD - 0.3V 2.34 V
VOUT

VOUTL Low Output Voltage ISINK = I.OmA < Vss + 0.3V 0.19 V

C L = 100pF
ISOURCE 17  Output Source Current > 1.0 1.55 mA

RL= 100kI

CL = 100pF
ISINK Output Sink Current > 1.0 1.04 mA

RL = 100kQ

Secondary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

Av = IV/V, IV
SR+ Positive Going Slew Rate > 0.15 0.223 V/ls

Step

Av= IV/V, IV
SR- Negative Going Slew Rate < -0.15 -0.236 V/ts

Step

14 Gain bandwidth product per supply current GBW/ Is = 18MHz/mA @ CL = 100pF.
" Verified by CMRR simulation in Figure A-4.
16 Conservative estimate from calculation.
17 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as I tA.



CMRR Common Mode Rejection Ratio @ DC > 60 144 dB

Positive Power Supply Rejection
PSRR+ @ DC > 60 84.5 dB

Ratio

Negative Power Supply Rejection
PSRR- @ DC > 60 99.4 dB

Ratio

Av= IV/V, 1V
t, 0.1% Settling Time < 10 5.29 Is

Step
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.... R.........
~'Iii ~ '~ j~

L- -1 =1

mU-

U-,-1.

' ' '

'~~'~~'~~''~~'~''

~....~~~~~~~.1

'~''~~~~~~~~'~"

'

~--~--·--·r--r-·

... ~..~..~..~~~,

.. i..~..~..r..

' ' "

-- ·-- ·-- c--··-~

_-L--L__L__·--~

--L--C--C--·--I

-- L--C--C--·--I

I I I·I
.- L-.L..C-*.I

-L--L--C--L-~

~·L--L--C-.'·~I

I-.L--L--C--I--.

· · ·

-1;_1;__;_:1-1

' ~ '"`'~~'~~'~~'~~'~~'" ''~'~''~~'~'~~'~~'~~'~~'~'~~'~~'~''~~' ' '
.~.i..~..~..r..
.~.i..~..~..r..
... c.~..~..~.~

.~.i..~..~..r..

'··'

-·

--~--c..c.~c..
..~..~..c..·...
.. ~..,..~..~...

..·..c..c..c~.
- ·

~.r..c..c..c..

-.·. ~L--L--L-·

-- L--L--C--C-·

-. L~.L-·C--C-·

· · '

I

::(::I

--i--i--i--i--

f~~iii~
.r..r..·..r..

: : : :

... c.~..~..r..

·-- L-~--~--~--

·-- C-~--~--l--

·-. 1..~..~..1--1

j j j j

· ' ' ·

· ·

-- ~--1--I--~~·

--~--~--l--L--

-- ·-- ·-- ·.- L-·

· · ·

-'''

... ·.. ~..~..r..

- ' · ·-

..~.~..~..1..

· ~.L-~--~--·--

·-- C-~--~--~--

·- ~C-~~-~--~--

· · · ·

I ' J~~;~~'~''~~'~~

~~'~''~''~~'~~

--



...r.~.r..~.......... .................... * -- --------------------------- ------- -------- --- I -------------- --i---t--
---- --- --- ---- ..... .... ---- --- ---- ---

---- ---- ---- -..... ... ... ..........----~--~ ~.. - ---- -- --- --- --- --~ ---- ---- ------ --- ---
---i---i--------l--·-------i- r-- ..... ------- ------ ----- .......... .................. ... .......... .... .. ... ......~~-i~ ~ ---- ---- ---- i-swumsaga_________

---------- -- ------4-------- r .............. ..
4---- 4----- I.... ..... .... 4... .. . .
------------ ------ ~- -,- -- -- r---- .... .... .... ... .... .... ... .... .. --- I .. ... I--i -- ml--- -- -1 1- -
.. .. .. .. .... .. . -- --.. .. .. .. ... .. .. .. .. .. .. ... .. .. ..-- -- -

------------------ ---------:--- i- ---- --- ~----:----- -t ----,----I-----_- -------- .......... 1--
::::::i::i:::-::I:::::::::::i::li iT - -- ------- ------: -

. .. .. .. .. .. . --- --- .. ... . ----- --t-- ----- -- ---- --

..· ....... ... ...... .. ----i -- i- ----.;. ---- - -- - ----- - - --'- · ------ - - -- -- -r 1-
-flA - - - - - - - - - - - . - - -1 tar1

IA...,~.....~.i ~j~J..

3.5U 4. U 4.5U 5..W

UUCC

Figure A-15: Short-Circuit Source Current vs Supply Voltage

...... .......j::I::i

·---r-------,-----

r --T .. - -

-----------

r--- I ---- I----
- --- --- ---

2.5U 3.1lU
I(UISCH)

..........
....~...~.......i.......

r ... T-1 ~--·:----

:::::-::i:i i i i·---r---r---·l----l----

... ~1 ---i··-i-··i--·-
-- rct------i

.... : ··:

... :...:...:...~:...:;

..-i
: :

--- t---t---G--9---

... ~...~...i...j...

.~.~...i... i i

3.5U 5. dU 4.5U 5.5U 6.@U

UUCC

Figure A-16: Short-Circuit Sink Current vs Supply Voltage

2.5U 3.lU
I(UISCM)

5.5U 6.WU

-limi

-5IYm

Oil

.. ~.~---i·--f--f-·-
-- i·-·----- r---r---,----i----

.--- Li --- (-i----~---~

....i...i...i..i...
i : i i

·---r---r---,----~----

----i---i---i----i----' ' '
-I--i--~--:"~'~~''~~~'~~~~;~~~~
-;· -:-:--~----·--- r---t--- i--I:~1~-.i·

' ' '
.... ~...i...~...j....
....i...i...i....i...
.---i...;...i--..i.--.
.~. .)...1..~~.i ··----' ' '

r ---- T --- I----:--

r ---- T--- I----:--

L j .~.........

......~....~~,......~

I ... T r--- I---- I ---

'--- ------~----r-
r -- -- --- --

------i--------

r-t--- --- I ---

....i.....~.......

r ----- T --- I .. I--

---- ------- - -------

,- --,--1--'O : :~ -,----
i

J r-r---- l---
...,...;.....

20pq9:~~C~~.~

I



Ise-

*---:-x

... .44

-949

E-

-45d-

'-135d

-225d-

-271d-

-s3id-

.1 -X4CKDiC-. IF
I * *h 4

...:........

....._--2
.- 418

+-:--t X

........::

.....t

-- -IH -X4K4*

*---44-44

--ý-4Wi:Mi'..
* *144I

--- ý_Iii*N
* *44 44

......

.4 -. 444
.--*-4.44444

_Aoi_*xfliWN

--I- I -W I44 +4444~ +4444:

4 4 +'9

4 ,44ii~i

-444Kf; ; ; ;;;:;

"iiii~iii

--- 4 1 f Fm'44444.4444,4

44444iii~
44 4:ifi~

... ... .L "

pi

·----
... . I- I

---l---
--i--!-if!•

--- :- - ,,-,....~...........-n.

.- -, ., r ýr---. c-,-! !,+ I H*I
--- i- -- ,

"" ? •I·

--I- 4i4-,4Yi:

...........

.......::

444-""

--,- j.
---r- ý -M

"lf.

-- W:N..-. *-

.- ,- .i

---
., "X4

1.@MHz 1lmlz llmz 1.52z 15z lIMz 1.5MHz 1iHz 11HII z 1.11z 11H1 19"111z
] - •P(U(OUT)/(U(IPw)-U(INm))) -. DI(U(OUT)/(U(IlH)-U(IHI4)))

Frequency

I - r (Memo leu 81 1
Eviude 1 3 I *Z4roCroes( ouT)V( )-V(N 847186 3k 421 284G3 414.1116i 43343AW 430.15475

9 PhasemrgxD (U950 505Ux49 95 i80s0 91 702968 94 .908 94.91432
1oa84nOTV )-V( _9197 1748470 2591928 284220 8

i g PeaeA DE4WOUI:equ•IVW.Vnc 1 R-17spoe 1 16. 84812 s8vdiLon Fled Evead@blFud.onFI -0.l50,.,nFi

Figure A-17: Frequency Response with CL=0pF and RL=100kf @ iL=-1.0, -0.5, 0.0, 0.5, I.OmA

159

5.

i-

.--- H-I

_1-11 :4 -

...... 1.12111........

...I% IX

;;9~- ...; -,5

........ ...

..... ....
Lr"

--- 44

.... ...

VW

--- I-Ii"MH
......m
IV-:14PWR

..... ....

1.....:::
........ .j

1. 1 a.

---i-:iis
--I-f I-XIS
....:~:

4.~~PY
.--inr
......

...;Q
1:~·~

....-.....,

.........YY

I"" m (

IN

7_71-- Nll
.....Li:~

<74rrr~
...n....

......(~

1.milz 1mHz 1IMiz 1.HIz 11mz IHmz 1.WHz 1MNHz 1OHz 1.MHlz 1IlHz 11lmz
l[] , P(U(OUT)/(U(IHP)-U(lHl))) I , DB(U(OUT)/(U(IP)-U([1M)))

Frequency

Meaueement Resum

Evahte Measemeans 1 1 3 4
ZerOos(W(0OUT)(V(P).V(Va 418214241 421 87050k 413 3..30 .433 86420 .43086 .....k

vm - 94.916'1 - 95. 22150 87.91499 94.49051 94.57436 i

P GamnP (V(OUXV(n)-VcR p 2010790 189 0s9552 34,4437 22727398 22.81272
Figure A-18: Frequency Response with CL=IOpF and RL=o100kfl @ L =-1.O, -0.5, 0.0, 0.5, I.OmA

P CG

98d* Ia 445d Bn
4 9
S-13d-

9er
Ilid-

-225d-

-270d-

-315d
-36lid

.......... .....i..
................. . ....

.-i. .• --.- .. . .--i- - -.- .- . .

...... : •i,, " . . ,i ,•--•- .;-:: ... ... .... . . .. . . . . . .. ... .,.,.

.-- -: -,::- •- -:•. -- -'-':':'--:-'- ::• -'- H -- •- ''i: -"' -'- •- :• "' " •...... :: .'' '" ": " "': " " ' : : :"" : " " ....,... .•,.,., .: . , •.

... ........... . .,
.. .:•-; , _--j. .;-•• - --LIL-LU:-: -;-- --- - ,-,: ,,-- -: ; ... . ... .JJ-••:;*; :,•

-lOO - -' ....... ...... . ...... ....... ....... ... ' ": " : :

-184-

0ORMta
.....O
.....r

JIiti~

1.92Hz 1mlIz 1Oedz 1.lz 15z 1112z 1.5 (Hz O 15Hz 1GOHz 1. )Hz l1H1z lM1z12
[]i .. P(U(OUT)/(U(IHP)-U(IlH))) * DB I(U(OUT)/(U([IP)-U(INN)))

Frequency

IEvMe aMa f, 1 2 3 45
s(D41792143k1* 423 9271k 394B2741k 436.6543k 432.37773k

hU 90343 9101890 61 47403 90 67718 91.475141

32.o ,3o19)49... 1.se.. . ss 0 9 o..179. .. 8.02 29.•• .
Figure A-19: Frequency Response with CL=I00pF and RL=I00kf @ IL=-1. 0 , -0.5, 0.0, 0.5, I.OmA

IL
(mA)
-1.0

-0.5

0.0

0.5

1.0

I
a
i

4

I

S--4- 4 -F4-44:
__ -' ',• : t

F
0

Ia
n

U

S-

-9lo-

-135-
18ld

-225d-

-27.1-

-315d-

-6"3d-

Symbol

--{3

Phase

Gain

Phase

Gain

Phase
-A-

Gain

Phase

Gain

Phase

Gain

I
, nm-

J.,l

AM.

.g i
m

. . .. ...
ii• 

r

I I -148fXit
·--· mem~

4 - 1:um

3lll

-- rrmm
11111111
I · 1 11111

· 't-T~n~n111((·--·- ~~-1T·I111111
11111· ·-·- · ·I-·~·~11111· ·- ·-· ~-·~·n111111·--·- · ~-·~~~1111111··-·-·~-·~·I11111··· 1·11·-· ~-·~··1·11·1·.-·-··-1~··1111111··-·-·~-I~··11111··-·-·--i~··111111·- 111111···-···l-i~·l11111_··_·_·~_·~·I

:.::.:::~""'
"""'

""'"~''"~'"'
:.::.:::~""'

""'
""""

L -·-1. . .. ,

""-~--
--I--I!

--I- N. WXM~t:~

.........
KM..........

..........

j

---·-···---·-····

Or t-.

26"8-
M*

-l v. r-

-so-





-- c-,-

-- c-I-

-- r-,-

------

-- r-,-

__,_,_

-- r-~-

-- r-~-·

-- r-,-·-

-- c- ~-·i

-- L-~_.~

-- C-~-i

-- L-~-

y- --- -- ,.

.- .,,.-- i-- -" -", - y--r "-

" •- -Y-- -

SI V -r ci
S-'--- -- r-

U

Cicc

'... -~- ' ' '-r- c

--- ---- ----

-- r- ~- -r -- -- - -

-- 7 :--~------I----
---

--c-•--3--_____:. __C_.~ Iiii li! i i.ii

, i , , ,

a a A
o * N C c A

- r 9- 0 C h
r* N )

LN

UN

Q

UN

CN

0§1

mLL

c-
w=C2

I

=a
.-

LA
r
r
=
S
S
0

I

enl

I 1 I I



I c f .- .
-

a) CC0N 2) S CC

0 c u 0 m

, ,I

I

I , I

-1--~-!-t

-.--I.--:--

, ,

, ,I
-.l + 1 -

-i--r--+-
UN ro

N

CLLn a-0fUN

NI

I :I.-.-i--'--'-,
-m' - -- ;-- -

- -1-t-- c- -=-iii

'•! i i !
--- --- ----

ii L
Li, , ,

- !-t+:-,:---
.i c , i i-~

1• ..

I

I I
"'r--a-, -tii!-i--;--i--i-i
,-.!--l--i--c--

.•-C--I--i--,--

• - •- -1---- I--L-

C

o
@d

>-I-I--
..L • :

! ! I

III
I

I

I
I I

I
III

-- l--·r--c--l--
I I

I
I I I I

I I I I
I

I I I I
I

~-'. -I-. L--'-~
I I I I

I
I

I
-- l--~--c--l--

I I t I
III

I

o=

°.

I
I I

I

I
I I

I
-~--·--I--

I I

III
I
I I ·
I II

I

I
I

I I

I
-~~-·--I--

I

',-l-,-r -L-i

•..,.....-..,

-C!:

| ! i-c-

-- , -L-

i

Ill,

,,,l~

-I-,-• .. ..r --

i1,

-- ,-=+--c+----
,il

--i--i--i--i--
,111

Il l

'Il

Ti~-------i-

. l .a=.• ..
iii

,, 1

~- ~-1- -1- - F- ---

IIII

3

-- I

-- I

-- I

I-I

I
I

-- 1

-- I

I
I
I
I

I
I

-- I
I
I

-- I
I
I
I



Appendix B Schematics and Characteristics of

20pA Micropower Op Amp with Hybrid Explicit

Cascode Compensation (HECC)

LIST OF FIGURES IN APPENDIX B

Table B: Characteristics of 20pA Micropower Op Amp with Hybrid Explicit Cascode

Compensation (HECC) from Simulation........ ............................................97

Figure B-1: Schematic of 20piA Micropower Op Amp with Hybrid Explicit Cascode

Compensation (HECC) ......................................................... 99

Figure B-2: Frequency Response with CL= I OOpF and RL= I 00k ................................. 100

Figure B-3: Frequency Response with CL=O, 10, 100, 200, 500pF and RL=100k ....... 101

Figure B-4: CMRR vs Frequency with VIN=0, 0.65, 1.3V ........................................ 102

Figure B-5: PSRR+ vs Frequency with VIN=0, 0.65, 1.3V................................ 103

Figure B-6: PSRR- vs Frequency with VIN=O, 0.65, 1.3V ............................................. 103

Figure B-7: Small-Signal Transient Response with CL=I O0pF and RL=I 00k2 ........... 104

Figure B-8: Small-Signal Transient Response with CL=0, 10, 100pF and RL=100kW .. 104

Figure B-9: Large-Signal Transient Response with CL= 100pF and RL=I 00k ............ 105

Figure B-10: Large-Signal Transient Response with CL=O, 10, 100pF and RL=100I k 105

Figure B-1 I: Output Transistors Current vs ILOAD.......................................................... 106

Figure B-12: Rail-to-Rail Output Voltage (VIN and VOUT with Av=5) ........................ 106

Figure B-13: Positive Output Voltage Swing vs ISOURCE............................................. 107

Figure B-14: Negative Output Voltage Swing vs ISINK .................................................. 107

Figure B-15: Short-Circuit Source Current vs Supply Voltage .................................. 108

Figure B-16: Short-Circuit Sink Current vs Supply Voltage............................. 108

Figure B-17: Frequency Response with CL=0pF and RL=100kW @ IL=-1.0, -0.5, 0.0, 0.5,

1.0m A ...................................................................................................................... 109



Figure B-18: Frequency Response with CL=10pF and RL=100k0M @ IL= -1.0, -0.5, 0.0,

0.5, 1.0m A ............................................................................................................... 109

Figure B-19: Frequency Response with CL= 100pF and RL= 100k @ IL= - 1.0, -0.5, 0.0,

0.5, 1.0m A ............................................................................................................... 109

Figure B-20: Schematic of Bias Cell for 20LA Micropower Op Amp with Hybrid Explicit

Cascode Compensation (HECC) ................................. 110

Figure B-21: Reference Current and Reference Voltages vs Supply Voltage................ 111

Figure B-22: Quiescent Current in Output Pair and Tail Current in Differential Input Pair

vs Supply Voltage ........................................ 112



Table B: Characteristics of 20pA Micropower Op Amp with Hybrid

Explicit Cascode Compensation (HECC) from Simulation

Simulation results are at 25 0C. VDD = 2.5V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

CL - l0OpF 0.507
GBW'8  Gain Bandwidth Product > 0.3 MHz

RL = 100kW (4 = 61.20)

Large-Signal Voltage Gain CL = 100pF
AVOL > 100 120 dB

(DC Open-Loop Gain) RL = 100kn

Is Supply Current No Load < 21 19.88 pA

> VDD - 1.25V 1.3
VINCM 19 Input Common-Mode Range and must include and includes V

negative supply negative supply

voltage voltage

Vos20 (Untrimmed) Input Offset Voltage VINCM = 0.65V < 5 4.83 mV

VOIUTH High Output Voltage ISOURCE - I.OmA > VDD - 0.3V 2.34 V
VouT

VOUTL Low Output Voltage ISINK = 1.0mA < Vss + 0.3V 0.19 V

CL = 100pF
ISOURCE21' Output Source Current > 1.0 1.55 mA

RL = I00kW

CL = 100pF
ISINK Output Sink Current > 1.0 1.04 mA

RL = 100kK2

Secondary Characteristics

Value
Symbol Pa rameter Condition V Unit

Specified Simulated

Av= IV/V, IV
SR+ Positive Going Slew Rate > 0.15 0.271 V/ps

Step

Av= IV/V, IV
SR- Negative Going Slew Rate < -0.15 -0.298 V/ýps

Step

18 Gain bandwidth product per supply current GBW/ Is= 25.5MHz/mA @ CL = 100pF.
'9 Verified by CMRR simulation in Figure B-4.
20 Conservative estimate from calculation.
21 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as I A.



CMRR Common Mode Rejection Ratio @ DC > 60 126 dB

Positive Power Supply Rejection
PSRR+ @ DC > 60 72.4 dB

Ratio

Negative Power Supply Rejection
PSRR- @ DC > 60 62.7 dB

Ratio

Av-= IV/V, IV
ts 0.1% Settling Time < 10 4.40 ts

Step
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Appendix C Schematics and Characteristics of

20pA Micropower Op Amp with Hybrid

Symmetric Embedded Cascode Compensation

(HSECC)
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Table C: Characteristics of 20pA Micropower Op Amp with Hybrid

Symmetric Embedded Compensation (HSECC) from Simulation

Simulation results are at 250 C. VDD = 2.5V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

GBW 22  Gain Bandwidth Product > 0.3 0.617 MHz
RL = 100kK (QDM = 60.60)

Large-Signal Voltage Gain CL = 100pF
AVOL > 100 123 dB

(DC Open-Loop Gain) RL = 100k2

Is Supply Current No Load < 21 19.43 pA

> VDD - 1.25V 1.3

VIN 3  and must include and includes
VINCM Input Common-Mode Range V

negative supply negative supply

voltage voltage

Vos24  (Untrimmed) Input Offset Voltage VINCM = 0.65V < 5 4.17 mV

VOUTH High Output Voltage ISOURCE = I.OmA > VDD - 0.3V 2.34 V
VouT

VOUTL Low Output Voltage ISINK = 1.0mA < Vss + 0.3V 0.19 V

CL= 100pF
ISOURCE: 2  Output Source Current > 1.0 1.55 mA

RL = 100kKf

CL = 100pF
ISINK Output Sink Current > 1.0 1.04 mA

RL = 100kK

Secondary Characteristics

Value
Symbol Parameter Condition S u Unit

Specified Simulated

Av= IV/V, 1V
SR+ Positive Going Slew Rate > 0.15 0.254 V/PLs

Step

Av = IV/V, IV
SR- Negative Going Slew Rate < -0.15 -0.269 V/ps

Step

22 Gain bandwidth product per supply current GBW/ Is = 31.8MHz/mA @ CL = 100pF.
23 Verified by CMRR simulation in Figure C-4.
24 Conservative estimate from calculation.
25 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as It A.
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CMRR Common Mode Rejection Ratio @ DC > 60 147 dB

Positive Power Supply Rejection
PSRR+ @ DC > 60 88.4 dB

Ratio

Negative Power Supply Rejection
PSRR- @ DC > 60 103 dB

Ratio

Av= IV/V, IV
t, 0.1% Settling Time < 10 12 < t, <20 gs

Step
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Figure C-5: PSRR+ vs Frequency with VIN=0, 0.65, 1.3V
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Figure C-6: PSRR- vs Frequency with VIN=0, 0.65, 1.3V

)s 20L. HS......CL= ( C/---------------- ----------- ---- ------ --- %* * -------- ···----· · · i----- -------------- ---- --.....•........... --...-- .......... ---- - i-- --- -------- -- --- ---- -S-- ----- --- ---~-----;----- I----- ---- - -----1 ----- ----- ----- -------i----- I ---r-- ---r-- ------ .r... -- i------t-----

.....: ......... . :---- ........ . " .... .i .. .. ...... ... ..... .... ...... - ' -- .....- -.... -- - -

1. ORHz Ilflz I16knHz 1.Hz 19z 19z 1 *MHz 139Hz 1I @Hz 1. I3Hz 11z
DI((U(UDOA)-U($GUCC))/U(OUT))F

Frequency

Nemurement tu"s
-I E 'le Meam 1 3 3

'--" --̀ ~"""'i

"'i



70OUAHSE CO[=60* CL=OUp...... . ......... -----------.... ..... ............. . _. F . .... ..... ... o
.. ........................ I .......... : ........... -, ........... . . . . IL= Om A

---- ---- -- ---- -- ---- ----------i--- --i------- ·--- .. .... ·-- i··-t --··----

--- ---- ------ -- ---- - - - - '- -:------ --- ----- --
. . . . .. ............ .------ I .. -..-- -------

-. .. ..... . .. . - . --- -- -..... .. .....

·----- ·-:---? ---- +----- - -------.-------- I---- -L... ..........................--.-.....

S ..a... .................. ..
.---------------- -.... . ...... ...... ...... .... ... -.. . -..... " ... .. --... • .. ... .. ... .. .. ... .. .. ... ....

- ---....-.. .-..-... .... ..... . .... ~. -----. - -. . --. -..... ----...... .... ..... .....

85 5us 18 s 5us 2Ous
U(IWP) • U(OUT)

Time

MeElee owu Resulte

W I• SdmTIme KXRaNWOUT.O. 01.S .I us 1ul I 1389u
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Figure C-8: Small-Signal Transient Response with CL=O, 10, 100pF and RL=100kl
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Figure C-10: Large-Signal Transient Response with CL=0, 10, 100pF and RL=100kR
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Appendix D Schematics and Characteristics of

20pA Micropower Op Amp with Hybrid

Asymmetric Embedded Cascode Compensation

(HAECC)
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Table D: Characteristics of 20pA Micropower Op Amp with Hybrid

Asymmetric Embedded Cascode Compensation (HAECC) from

Simulation

Simulation results are at 250C. VDD = 2.5V and Vss = OV.

Primary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

CL = 100pF 0.589
GBW2 6  Gain Bandwidth Product > 0.3 0.589 MHz

RL = 100kK (m = 61.80)

2AVOL Large-Signal Voltage Gain CL = 100pF >100 122 dB

(DC Open-Loop Gain) RL = 100kW

Is Supply Current No Load < 21 19.95 pA

> VDD- 1.25V 1.3

VINCM
27  Input Common-Mode Range and must include and includes V

negative supply negative supply

voltage voltage

Vos 28  (Untrimmed) Input Offset Voltage VINCM = 0.65V < 5 4.17 mV

VOUTH High Output Voltage ISOURCE = I.OmA > VDD - 0.3V 2.34 V

VOUTL Low Output Voltage ISINK = I.0mA < Vss + 0.3V 0.19 V

2 CL = 100pF
ISOURCE29 Output Source Current > 1.0 1.55 mA

RL = 100kW

CL = 100pF
ISINK Output Sink Current > 1.0 1.03 mA

RL = 100kW

Secondary Characteristics

Value
Symbol Parameter Condition Unit

Specified Simulated

Av= IV/V, IV
SR+ Positive Going Slew Rate > 0.15 0.315 V/ts

Step

SR- Negative Going Slew Rate Av = 1 V/V, 1 V < -0.15 -0342 V/ps

26 Gain bandwidth product per supply current GBW/ Is = 29.5MHz/mA @ CL = 100pF.
27 Verified by CMRR simulation in Figure D-4.
28 Conservative estimate from calculation.
29 Maximum output source current is measured when the other transistor in the output pair starts to turn off,
i.e. its current goes down to as low as I tA.
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Common Mode Rejection Ratio

Positive Power Supply Rejection

Ratio

Negative Power Supply Rejection

Ratio

0.1% Settling Time

Step

@ DC

@ DC

@ DC

Av= IV/V, IV

Step

134

CMRR

PSRR+

PSRR-

ts

> 60

> 60

> 60

< 10

dB

dB

dB

gs

144

84.6

99.5

3.70
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Figure D-5: PSRR+ vs Frequency with VIN=0, 0.65, 1.3V
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