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ABSTRACT

DESIGN AND FUNCTIONALITY ANALYSIS OF OPERATIONAL AMPLIFIERS

WITH RAIL-TO-RAIL INPUT AND OUTPUT CAPABILITY

Publication No.

Mingsheng Peng, Ph.D.

The University of Texas at Arlington, 2007

Supervising Professors: W. Alan Davis and Ronald L. Carter

The operational amplifier (op amp) is a fundamental building block in analog
integrated circuit design. For low power-supply voltages, the common-mode input
voltage and the output voltage of op amps are always required to be able to swing from
the negative power-supply rail to the positive power-supply rail, i.e., rail-to-rail. In this
dissertation, op amps with rail-to-rail input and output capability are investigated. This
dissertation mainly focuses on the rail-to-rail input stage design. Two different rail-to-
rail input stages with a single differential pair and a common-mode adapter are
presented. The common-mode adapter is used to shift the common-mode input voltage.
Two new common-mode adapters for the input stage with a single differential pair are

developed. The first common-mode adapter is based on a pseudo-differential pair, and

v



the second one is based on current subtraction. Three bipolar and two CMOS op amps
with rail-to-rail input and output capability are designed. The circuit simulation and
chip test results are given in this dissertation. There are many aspects of performance
for op amps. With different topologies, op amps may have different performance. One
certain op amp may be good at some aspects but poor at others. The General System
Performance Theory is a systematic method for system performance analysis. In order
to get a single figure of merit, the General System Performance Theory is applied to
compare the overall performance of the designed three different bipolar rail-to-rail op

amps.
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CHAPTER 1

INTRODUCTION

The operational amplifier (op amp) was originally designed to perform
mathematical operations like addition, subtraction, integration, and differentiation.
However, the op amp has become one of the most versatile and important building
blocks in analog integrated circuit design. It has numerous applications such as active
filters, buffers, digital-to-analog converters, analog-to-digital converters, audio
amplifiers, voltage regulator, and so on [1-7].

1.1 Background and Motivation

There is a trend toward lower power-supply voltage for integrated circuits [8].
Why low supply voltage? [4]. First, due to the scaling down, the integrated devices
become smaller and smaller. A component with a smaller dimension is subjected to
breakdown at a lower voltage, so it requires low supply voltage for device reliability.
Second, it is due to the demand of battery-powered portable systems. For one single
regular battery cell, the voltage is about 1.5 volts. The third reason is for low power
consumption. For digital circuits, a low supply voltage always means low power
consumption. It is not always true for analog circuits. Usually, in a system, the analog
circuit is only a small part compared to the digital circuit part. Thus the lower supply

voltage means the lower power consumption for the overall system.



With a lower supply voltage, the common-mode input range (CMIR) and the
output voltage swing range of op amps are always reduced. In order to obtain a high
signal-to-noise ratio and a large dynamic range, the output signal needs to be as large as
possible [2]. The largest output signal swing is from the negative power-supply rail to
the positive power-supply rail, i.e., rail-to-rail. This is true for either non-inverting gain
amplifiers or inverting gain amplifiers.

Figure 1.1 shows an inverting gain amplifier configuration. Generally, the open-
loop gain of an op amp is very high, so the voltages at the two input terminals are
forced to have nearly the same value. This value or more precisely the average of the
voltages at the two inputs is called the common-mode input voltage [9]. In this
configuration, the non-inverting terminal is biased at a fixed voltage, so the requirement

for the CMIR of the op amp in an inverting gain amplifier configuration is not high.

Ri

Vin (e, I\/\/\I -
>~—O Vout

Figure 1.1 Inverting_gain amplifier configuration.

Figure 1.2 shows a non-inverting gain amplifier configuration. The common-
mode voltage at the input terminals of the op amp changes with the changing of the
input signal voltage. If the input voltage swing is large, then requirement of the CMIR

of the op amp in a non-inverting gain amplifier configuration is high.
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Figure 1.2 Non-inve;ting gain amplifier configuration.

For applications like a voltage buffer, the large common-mode input voltage
range and output voltage swing are preferred. The best CMIR and output swing are
from rail to rail. An output stage with a rail-to-rail swing is relatively easy to design
with class-A or class-AB topology [10]. The key problem is to design a rail-to-rail input
stage with constant transconductance over the CMIR.

For rail-to-rail op amps, there are many different kinds of input stages and
output stages [3, 11-15]. For example, the rail-to-rail input stage can have
complementary differential pairs or a single differential pair with a common-mode
adapter. One topology may be good at some aspects of performance but poor at others.
The question is “which op amp is the best in overall performance?”” The General System
Performance Theory (GSPT) [16-18] is a systematic method for system performance
analysis. The GSPT can be used to compare the performance of op amps and obtain a
single-valued figure of merit.

1.2 Organization of the Dissertation

This dissertation is divided into six chapters. Following this introduction, the
design of rail-to-rail input stages is described in Chapter 2. Two types of rail-to-rail

input stages are discussed. The first type of input stages use complementary differential



pairs, and the second type of input stages use a single differential pair with a common-
mode adapter. In this chapter, a rail-to-rail bipolar complementary input stage with
improved CMRR is presented, and two rail-to-rail input stages with a single differential
pair and a common-mode adapter are designed. Two new common-mode adapters are
developed. The first common-mode adapter is based on a pseudo-differential pair, and
the second one is based on current subtraction.

Other circuit parts needed to complete the design of op amps are discussed in
Chapter 3. It includes the output stage, the intermediate stage, and the output protection
circuit. The frequency compensation for stability is also discussed in this chapter.

In Chapter 4, the overall operational amplifier circuits are discussed. Three
different three-stage bipolar and two different two-stage CMOS rail-to-rail input and
output op amps are designed. The simulation results and chip testing results are given in
this chapter.

In Chapter 5, the General System Performance Theory is applied on the
functionality analysis and comparison of the designed three bipolar rail-to-rail op amps.

Finally, the conclusion and future work are given in Chapter 6.



CHAPTER 2

INPUT STAGE

The task of the input stage of an op amp is to amplify the differential-mode
input signals but to reject the common-mode input signals. One important specification
of the input stage is the common-mode input range (CMIR). The CMIR is defined as
the valid range of the common-mode input voltage that maintains the normal operation
of the input stage. Other important specifications of an input stage are the input offset
voltage, common-mode rejection ratio, and input referred noise. To some degree, the
input stage also determines the gain-bandwidth product, phase margin, and slew rate
[19].

In this chapter, rail-to-rail input stages are discussed. Section 2.1 describes
differential pairs for input stages. Section 2.2 discusses rail-to-rail input stages with
complimentary differential pairs. Section 2.3 discusses rail-to-rail input stages with a
single differential pair and a common-mode adapter.

2.1 Differential Pair

The differential pair is commonly used in the input stage of op amps. It can be
either an n-type or a p-type differential pair as shown in Figure 2.1 and Figure 2.2.
Figure 2.1(a) shows an npn bipolar differential pair. When the common-mode

voltage is too high, both Q; and O, go to the saturation region; when the common-mode



voltage is too low, Qs goes into the saturation region. The upper limit of the CMIR,
Vemmax), 1 the maximum common-mode input voltage to keep O and O, in the forward
active region. The condition to keep Q; and O, in the forward active region can be

expressed as

VCB + VBE = VCE 2 VCE(sat) = VCB 2 VCE(sat) - VBE (2.1)
where Vegan 1s the saturation voltage for O and O, which is the minimum collector-

emitter voltage to keep Q) and (- in the forward active region. Assuming that the

voltage across R or R is V12, then

VCM Vcc + VBE - VCE(sat) - Vm,z (2-2)

(max) =
where Ve is the positive power-supply voltage. With proper values of resistors R; and

Ry, Vemmaxy can exceeds Vee by Vi =V — Vi, - The lower limit of the CMIR,

Vememiny, 18 the minimum input voltage to keep Qi, O», and Q3 in the forward active
region. So it must be Vgr of Q1 and O plus Veggay of O3 above the negative power-

power supply voltage, Vgg. It can be express as
Vew (min) — Vig + Ve + VCE(sat) (2.3)

From (2.2) and (2.3), the CMIR of the npn differential pair can be represented as

VEE + VBE + VCE(sat) < VCM < Vcc + VBE - VCE(sat) - VRI,Z (2~4)

Figure 2.1(b) shows a pnp bipolar differential pair. Similarly, the CMIR can be
represented as

VEE - VBE + VCE(sat) + VRI,Z < VCM < VCC - VBE - VCE(sat) (2-5)



The common-mode input voltage cannot reach V. The lower limit of the common-

mode voltage can exceed Ver by Vi —Vepay = Vaia -

Vee

(b)

Figure 2.1 Common-mode input voltage range for (a) an npn differential
pair and (b) a pnp differential pair.

CMOS differential pairs are shown in Figure 2.2. The CMIR for CMOS
differential pairs are similar to the bipolar counterparts. For the NMOS differential pair
in Figure 2.2(a), the CMIR is given by

VSS + VGS + VDS(sat) < VCM < VDD + VTH - VRI,Z (2.6)
where Vg is the threshold voltage of the MOS transistor, and Vpgsay) 1s the saturation
voltage. For the PMOS differential pair shown in Figure 2.2(b), the CMIR 1is given by

Vss - VTH + VRI,Z < VCM < VDD - VGS - VDS(sat) (2-7)

In Figure 2.1 and Figure 2.2, the loads for the differential pair are resistors.
They could be active loads [20]. For the active load case, the CMIR of the differential

pair is similar.
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Figure 2.2 Common-mode input voltage range for (a) an NMOS
differential pair and (b) a PMOS differential pair.

2.2 Rail-to-Rail Input Stage with Complementary Differential Pairs

As shown in previous section, for a single differential pair, the common-mode
input voltage cannot be rail-to-rail. One popular way to implement a rail-to-rail input
stage is to use complementary differential pairs by placing a p-type differential pair and
an n-type pair in parallel [3, 11], which is shown in Figure 2.3 and Figure 2.4.

2.2.1 Simple Complementary Input Stage

By placing an n-type differential pair and a p-type differential pair in parallel [3,
11], when common-mode voltage is high, the n-type pair conducts, and when common-
mode voltage is low, p-type pair conducts.

Figure 2.3 shows a bipolar rail-to-rail complementary input stage; Figure 2.4
shows a CMOS rail-to-rail complementary input stage. In Figure 2.3 and Figure 2.4, the

right-hand part is the current summing circuit [11]. The folded cascode transistors sum



the n-type and p-type differential pair currents into one output current. Vpi4s provides a

bias voltage for Qs and Q.
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(P Itai2 Vee Ry % % R
o ’o)
\ J
v —
Complementary Current Summing
Differential Pairs Circuit

Figure 2.3 Bipolar rail-to-rail complementary input stage.

For the circuit in Figure 2.3, in order to obtain a rail-to-rail common-mode input
range, at least one of the differential pairs should conduct for any common-mode input
voltage. To avoid a forbidden voltage range in the middle between the negative and
positive power-supply rails, the supply voltage should have a minimum value [3, 21] of

Vsupain = 2Vie + 2V crsa (2.8)

For the CMOS rail-to-rail input stage with complementary differential pairs as shown in
Figure 2.4, the minimum supply voltage is

Vsupain = 2Ves + 2V psisan (2.9)

A drawback of the simple complementary input stage in Figure 2.3 or Figure 2.4

is that the transconductance, G,,, varies as the common-mode input voltage changes. In



Chapter 3, it will be shown that the non-constant-G,, input stage impedes an optimal

frequency compensation and introduces distortion [11, 22, 23].
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Complementary Current Summing
Differential Pairs Circuit

Figure 2.4 CMOS rail-to-rail complementary input stage.

Figure 2.5 shows the simulation result of the normalized tail current for the npn
and pnp pairs over the common-mode input range of the input stage in Figure 2.3. The
bipolar transistor SPICE models [24] for the simulation are given in Appendix A.
Because the current through the differential pairs and the total transconductance of the
input stage is a function of /741 and I742, the simulated results are normalized [25].
Figure 2.5 shows when the V¢y, is low, the pnp pair is on, the npn pair is off, and the tail
current through the npn pair is zero; when the V¢, is high, the npn pair is on, the pnp
pair is off, and the tail current through the pnp pair is zero; when V¢y, is in the middle of
the power-supply rails, both npn and pnp pairs are on, and the transconductance of the

input stage doubles in this range, which is shown in Figure 2.6.
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Figure 2.5 Normalized tail current versus the common-mode input
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Figure 2.6 Normalized transconductance versus the common-mode

input voltage for the input stage of Figure 2.3.

2.2.2 Constant-G,, Complementary Input Stage

In the saturation region, the transconductance of a MOS transistor is

proportional to the square root of the drain current. It can be expressed as

g, = 2k'(%j1,) (2.10)

11



where k' is the transconductance parameters [20] for the MOS transistor, which equals
the product of the carrier mobility and the oxide capacitance density; W/L is the channel
width to length ratio; Ip is the drain current.

The constant transconductance of a CMOS complementary input stage is
realized by developing a bias circuit, which produces the tail current /, for the NMOS
pair and the tail current /, for the PMOS pair, so that the total transconductance is

constant over the entire common-mode input range. It can be expressed as

\/21{'([) 1 +\/2k' (Kj 1 =constant (2.11)
n L n 4 L 4
n P

where k', and k', are the transconductance parameters for the NMOS and PMOS

transistors, respectively; (W/L), and (W/L), are the channel width to length ratios for the
NMOS and PMOS transistors, respectively.

There are many ways to implement CMOS rail-to-rail constant-G,,
complementary input stages [10, 12, 21, 25-30]. In this section, bipolar rail-to-rail
constant-G,, complementary input stages will be discussed in detail. For the bipolar
technology, the transconductance of a transistor is proportional to the collector current

[20], which can be described as

I

v (2.12)

Em =

where /¢ is the collector current, and V7 is the thermal voltage. A bipolar constant-G,,

complementary input stage can be realized by keeping the sum of the tail current

12



through the npn pair, /,,,, and the tail current through the pnp pair , /,,,, constant. It can
be expressed as

+1  =constant (2.13)

npn pnp

A realization of a bipolar constant-G,, complementary input stage is shown in

Figure 2.7 [11]. Vggr is used to set the base voltage of Qi,, Va1, i.€., to set the base
voltage of Q12 at Vg + Vzgr. The npn differential pair, O, and Q,, is normally activated
by the current source /74 via Q> and the current mirror, Qi3 and Qj4, while the pnp
differential pair is not operating. When V¢ys decreases through V1o, the emitter current
is gradually steered from the emitter of Qi to the pnp pair, O3 and Q4, removing current
from the npn pair. A turn over between 10 to 90 percent of the current takes place in a
voltage turnover range of about 120 mV [11], centered at V5. The total current through
the npn and pnp differential pairs is I74;. Since the total current is constant, the

transconductance of the combination of the pnp and npn differential pairs is constant.

o Ve o
(1) Iran Rs é % Rs
-
Qs Qs\‘ ? Qs
Vaias
v _"\/012 vV i Iout
in+ Q1 Qz in— Q7‘/ \&QB
VREF(I) Q1§—EQ14 Ry % % Re
o o
Vee

Figure 2.7 Rail-to-rail constant-G,, complementary input stage.
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Figure 2.8 shows the simulation results of the normalized tail current of the npn
and pnp pairs. When V¢y, is a little bit smaller than base voltage of Qi2, Vpi2, the pnp
pair conducts, and the npn pair is off; when the V), is a little bit greater than Vj,, the
npn pair conducts, and the pnp pair is off. The normalized transconductance of the

whole input stage is shown in Figure 2.9. The transconductance is almost constant over

the common-mode input voltage range.
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Figure 2.8 Normalized tail current versus the common-mode input
voltage for pnp and npn pairs in the input stage of Figure 2.7.
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Figure 2.9 Normalized transconductance versus the common-mode
input voltage for the input stage of Figure 2.7.
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One disadvantage of this kind of input stage is that the offset voltage may vary
for different common-mode input voltages, and this causes a low common-mode
rejection ratio (CMRR) [31]. When the npn differential pair conducts, the offset voltage

is shown to be [4]

- (2.14)

5.6 R7,3 131,2

AR AR Al
VOS(npn) = VT (2 = + = + - J

where ARs¢ and Rs g are the difference and average of Rs and R, respectively; AR; g and
R g are the difference and the average of R; and Rg, respectively; Als;» and Is; » are the
difference and the average of the saturation current of Q) and Q,. Similarly, when the

pnp differential pair conducts, the offset voltage is shown to be [4]

AR AR, . Al
L S“] (2.15)

. 5,6
VOS(pnp) =V, ( 7 +2 7 7
5,6 7,8 S3.4

where Alg; 4 and I3 4 are the difference and the average of the saturation current of O3
and Qg.

The CMRR is defined as the ratio of the differential-mode gain to the common-
mode gain. From an application point of view, the CMRR can be considered as the
change in the input offset voltage results from the change in the common-mode input
voltage [20]. It can be expressed as

-1
CMRR = [%j (2.16)
cM
In the case of perfect match, the offset voltage and the variation of the offset voltages

are very small over the common-mode voltage range. According to (2.16), the CMRR is

15



very high. In reality, the component mismatch is a statistical process, and the offset
voltages may be different when the different pair conducts.

Figure 2.10 shows the simulated offset voltage over the common-mode input
voltage range for the op amp of UTA242, which uses the input stage in Figure 2.7. The
details of UTA242 will be discussed in Section 4.1. A 2% emitter error mismatch
between the transistors of the differential pairs is assumed. When the pnp pair is on, the

offset voltage is about 0.5 mV; when the npn pair is on, the offset voltage is about -0.5
mV.
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Figure 2.10 Offset voltage versus the common-mode input voltage.

The simulated CMRR over the common-mode voltage range is shown in Figure
2.11. From this figure, it can be seen that the CMRR is very poor at the transition range
between the pnp and npn pairs. The minimum value of the CMRR is about 40 dB which

is at around the Vgzgr above Vgg. The poor CMRR dues to the short transition range and

the large offset voltage difference between the pnp and npn pairs.
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Figure 2.11 CMRR versus the common-mode input voltage.

2.2.3 Constant-G,, Complementary Input Stage with Improved CMRR

As mentioned in previous subsection, for a complementary input stage, the
CMRR is poor in the transition region between the pnp and npn differential pairs. One
solution to improve the CMRR is to increase the transition range [32-34]. Figure 2.12
shows a bipolar input stage with improved CMRR. The difference from the input stage
in Figure 2.3 is that (i, is diode connected, and a resistor R; is inserted between Qi»
and ;3. Resistor R; and transistor Q> pull a current almost proportional to the
common-mode input voltage and hence distribute /74, over the two differential pairs.
When the common-mode input voltage changes, the tail current of one pair gradually
increases, and the tail current of the other differential pair gradually decreases. So it
increase the transition region between the pnp pair to the npn pair. The offset voltage

changes progressively, which improves the CMRR according to (2.16).
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Figure 2.12 Rail-to-rail constant-G,, complementary input stage with improved CMRR.

The simulated normalized tail current of the npn and pnp pairs is shown in
Figure 2.13. It can be seen that the transition region between the pnp and npn pairs is
increased compared to the results in Figure 2.8. The size of the transition range is

determined by the value of the resistor R;.
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Figure 2.13 Normalized tail current versus the common-mode input
voltage for pnp and npn pairs in the input stage of Figure 2.12.
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The simulation result of the normalized transconductance of the whole input
stage is shown in Figure 2.14. The transconductance is almost constant over the
common-mode input voltage range. There is a small variation when transition is made

between the npn and pnp pairs.
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Figure 2.14 Normalized transconductance versus the common-mode
input voltage for the input stage of Figure 2.12.

Figure 2.15 shows the simulated offset voltage over the common-mode voltage
range for the op amp of UTA243, which uses the input stage in Figure 2.12. UTA243
will be discussed in Section 4.2. As in the previous section, a 2% emitter area mismatch
between the transistors of the differential pair is assumed. The simulated CMRR over
the common-mode input voltage range is shown in Figure 2.16. Figure 2.16 shows the
minimum CMRR is about 60 dB, which is about 20 dB higher than the result of the

input stage in Figure 2.7.
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Figure 2.16 CMRR versus the common-mode input voltage.

2.3 Rail-to-Rail Input Stage with a Single Differential Pair

For a CMOS complementary input stage, the required minimum supply voltage

182V + 2V gy » @nd for the bipolar counterpart, it is 2V, + 2V, - When the supply

voltage is less than the minimum voltage, there is a forbidden common-mode region

[35], in which both n-type and p-type differential pairs are off.
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For a CMOS complementary input stage, to obtain a constant transconductance
over the common-mode input voltage range, the NMOS and PMOS transistors should

be matched, which can be expressed as

' 4 ot Z
(%) -6(%) o

The matching can be achieved by sizing the NMOS and PMOS transistors properly [23]
with the knowledge of k',/k', ratio. In general, the values of k',/k’, ratio are different for
different processes. Even for the same process, the ratio can change significantly from
run to run [23]. Figure 2.17 shows the histogram of the &',/k’, ratio for TSMC 0.18 um

CMOS technology [36]. It can be seen that the variation of k',/k’, ratio is about 10%.
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Figure 2.17 Histogram of the k',/k’, ratio for TSMC 0.18 pm CMOS technology.

If only a single differential pair is used, the required minimum supply voltage is

about Vg + 2V 5 » Which is one Vs less than that of a complementary input stage. As

long as the tail current through the differential pair does not change, the

transconductance is constant over the common-mode input range.
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For a conventional differential pair, as seen from Section 2.1, the common-
mode input voltage range cannot be rail-to-rail. Some solutions have been proposed. A
bulk-driven CMOS differential pair was proposed [14, 37]. The disadvantage of the
bulk-driven CMOS differential pair is the small transconductance and poor high
frequency response. In [38], a floating gate transistor input stage was proposed. The
floating-gate transistor needs special process steps [39], which is costly. In [40], a local
charge pump was designed to provide a higher local supply voltage for the input
differential pair. Recently, common-mode adapters were proposed to extend the
common-mode input range [13, 41, 42].

In this section, the operation of the common-mode adapter is described. Then
two new input stages with common-mode adapters are introduced. The first common-
mode adapter is based on a pseudo-differential pair, and the second one is based on
current subtraction.

2.3.1 Common-Mode Adapter

For an op amp with a PMOS differential pair input stage, the common-mode
voltage cannot be near the positive power supply rail. Otherwise the tail current source
transistor goes into the triode region. In order to solve this problem, a common-mode
voltage adapter can be used. A two-stage op amp with a common-mode adapter [13] is
shown in Figure 2.18. The common-mode adapter is placed in front of the input
differential pair. The adapter circuit shifts the common-mode signal voltage, and keeps

the differential-mode signal voltage unchanged.
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Figure 2.18 Two-stage op amp with a common-mode adapter.

According to (2.7), the common-mode voltage at the gates of the differential

pair M, and M,, V'cy, should be at least Vs +V 5, below Vpp. The common-mode

adapter is used to shift the common-mode input voltage to a lower value when the input
common-mode input voltage, V¢, is too high.

Figure 2.19 illustrates the operation of a common-mode adapter. The common-
mode adapter is implemented by inserting level-shift resistors between the input
terminals, which are labeled as V;,+ and V;,., and the gates of the differential pair of M,
and M, , which are labeled as V',+ and V";,., respectively. The current through the level-
shift resistors is controlled by level-shift current sources, /15, which is a function of Ve,
115 should have the shape as in Figure 2.19.

From the common-mode adapter circuit in Figure 2.19, the relationship between
the corresponding input voltages can be expressed as

I (2.18)

Ryl (2.19)
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Figure 2.19 Diagram of the operation of a common-mode adapter.

If the components are perfect matched, the differential-mode signal is
unchanged, and the common-mode voltage is shifted to a lower value, which can be
described by

VC,‘M = (Vn'er

+ Vu;— )/2 =Vey =Ryl is (2.20)

Vin =Vie + Vi = Ve (2.21)
where V¢y and Vg, are the common-mode voltage and differential-mode voltage at the
input terminals, respectively; V'ey and V', are the common-mode voltage and
differential-mode at the gates of the differential pair, respectively; R.s is value of the
level-shift resistors; /5 is the level-shift current, which is a function of Viy,.

For the PMOS differential pair in Figure 2.19, when Ve is lower than

Voo =Vas = Vs » 1t 18 low enough for the PMOS differential pair to work even without

a common-mode adapter. In this range, the common-mode adapter is not active, and

almost no current goes through the level-shift resistors. When Vey, is higher than
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Voo =Vis = Vs » the adapter circuit starts to be active, and the current /s starts to go

through the level-shift resistors. If V¢, increases more, then more current goes through
the level-shift resistors. It reaches the highest level-shift current /)4y when V), is near
the positive power supply rail. So the maximum common-mode voltage can be shifted

is Rps'Imax. This value should be equal or greater than Vg +V 5, -

For an ideal case, there is no mismatch between components, so the offset
voltage is low, and the CMRR is high. For a practical case, a mismatch exists in the
current sources or level-shift resistors between the left and the right branches. The extra

offset voltage of A(R,(/,) is introduced. Because ;s is a strong function of the

common-mode input voltage, according to (2.16), the CMRR may be very low when the
adapter circuit is active. Another drawback of this input stage with adapter circuit is that
the level-shift resisters introduce extra noise. The value R;s and [3,4x must be chosen as
the best tradeoff among the noise, die area, and power consumption.

In [13] and [42], the authors proposed two common-mode adapters based on
common-mode feedback. With the feedback loop, it could cause stability problems. In
this section, two new common-mode adapters for single differential pair input stages are
presented. The first one is based on a pseudo-differential pair, and the second one is
based on current subtraction.

2.3.2 Input Stage with a Common-Mode Adapter Based on a Pseudo-
Differential Pair

Figure 2.20 shows a rail-to-rail input stage with a new common-mode adapter

[43]. Mys1, Myso, Mys3, and M4 are the level-shift current sources. R;s; and R, are the
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level-shift resistors, which have the same value. M5 and M,¢ are used to transfer the
level-shift current to the NMOS level-shift current source transistors. The level-shift

current is controlled by the level-shift current generator on the left part of Figure 2.20.
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Figure 2.20 CMOS rail-to-rail input stage with a common-mode adapter
based on a pseudo-differential pair.

The input signals V;,+ and V;,. are applied on the gates of M), and M,,. The
sources of M;; and M), are connected together, and the drains are also connected
together. Because the open-loop gain of an op amp is usually very large, the
differential-mode voltage, V,,, is very small. So the effect of V, on the adapter circuit
can be neglected. Thus M;; and M), can be considered as one double-sized transistor.
Transistor M3 and the combination of M;; and M,, form a differential pair structure. It
is not a true differential pair, so this common-mode adapter is named as common-mode
adapter based on a pseudo-differential pair. The tail current of the pseudo-differential
pair is Iux. The gate voltage of M3, Vi3, is fixed by the voltage source of Vggp.

Neglect the effect of the differential input voltage, the voltage at the gate of the
26



equivalent transistor of M;; and M, is Vey. Suppose M;; and M, have the same size,
and the size of M;; is W/L, which is twice the size of M;; or Mi,, then the current

through M, and M, can be approximately expressed as [20]

1 kKw 4]
I(VCM) :EIMAX +THT(VCM _VG13)'\/%_(VCM _VG13)2 (2-22)

If Ve equals to Vs, then the current though M4 is Iyx/2, and the current is mirrored
to the level-shift transistors; if V¢ys is high then Vi3, then there is more current goes
through M4; if Ve is lower then Vs, then there is less current goes through M 4. The
WI/L ratio of the transistors controls the slop of the curve [20].

It should be pointed out that the common-mode voltage cannot be higher

thanV,,, =V 50y - When Ve is between V,, =V 5,0 and Vpp, the level-shift current

source transistors Mys; and Mg, operate in the triode region. So strictly speaking, it is
not a true rail-to-rail input stage but quasi-rail-to-rail input stage [42].

The level-shift current versus the common-mode input voltage is shown in
Figure 2.21, which is similar to the curve in Figure 2.19. Figure 2.22 shows common-
mode voltage on the gates of the differential pairs, V'cyy, for different Ve, at the input.
This figure shows the common-mode voltage is adapted to a lower value when the Ve
is large. The values of the level-shift current and V'cy in Figure 2.21 and Figure 2.22
may be different for different cases. The normalized transconductance of the input stage
is shown in Figure 2.23. It shows the transconductance is almost constant over the
common-mode voltage range. The common-mode input voltage can reach within Vpgay
of the positive power-supply rail, Vpp.
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The input stage with a common-mode adapter in Figure 2.20 can also be
transformed to a bipolar version, which is shown in Figure 2.24. In Figure 2.20, the
PMOS differential pair is used. Here the npn differential pair is used. The operation of
the input stage in Figure 2.24 is similar to the input stage in Figure 2.20. In Figure 2.24,
the two emitter degeneration resistors Ry, and R;3 are used to increase the linearity of

the level-shift current as a function of the common-mode input voltage.
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Q16 ﬂ I 5 6
o L9 . Qe
* AVains
V,'n_ }_G Iout
—
Rsi2 ! Q; Qs
VRer

;R7 Rg

Figure 2.24 Bipolar rail-to-rail input stage with a common-mode adapter
based on a pseudo-differential pair.

O

Level-Shift Current
Generator

Figure 2.25 shows the level-shift current versus the common-mode input
voltage. It shows that when the common-mode voltage is low, the level-shift current is
high; when the common-mode voltage is high, the level-shift current is low. Figure 2.26
shows the common-mode voltage at the bases of the differential pair, V’cy, versus the
common-mode input voltage. Figure 2.27 shows the normalized transconductance of the

input stage versus the common-mode input voltage.
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Figure 2.25 Level-shift current versus the common-mode input voltage.
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Figure 2.27 Normalized transconductance versus the common-mode
input voltage for the input stage of Figure 2.24.
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2.2.3 Input Stage with a Common-Mode Adapter Based on Current Subtraction

Figure 2.28 shows a rail-to-rail input stage with a single differential pair and a
new common-mode adapter based on current subtraction. In Figure 2.28, the sources of
M, and M,, are connected, and the drains are also connected together. The input
voltages are also applied at the gates of M;; and Mj,. The current through M, and M),
are controlled by the current source transistor M3, and the maximum current through
M3 1s Iyay when it is working is the saturation region. The sum of the drain current of
D13, Ip13, and the drain current of M4, Ip14, 1S Iyax, 1.€., Ip14 1s the difference of I, and

Ip13. It can be expressed as

(2.23)

Ipyy =1y —1Ipg;

Level-Shift Current
Generator

Figure 2.28 CMOS rail-to-rail input stage with a common-mode adapter
based on current subtraction.

Ip14 1s then mirrored to the level-shift currents mirrors. When the common-mode input

voltage, Ve, is lower than V), = V)65 = Vosii» Mis 1s in saturation region. Ip13 equals
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Iyvax. According to (2.23), Ipi4 is zero. So the level shift current, /g, is also zero. When

Veu increases from Vi, =V 50 —Vis toward Vpp, Mis starts going into triode

region, and Ip;3 starts decreasing, so Ip4 starts increasing until /p;3 equals to zero. The
minimum value of Ip;3 is zero, so the maximum value of Ipi4 is I4x. Because of the
current subtraction operation, this common-mode adapter is named the common-mode
adapter based on current subtraction.

Figure 2.29 shows the level-shift current versus the common-mode voltage.
Figure 2.30 shows the common-mode input voltage at the gates of the differential pair,
V'ewm, versus the common-mode input voltage. Figure 2.31 shows the normalized
transconductance of the input stage versus the common-mode input voltage. The
transconductance is almost constant over the input common-mode voltage.

This input stage can also be transformed to a bipolar version. The schematic of

the bipolar input stage are not given here.
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Figure 2.29 Level-shift current versus the common-mode input voltage.
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input voltage for the input stage of Figure 2.28.

2.4 Summary

Two types of rail-to-rail input stages have been discussed in this chapter. The
first one is based on complementary differential pairs, and the second one is based on a
single differential pair and a common-mode adapter. One disadvantage of

complementary input stages is the required minimum supply voltage is about
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2V + 2V for bipolar technologies or 2V ¢ +2V ., for CMOS technologies.

Another disadvantage is the CMRR is poor at the transition region between the p-type
and n-type differential pairs. The CMRR was improved by means of increasing the
transition region between the pnp and npn pairs. In this chapter, a bipolar constant-G,,
complementary input stage with improved CMRR was designed. The required
minimum supply voltage for the input stage with a single differential pair is about

Ve + 2V g for bipolar technologies or Vg +2V 4, for CMOS technologies. The

disadvantage of the input stage with single differential pair is that the common-mode
adapter increases the power consumption, and introduces extra noise and offset voltage.
Two different rail-to-rail input stages with a single differential pair and common-mode
adapter were presented. Two new common-mode adapters were introduced. The first
one is based on a pseudo- differential pair, and the second one is based on current

subtraction.
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CHAPTER 3

OTHER CIRCUIT PARTS AND FREQUENCY COMPENSATION

The design of the rail-to-rail input stages have been discussed in Chapter 2. An
op amp can have only one gain stage. Usually a one-stage op amp does not have enough
open-loop gain for typical applications. In order to obtain enough open-loop gain, two
or more gain stages are required for an op amp. The rail-to-rail output stage is discussed
in Section 3.1; the intermediate stage is discussed in Section 3.2; the current reference
circuit is discussed in Section 3.3; the output protection circuit is discussed in Section
3.4. For two-stage or three-stage op amps, compensation circuits are needed for
stability. The Miller compensation and nested-Miller compensation methods are
discussed in Section 3.5.

3.1 Output Stage

The purpose of the output stage is to deliver power into the load. The most
important specifications of output stages are the output voltage swing range, power
efficiency, and distortion. To obtain better power efficiency, a class-AB output stage
should be used. The ideal output voltage swing is from rail to rail. To obtain a rail-to-
rail output swing, the conventional emitter-follower or source-follower configuration is
not suitable. The output transistors must be in a common-emitter or common-source

configuration.

35



3.1.1 Class-AB Output Stage

The voltage follower, common-emitter or common-source configuration, is the
most popular class-AB biasing topology because of the simplicity, low output
impedance, and good linearity. Figure 3.1(a) shows a voltage-follower class-AB output
stage configuration with complementary bipolar transistors. In Figure 3.1(a), O1, 0>, Os,
and Q4 form a translinear loop [44]. It yields

VBEI + VBEz = VBE3 + VBE4 (3.1)

Assuming that Q), O, O3, and Q. transistors have the same size, because of the
logarithmic relationship between the base-emitter voltage and the collector current of a
bipolar transistor, the product of the push and pull currents is constant. It can be
expressed as

1 push -1 pull — 1 ;IAS (3.2)
where 1,4, is the push current through the pnp output transistor Oy, and Z,.; is the pull
current through the npn output transistor Q.

The load for the output stage is not shown in Figure 3.1(a). The output current
is the difference between 1, and 1,,;. The quiescent current, /p, is the current through
the output transistors when the output current is zero. According to (3.2), Iy equals to
Ipi4s. The push current and pull current versus output current relationship is shown in
Figure 3.1(b).

One drawback of the voltage follower class-AB bias scheme is the output

voltage swing cannot be from rail to rail. The maximum output voltage is
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Ve +Vepsa below Vee, and the minimum output voltage is Vy, + Vo, above Vee. So

the conventional voltage-follower configuration is not suitable for low voltage design.
In order to have rail-to-rail output voltage swing, common-emitter configuration is often

used, as shown in Figure 3.2(a).

Vee
o . o)
Iias l .
Qs Qu oy Imax
Vin —
Vout Ipull Ipush
Q4 Q
| l lpull IQ
BiAS
o . o)
Vee 0 lou—
(@ (b)

Figure 3.1 (a) Voltage follower class-AB output stage with
complementary bipolar transistors and (b) the push current and pull
current as a function of the output current.

An efficient class-AB biasing must satisty following four requirements [21, 45]:
(a) the ratio of maximum current, /,,., to the quiescent current, /p, must be high for high
efficiency; (b) the minimum current, /,,;,, should not be much smaller than the quiescent
current to avoid high-frequency distortion; (c) the class-AB transition must be smooth
to avoid low-frequency distortion; (d) The output transistors must be driven by a
preceding stage directly without delay from the class-AB control circuit. Figure 3.2(b)

shows the push current and pull current for an ideal class-AB biasing.
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Figure 3.2 (a) Common-emitter rail-to-rail class-AB output stage with
complementary bipolar transistors and (b) the ideal push current and
pull current as a function of the output current.

3.1.2 Rail-to-Rail Class-AB Output Stage

Both class-A and class-AB circuits can be used to implement rail-to-rail output
stages [10]. The class-A output stage has good linearity, but poor current efficiency. A
class-AB output stage is commonly used to obtain good current efficiency.

In order to obtain a rail-to-rail output voltage swing, a common-emitter or
common-source output stage must be used. Many rail-to-rail class-AB output stage
topologies have been proposed. They are classified into two categories — the
feedforward class-AB output stage [28, 46, 47] and the feedback class-AB output stage
[11, 25, 26, 45, 48]. In [48], the authors proposed a feedback-controlled class-AB rail-
to-rail output stage. Figure 3.3 is a modified class-AB rail-to-rail output stage based on

the output stage in [48].
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Figure 3.3 Rail-to-rail class-AB output stage with Darlington output transistors.

There are two inputs for this output stage, which drive the output Darlington
pairs directly. They are in-phase signals, which have the same amplitude and polarity.
In Figure 3.3, O; and Q; are the pnp Darlington pair output transistors, and 0> and Qs
are the npn Darlington pair output transistors. The Darlington topology is used to
increase the gain [20]. The collector current of the pnp output transistor, s, 1s sensed
by Ois, and then transferred to Og. The collect current of npn output transistor, ., is
sensed by Q;3, and then transferred to Q14, Ois, and Qe.

011 and Q) form a differential pair, which compares the emitter voltage of Qs
and Q7 to the reference voltage of the two diode-connected transistors, Oy and Q. If
the voltages are unequal, a correction signal is steered to both Darlington pairs by the
feedback amplifier O;; and Q),, until the two voltages are equal. Qs and Q; form a
minimum selector [3, 21, 49]. Suppose npn output transistor O, is driven hard, the base-
emitter voltage of Qg is higher than the base-emitter voltage of Qg. Then all the tail

current 2/p451 flows to Os. So the Qs base-emitter voltage is fixed by the differential
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feedback amplifier O;; and Q;,. Then the collector current through Qs is fixed, and the
pull current is fixed at a nonzero value. In a similar way, if pnp output transistor Q, is
driven hard, the push current is fixed to a nonzero value.

The sizes of the output transistors are n times the size of the sensor transistors,
013, O14, O15, Os, O16, and Qs, so the pull current is #n times the collector current of O,

and the push current is n times the collector current of QOs. It can be expressed as

1
leg =—1, (3.3)
n
1
IC8 = _Ipush (34)
n
Transistors QOs, Os, O7, and Qg form a translinear loop, therefore
Tos Ao =1cq I (3.5)
The tail current for the differential pair Os and Q7 is 21p4s1. It yields
Tos+1cy =21y, (3.6)

Because of the differential feedback amplifier Q;; and Q),, the sum of the base-emitter
voltages of Oy and Q)¢ is equal to the sum of the base emitter voltage O, and Os. So

1

c7’

I

s~

I

c9’

ICIO :IBIAS12 (3.7)

From (3.3) through (3.7), we have

L, 1.2 (3.8)

1 push 1° L1

1

pull
The quiescent current through the output transistors, /o, can be obtained by equaling 7,

and J,,, 1n (3.8). It yields
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I,=n-1g,q (3.9)

The minimum value of /,,; and 1, can also be shown to be

L =51 sy = T (3.10)

Equation (3.8) can be rewritten as

1 1Y (1, (1 ’
Ipush_EIQ ) Ipull_EIQ = EIQ = En'IBIASI (3.11)

The relationship among the push, pull, and output currents is similar to the curve in
Figure 3.2(b).

One drawback of the feedback-controlled class-AB Darlington output stage is
the minimum supply voltage is high. From the path of Q;, O3, O11, Q9, and Q)y, it can be
observed that the minimum supply voltage for this output stage is about 3Vse + Ve .

3.2 Intermediate Stage

So far, the input and output stages have been discussed. A two-stage op amp
only has an input stage and an output stage. However, if a high open-loop gain is
required, then an additional intermediate stage is needed. An extra stage may cause a
stability problem. Thus it requires a more complicated compensation scheme.

Figure 3.4 shows a differential intermediate stage [4]. The purpose of this
intermediate stage is to amplify the current signal. The inputs are differential signals,
and the outputs are two in-phase signals, which are required by the output stage in
Figure 3.3. Q7 and Qs are in an emitter-follower configuration with no voltage gain but

with current gain, which increases the overall op amp gain.
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Figure 3.4 Intermediate stage.

3.3 Current Reference Circuit

A bias circuit is used as a reference current source for the biasing current of an
op amp. The reference current source should be independent of the supply voltage.
Figure 3.5 shows a current reference circuit [50].

In Figure 3.5, Q) and O, are two identical current sources, which are controlled
by a loop amplifier [50]. In this way, the equal bias conditions are maintained for
different supply voltages, and the influence of the finite early voltage is eliminated. The
emitter area ratio of Q4 to Q3 is n. From the above current reference configuration, the
bias current [20] is given by

.
Iyyss =20 (n) (3.12)
4

where V7 is the thermal voltage. From (3.12), the bias current is independent of the
supply voltage, and it is proportional to the absolute temperature. So it is called a

proportional to absolute temperature (PTAT) current source.
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Figure 3.5 Current reference circuit.

There are two possible stable operating points in this circuit. A start-up circuit is
needed to avoid the zero current state. In Figure 3.5, the start-up circuit is not shown.
The reference circuit with a start-up circuit will be discussed in Chapter 4.

3.4 Output Protection Circuit

For a rail-to-rail output stage, the output transistors are very easy get into the
saturation region. In order to avoid this, an output saturation protection circuit is
needed. Figure 3.6 shows the npn half of a Darlington output stage, Q; and 0, driving a
load, R; [51]. If a large current is drawn by R;, then the collector-emitter voltage of QO
is very small, and it gets into the saturate region. Heavy saturation of the output
transistor should be avoided because it takes time to get rid of the charge stored in the
base of the output transistor. In Figure 3.6, transistor ;3 is used to measure base-
collector voltage of O;. When Q) is in heavy saturation, the base-collector junction is

forward biased, and Qs is in the reverse active region. There is current that flows
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through O3, which reduce the current driving O». The ratio of the emitter areas of Q; to

the emitter area of O3 controls the amount of saturation allowed.

Vee
O O
Vout
= Q g
i—"
lin RL
KQI —
(e, O
VEE

Figure 3.6 Saturation protection circuit for a Darlington output stage.

If the output stage is driven hard, then there is large current that flows through
the output transistor. It dissipates lots of power, which may destroy the op amp. In order
to prevent this from happening, an output current limiting circuit is needed. Figure 3.7

is the current limiting circuit for a npn Darlington pair of the output stage [4, 51].

Vee

— Vout

Vee

Figure 3.7 Current limiting circuit.
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Transistor Q4 is used to sense the current through the output transistor Q. If O,
is driven hard, then the current through Q4 will be large. Because of a voltage drop over
R4, it causes Q4 to go into the saturation region. Then Qs goes into the reverse active
region. Some current goes through s, which reduces input current through Q..
Therefore it prevents a further increase in the current through the output transistor.

3.5 Frequency Compensation

The input stage, intermediate stage, and output stage have been discussed so far.
When the signal passes through an op amp, it causes phase lag. When the phase shift
exceeds 180° at a certain frequency, the open-loop gain must drop below unity.
Otherwise, the closed-loop system oscillates. Furthermore, a phase margin must be
large enough to avoid a peaking in the frequency domain or overshooting in the time
domain [52]. For every common-emitter or common-source stage, it introduces a
dominant pole, and every pole causes a 90° phase shift. If there are two or more
dominant poles in an op amp, it may cause stability problems. In this case, frequency
compensation is required. For a two-stage op amp, the Miller compensation is needed.
For a three-stage op amp, the simple Miller compensation cannot remove the third pole.
To stabilize three-stage op amps, nested-Miller compensation can be used [11, 22, 53].

3.5.1 Miller Compensation

Figure 3.8 shows a block diagram of a two-stage op amp with a Miller
compensation capacitor, Cc. Each gain stage is assumed to have a high output

resistance, and it is labeled as a transconductance block. C;, C;, Ry, and R, are the
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capacitance and resistance associated with gain stages. C, and R, include load

capacitance and load resistance, respectively.

:R1 Rg

Figure 3.8 Block diagram for a tWZ)-stage op amp with Miller compensation.

The small-signal equivalent circuit of the two-stage op amp in Figure 3.8 is
illustrated in Figure 3.9. Obviously, without compensation capacitor Cc, there are two

poles in this circuit. They are

1
o =—— 3.13
pl Rl CI ( )
o, =— ! (3.14)
" R,C, .
Cc
||
[
o— > V1 4 O
+ +
Vi Gmvi<y) R C1__t Graviy) R22C—=— Vo

. [T L

Figure 3.9 Small-signal model of the two-stage op amp in Figure 3.8.

By nodal analysis, the exact transfer function from the input v; to the output v, can

be expressed as [54]
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G, RG, R, [1 +5- Ce J
v G

o __ m2

v, 1+5:[R(C+C.)+R,(C,+Co)+RG,,R,C. |+5* RR, (C.C,+CCp+C,C)

1

(3.15)
From the above transfer function, the DC open-loop gain is
4,=G,RG,,R, (3.16)
There is a positive real zero in the transfer function of (3.15), which is at
G 2
w, =—"= 3.17
2= (3.17)

For a bipolar op amp, the transistor transconductance is very high. Therefore the
frequency of the zero is very large, and it can be neglected. For a CMOS op amp, this is
not the case. This will be discussed later. It has two poles in the circuit. Typically the
two poles are real and widely separated. The two poles are [54]

1 1
®, =~ ~— (3.18)
(C,+C.)R +(C,+C.)R,+G,,R,RC, RG,,RC,.

GmZCC
RCReYs
1 2+CC(C1+C2)

(3.19)
where w, 1s the dominant pole, and @), is the non-dominant pole. The approximation is
given under the condition of G, R >>1and G,,R, >>1, which are usually true.
Equation (3.18) and Equation (3.19) indicate ‘wpl‘ decreases as C¢ increases, whereas
‘a)pz‘ increases as Cc¢ increases. So the Miller compensation is also called the pole
splitting [20, 22]. Figure 3.10 shows the frequency response of the circuit before and
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after the Miller compensation. It illustrates the movement of the poles after frequency

compensation.

>
>

Gain (dB)

w\2\ Frequency
L (log scale)

Figure 3.10 Frequency response of the circuit in Figure 3.9 before and
after inserting compensation capacitor.

In a common situation where the load capacitance, C,, and compensation
capacitance, C¢, are significantly larger than the inter-stage parasitic capacitance Cj,
Equation (3.19) can be further simplified as

@, ~— G’”Z ~— G’”Z (3.20)
? C,(1+C/C.)+C, G,

From (3.16) and (3.18), the gain-bandwidth product can be obtained as

G
Wy =~ (3.21)

C

The phase margin can be expressed as

@, =90°—tan”' (%] (3.22)
GmZCC

The required compensation capacitance for a specific phase margin can be expressed as

C. =tan(gp,) g”“ C, (3.23)

m2
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Equation (3.17) indicates there is a positive zero in the two-stage op amp, which
causes an extra phase shift. For bipolar op amps, the frequency of the zero is far from
the frequency of the poles. For a CMOS op amp, this zero needs to be removed. In order
to get rid of the zero, a nulling resistor, Rz, can be inserted in series with the
compensation capacitor [9]. The addition of the resistor shifts the zero to a location is
given by

1
., =
‘ CC (l/GmZ _RZ)

(3.24)

If Rz is selected to equal to 1/G,,;, then the zero disappears. If Rz is larger than 1/G,y;,
the zero shifts to the right plane, and it increases phase margin.

3.5.2 Nested-Miller Compensation

For a three-stage op amp, the simple Miller compensation is not enough, a
nested-Miller compensation [11, 22, 53, 55, 56] is can be used. The model of a three-

stage op amp with compensation capacitors C¢; and C¢; is shown in Figure 3.11.

Figure 3.11 Block diagram for a three-stage op amp with nested-Miller compensation.
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Figure 3.12 Small-signal model of the three-stage op amp in Figure 3.11.
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Figure 3.12 illustrates the equivalent small-signal circuit corresponding to the
block diagram of a three-stage op amp with nested-Miller compensation shown in
Figure 3.11. For common situations, the load capacitor, Cs, and the compensation
capacitors, Cc; and Cc,, are very large compared to the parasitic capacitors, C; and C,.

Under this assumption, analysis leads to the following transfer function [56]:

1+5:b,+s°-b,

A(s)= = =4,- 3.25
( ) vl.(s) D(s) & l+s-a,+s"-a,+s -a, (3.25)
where
4,=G,RG,,R,G, R, (3.26)
a, = RCo + R,Coy + R,Cs + R Coy + RCy (3.27)
+R)G, R Coy + R G, R, G, R C .
@y = RR,Co,Coy + RRCo G + R RC Coy + RyRC o, G (3.28)
+ R\ RCo,Coy =R G, R RC e Coy + RIR,G R C Cy
ay = RR,R,C(, Cr, C, (3.29)
b =~ Co_Co (3.30)
Gm2R2Gm3 Gm3
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bz :_& (3.31)
G,,G

m3

Assuming that there is only one dominant pole in the transfer function of (3.25),

and also assuming that G, R, >>1, G,,R, >>1, G, ;R, >>1,and G , >>G, ,, then the

denominator of (3.25) can be rewritten as

D(s)z[ni}(ns.cm psr LaG j (3.32)

@ G G,,G,,

pl m2

where w,1 1s the dominant pole in the system, and it can be expressed as

1
w, =
Rl GmZRZ Gm3R3 CCl

(3.33)

From (3.26) and (3.33), the gain-bandwidth product of the op amp can be expressed as

G
gy = 4y @, :C—’”' (3.34)
Cl

Equation (3.34) shows that the gain-bandwidth product is proportional to the
transconductance of the input stage. If the transconductance is a constant over the
common-mode input range, optimized compensation can be obtained.

To obtain 60° of phase margin for the overall op amp, the compensation

capacitors should have approximate [22, 55, 56] values of

G
C. =4 Gml C, (3.35)
C., = 2%03 (3.36)

m3

The derivation details of (3.35) and (3.36) can be found in [22] and [56].
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3.6 Summary

In this chapter, the output stage, the intermediate stage, and the output
protection circuit is discussed. A feedback-controlled class-AB rail-to-rail output stage
was discussed in detail. A PTAT current reference circuit for biasing was also
discussed. The frequency compensation methods were also described in this chapter.
For a two-stage op amp, Miller compensation can be used. For a three-stage op amp

nested-Miller compensation can be applied.
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CHAPTER 4

OVERALL OPERATIONAL AMPLIFIER CIRCUIT

So far, all necessary circuit parts for designing rail-to-rail op amps have been
discussed. This chapter focuses on complete op amps design. Several different rail-to-
rail input stages have been discussed in Chapter 2. In order to be able to compare the
performance of the different input stages, three three-stage bipolar op amps with the
same intermediate and output stages but different input stages are designed in Section
4.1, Section 4.2, and Section 4.3. In Section 4.4 and Section 4.5, two two-stage CMOS
op amps with different common-mode adapters are designed.

4.1 UTA242: Three-Stage Bipolar Op Amp with a
Constant-Gm Complementary Input Stage

In this section, a three-stage bipolar op amp with a rail-to-rail constant-G,,
complementary input stage is designed. This op amp was fabricated with a chip ID of
UTA242. For simplicity, this op amp is named UTA242 in this chapter.

The input stage of UTA242 is shown in Figure 4.1, which is similar to the input
stage of Figure 2.7. The ideal current and voltage sources in Figure 2.7 are implemented
with transistors and resistors. The input stage of Figure 2.7 has a single-ended output.
Now the current summing circuit in Figure 4.1 has differential outputs. The outputs of

the input stage are labeled as /; and />, which are connected to the intermediate stage in
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Figure 4.4. The differential signals are required by the intermediate stage, which was

discussed in Section 3.2.
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Figure 4.1 Rail-to-rail constant-G,, complementary input stage.

This input stage has constant transconductance, G,. The constant
transconductance is realized by making the total current through the pnp and npn
differential pairs constant, which was discussed in Section 2.2.2. 0;;; and R;;; provide
the total tail current about 4.5 pA. Ry1s, Q11s, O116, and Ry 16 generate the bias voltage for
O112- The base voltage of Q;1, is biased at about 1 V above Vg The base voltage of
0112 determines the transition point between the pnp and npn pairs. The bases of Q;¢;
and Q)og are labeled as V;, which is connected to the intermediate stage. The bias
voltage on the bases of Qo7 and Q)¢ is controlled by a negative common-mode
feedback loop. The components in the current summing circuit and intermediate stages

form the common-mode feedback loop [4]. With the feedback loop, the bases of Q;¢7
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and Qjos in the input stage of Figure 4.1 are biased at about 0.82 V above Vgg. The
terminal V145 1s connected to the reference circuit in Figure 4.5.

The input stage in Figure 4.1 was fabricated with National Semiconductor’s
VIP10 [57] Process Technology. The fabricated input stage has single-ended output as
in Figure 2.7. The reference circuit in Figure 4.5 is fabricated in the same chip to
provide the bias current. The micrograph of the chip is shown in Figure 4.2. Three
different rail-to-rail input stages were fabricated in the same chip. The other two input

stages will be discussed in Section 4.2 and Section 4.3.

Figure 4.2 Micrograph of the three different rail-to-rail input stages.

The transconductance of the input stage over the entire common-mode input
voltage range was measured, which is shown in Figure 4.3. The supply voltage Vg
equals -1.5 V, and V¢ equals 1.5 V. Two observations can be made from this plot.
First, when the common-mode input voltage extends beyond both power supply rails by
about 0.3 V, the input stage is still working. Second, the transconductance over the

common-mode input range is roughly constant. The maximum value of the
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transconductance is about 58.7 uS, and the minimum value is about 53.6 uS, so the
variation is about 10%. The variation is due to the mismatch between the pnp and npn

parts.
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Figure 4.3 Measured transconductance versus the common-mode input voltage.

Figure 4.4 shows the intermediate stage, output stage, and frequency
compensation circuit. The operations of these circuit parts have been discussed in
Chapter 3. In this chapter, three three-stage bipolar op amps with different rail-to-rail
input stages are designed. To be able to compare the performance of different input
stages, those three op amps have the same intermediate and output stages in Figure 4.4
and reference circuit in Figure 4.5.

Nested-Miller compensation is applied to stabilize the three-stage bipolar op
amps here. As shown in Figure 4.4, the frequency compensation is realized with
capacitors C¢jp of 1.6 pF, Cciy of 1.6 pF, Cc, of 0.8 pF, and R¢ of 500 Q. The resistor

Rc is used to improve phase margin [55, 56].
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The class-AB push current and pull current are controlled by a negative
feedback loop. The details of the operation of the output stage were discussed in Section
3.1.2. 0301 and Qo3 form a pnp Darlington pair; Q302 and Osp4 form a npn Darlington
pair. One draw back of the feedback-controlled class-AB Darlington output stage is that
the required minimum supply voltage is about3Vse+ Veeesay . To be able push or pull
output current up to 10 mA, the output transistors Qs; and Qs have 24 times the
emitter area of the regular transistor. At the quiescent state, the push current through the
pnp output transistor Q31 and the pull current through the npn output transistor Qs are
about 200 pA. 031 and QOss; are saturation protection transistors for pnp and npn output
transistors, respectively. Rs31, 0333, and Qi35 form the output current limiting circuit for
pnp output transistor Qso1. R332, O334, and Q336 form the current limiting circuit for npn
output transistor (3. The maximum output current through the output transistors are
limited to about 10 mA. The operation of the saturation protection and output current
limiting circuit was discussed in Section 3.4.

The current reference circuit is shown in Figure 4.5, which is similar to the
circuit in Figure 3.5. The emitter area of Qg4 1s two times the emitter area of QOys. The
value of Ry is 2 kQ. According to (3.12), the bias current, /45, is about 9 pA at room
temperature. Roi1, Qoi1, Qo12, Qo13, Qoia, and Ry14 form the start-up circuit. The start-up
circuit makes sure that the current through the reference circuit does not remain zero
when the power is switched on. Capacitor Cy; is used to improve the stability of the

reference circuit.
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Figure 4.5 Current reference with start-up circuit.

The op amp of UTA242 is the combination of the reference circuit in Figure 4.5,
the input stage in Figure 4.1, and the intermediate and output stages in Figure 4.4. The
complete UTA242 was fabricated with National Semiconductor’s VIP10 process, and

the micrograph of the chip is shown in Figure 4.6.

Figure 4.6 Micrograph of UTA242.
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Some simulation and measurement are performed for UTA242. The SPICE
models [24] of the pnp and npn transistors for simulation are given in Appendix A. The
circuit setup conditions for simulation and measurement are: the positive-power voltage
Vee 1s +1.5 V; the negative power-supply voltage Vgg is -1.5 V; the common-mode
input voltage is biased at 0 V; the load is a 2 kQ resistor in parallel with a 20 pF
capacitor; the temperature is 25°C. The simulation and measurement described in
Section 4.1, Section 4.2, and Section 4.3 are under these conditions if they are not
specified.

Figure 4.7 shows the simulated open-loop frequency response of UTA242 for
different common-mode voltages, 0 V and +1.3 V. As expected, the magnitude and
phase of the open-loop frequency response are almost the same for different common-
mode input voltages. This is the benefit of the input stage with constant
transconductance. The simulated low-frequency open-loop gain is about 110 dB, the
unity-gain frequency is about 14 MHz, and the phase margin is about 65°.

Figure 4.8 shows the measured closed-loop gain versus the frequency for
UTA242 in a non-inverting amplifier configuration as shown in Figure 1.2 with 10 kQ
of R; and 1 kQ of R,. Ideally, the gain is 11 or 20.83 dB. Because of the constant gain-
bandwidth product (GBW), this circuit setup is used to measure the GBW of the op
amp. The measured gain-bandwidth product is about 10.8 MHz.

Figure 4.9, Figure 4.10, and Figure 4.11 show some experimental and simulated

results of UTA242 in the unity-gain configuration. Obviously, the simulation
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Figure 4.7 (a) Magnitude and (b) phase of the open-loop frequency
response for UTA242 with different common-mode input voltages.
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Figure 4.8 Measured closed-loop gain of UTA242 with a non-inverting
amplifier configuration.
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and experimental results are almost the same. Figure 4.9 shows the DC input-output
transfer characteristic. It is linear with unity gain when the input voltage is in the range
from -1.4 V to 1.4 V. The output voltage can swing from rail to rail within 100 mV.
Figure 4.10 shows the transient response to a pulse. The measured positive slew rate is
about 4.2 V/us, and the negative slew rate is about 4.1 V/us. Figure 4.11 shows the
transient response to a sine wave with the frequency of 250 kHz and the peak-to-peak

amplitude of 2.6 V.
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Figure 4.9 DC transfer curve of UTA242 in the unity-gain configuration.
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Figure 4.10 Transient response to a pulse of UTA242 in the unity-gain configuration.
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Figure 4.11 Transient response to a sine wave of UTA242 in the unity-
gain configuration.

Figure 4.12 shows the measured [58-60] offset voltage over the entire common-
mode input voltage range. When the pnp pair is on, the offset voltage is about -1.7 mV;
when the npn pair is on, the offset voltage is about -0.05 mV. Due to the short transition
range between the pnp and npn pairs, the CMRR is poor in this region. Figure 4.13
shows the measured CMMR over the entire common-mode input voltage range. The
lowest CMRR is about 38.3 dB. It is around 100 dB when only the pnp or npn pair

conducts.
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Figure 4.12 Measured offset voltage versus the common-mode input

voltage for UTA242.
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Figure 4.13 Measured CMRR versus the common-monde input voltage
for UTA242.

As a summary, some aspects of performance of UTA242 are given in Table 4.1.
In this table, Vsypmin) 1s the required minimum power-supply voltage, i.e., required
minimum value of Vee — Veg; Vour 1s the output swing range; Isyp is the quiescent
supply current; . max) 1S the maximum output current; Vog is the input offset voltage;
PSRR" and PSRR are the positive and negative power-supply rejection ratios,
respectively; SR™ and SR are the positive and negative slew rates, respectively; Apc is

the low-frequency open-loop gain; GBW is the gain-bandwidth product; ¢, is the phase

margin, which is a simulation result.

Table 4.1 Performance Summary of UTA242.

Parameters Value Parameters Value
Vsup(min) 24V CMRR 38.5 dB (min)
CMIR Vie-0.3V to Vect0.3V | PSRRY, PSRR™ 92.9dB, 96.4 dB
Vour Vee+0.1V to Vee-0.1V SR*, SR™ 4.2 V/us, 4.1 V/us
Lsup 462 pA Apc 105.2 dB
Lout (max) 9.3 mA, -11.0 mA GBW 10.8 MHz
Vos 0.05mV to1.7mV Om 65.0°
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4.2 UTA243: Three-Stage Bipolar Op Amp with a Constant-Gm
CMRR-Improved Complementary Input Stage

Figure 4.14 shows the rail-to-rail constant-G,, complementary input stages with
improved CMRR. The operation of this input stage is discussed in Section 2.2.3. Same
as the input stage in Figure 4.1, the total tail current is about 4.5 pA. Resistor Ry,
which is used to increase the transmission region between the pnp and npn pairs, is 140

kQ. A three-stage bipolar op amp with this input stage is designed, and it is named

UTA243.
Vcc = R < VCC
n R1osé %Rms
ﬁ 25K 10k 10k
Veias= Sy < Vpias
~a| e
Q103 Qioa  Qios \Q106
EEDTN)
- e = =i
" Q101 Q102 ™ Quor =
Rio1 a ~a
140k Q108
Q13 Q114
R R
’38;(3 ’38:(4 15&7% 10k
Vee © < Vee

Figure 4.14 Rail-to-rail constant-G, complementary input stage with
improved CMRR.

The input stage in Figure 4.14 with a single-ended output was fabricated. The
micrograph of the input stage is shown in Figure 4.2. The measured transconductance
over the entire common-mode input range is shown in Figure 4.15. The maximum value

of the transconductance is 56.8 uS, and the minimum value is 52.6 puS, so the variation
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is about 8%. This figure also shows the common-mode input range is from Vgg — 0.3 V

to VDD +03V.
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Figure 4.15 Measured transconductance versus the common-mode input voltage.

The op amp of UTA243 is the combination of the reference circuit in Figure 4.5,
input stage in Figure 4.14, and intermediate and output stages in Figure 4.4. The
complete three-stage op amp of UTA243 was fabricated. The micrograph of the chip is

shown in Figure 4.16.

Figure 4.16 Micrograph of UTA243.
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Figure 4.17 shows the simulated open-loop frequency response of the designed
UTAZ243 for different input common-mode voltages, 0 V and £1.3 V. Obviously, the
open-loop frequency responses of UTA243 are almost the same for different common-
mode input voltages. The simulated low-frequency open-loop gain is about 110 dB, the

unity-gain frequency is about 14 MHz, and the phase margin is about 64°.
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Figure 4.17 (a) Magnitude and (b) phase of the open-loop frequency
response for UTA243 with different common-mode input voltages.
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Figure 4.18 shows the measured closed-loop gain versus frequency of UTA243
in a non-inverting amplifier configuration with a gain of 11. The measured gain-

bandwidth product is about 11.3 MHz.
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Figure 4.18 Measured closed-loop gain of UTA243 in a non-inverting
amplifier configuration.

Figure 4.19, Figure 4.20, and Figure 4.21 show some experimental and
simulated results of UTA242 in the unity-gain configuration. Figure 4.19 shows the DC
input-output transfer characteristic. It is linear with unity gain when the input voltage is
from -1.4 V to 1.4 V. Figure 4.20 shows the transient response to a pulse of in the unity-
gain configuration. The measured positive and negative slew rates are 3.8 V/us and 4.1
V/us, respectively. Figure 4.21 shows the transient response to a sine wave with the

frequency of 250 kHz and the peak-to-peak amplitude of 2.6 V.
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Figure 4.19 DC transfer curve of UTA243 in the unity-gain configuration.
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Figure 4.20 Transient response to a pulse of UTA243 in the unity-gain
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Figure 4.21 Transient response to a sine wave of UTA243 in the unity-
gain configuration.

The advantage of the input stage in Figure 4.14 over the input stage in Figure
4.1 is that the CMRR is improved. The CMRR is improved by means of increasing the
transition range between the pnp and the npn pairs, which was addressed in Section
2.2.2. Figure 4.22 shows the offset voltage over the entire common-mode input voltage.
When only the pnp pair is on, the offset voltage is about -1.02 mV; when only the npn
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pair is on, the offset voltage is about -0.58 mV. The transition range is about 1 V.
Figure 4.23 shows the measured CMRR versus the common-mode input voltages. The
minimum CMRR is about 64.0 dB, which is about 20 dB improvement compared to the
input stage in Figure 4.1.

As a summary, some aspects of performance of UTA243 are given in Table 4.2.

Vos (mV)

vem (V)
Figure 4.22 Measured offset voltage versus the common-mode input
voltage for UTA243.
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Figure 4.23 Measured CMRR versus the common-mode input voltage for UTA243.
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Table 4.2 Performance Summary of UTA243.

Parameters Value Parameters Value
Vstp(min) 2.4V CMRR 62.9 dB (min)
CMIR Vie-0.3V to Voct0.3V | PSRR', PSRR™ 95.6 dB, 69.5 dB
Vour Vee+0.1V to Vee-0.1V SR*, SR™ 3.8 Vlus, 4.1 Vs
Isup 459 pA Apc 104.2 dB
Lot (ma) 9.1 mA, -11.0 mA GBW 11.3 MHz
Vos -0.58 mV to -1.02 mV Oum 64.5°

4.3 UTA244: Three-Stage Bipolar Op Amp with a Common-Mode
Adapter Based on a Pseudo-Differential Pair

Figure 4.24 shows a single differential pair input stage with a common-mode
adapter based on a pseudo-differential pair, which was discussed in Section 2.3.2. A

three-stage bipolar op amp with this input stage is designed in this section. This op amp

1s named UTA244.
Veco < Vee
R Rz QLs1 Riog
j 10k j Q11e§ I ? EQLSZ 10k ’T&f S ’?a‘l’f
Veins= Quyz : <Vgias

Q118

Q119

1

Figure 4.24 Rail-to-rail input stage with a single differential pair and a
common-mode adapter based on a pseudo-differential pair.

Ve ©
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The maximum level-shift current is limited by the current through Q;,7, which is
about 18 pA. The level-shift resistors, Rys; and R s, are 60 kQ. So the maximum level-
shift voltage is about 1 V. The emitter degeneration resistors Rjo; and R, are added to
the differential pair Qjo; and Qi¢2. In order to use the same intermediate stage, output
stage, and compensation circuit, the transconductance of the input stage should be the
same as the transconductance of the input stages of UTA242 and UTA243. In this input
stage, the tail current through the differential pair is about 9 pA, and the emitter
degeneration resistors are 5 kQ. So the transconductance is the same, but the slew rate is
doubled [54]. For the complementary input stage, emitter degeneration resistors cannot
be added, otherwise the total transconductance would not be constant in the transition
region between the n-type and p-type pairs.

The input stage in Figure 4.24 with a single-ended output was fabricated. The
micrograph of the input stage is shown in Figure 4.2. The transconductance of the input
stage over the common-mode input range is given in Figure 4.25. The maximum value
of the transconductance is about 57.3 uS, and the minimum value is about 54.3 uS, so
the variation is about 6%. It also shows the common-mode input range is from
Vee+0.2Vto Vop+03V.

The op amp of UTA244 is the combination of the current reference circuit in
Figure 4.5, the input stage in Figure 4.24, and the intermediate and output stages in
Figure 4.4. UTA244 was fabricated with National Semiconductor VIP10 Process, and

the micrograph of the chip is given in Figure 4.26.
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Figure 4.25 Measured transconductance versus the common-mode input voltage.
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Figure 4.26 Micrograph of UTA244.

Figure 4.27 shows the simulated open-loop frequency response of the designed
UTA244 for different common-mode input voltages, 0 V and +1.3 V. The low-
frequency open-loop gain is about 110 dB, the unity-gain frequency is about 13 MHz,
and the phase margin is about 55°.

Figure 4.28 shows the measured closed-loop gain versus the frequency for
UTA244 in a non-inverting configuration with a gain of 11. The measured gain-

bandwidth product is about 11.8 MHz.
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Figure 4.27 (a) Magnitude and (b) phase of the open-loop frequency
response for UTA244 with different common-mode input voltages.
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Figure 4.28 Measured closed-loop gain of UTA244 in a non-inverting
amplifier configuration.
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Figure 4.29, Figure 4.30, and Figure 4.31 show some experimental and
simulated results for UTA244 in the unity-gain configuration. Figure 4.29 shows the
DC input-output transfer characteristic. It is linear with unity gain when the input
voltage is from -1.3 V to 1.4 V. Figure 4.30 shows the transient response to a pulse. The
measured positive slew rate is about 7.6 V/us, and the negative slew rate is about 7.4
V/us. Figure 4.31 shows the transient response to a sine wave with the frequency of 250

kHz and the peak-to-peak amplitude of 2.6 V.
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Figure 4.29 DC transfer curve of UTA244 in the unity-gain configuration.
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Figure 4.30 Transient response to a pulse of UTA244 in the unity-gain configuration.

75



2l Experimental | |

S N Simulated
>
g 1)
8
©
>
5 0+
o
5
O
_1,
-4 -2 0 2 4
Time (us)

Figure 4.31 Transient response to a sine wave of UTA244 in the unity-
gain configuration.

Figure 4.32 shows the measured offset voltage over the entire input common-
mode voltage range. When the input voltage is greater than -0.2 V, the offset voltage is
about -0.1 mV. In this range, the common-mode adapter circuit is not active. When the
common-mode input voltage is less than -0.2 V and goes toward the negative supply
rail, the absolute value of the offset voltage increase almost linearly. It reaches the
maximum value of 3.9 mV. In this region, the common-mode adapter circuit is active,
and it contributes an extra offset voltage of A(R;slis). The level-shift current, /i, is a
function of the common-mode input voltage. When the common-mode input voltage
decreases and goes toward the negative supply rail, the level-shift current increases, and
it introduces more offset voltage. Figure 4.33 shows the measured CMRR versus the
common-mode input voltages. When the common-mode adapter is not active, the
CMRR is about 100 dB; when the adapter circuit is starting to work, the CMRR begins
to drop. The minimum value of the CMRR is about 47.2 dB.

As a summary, some performance aspects of UTA244 are given in Table 4.3.
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Figure 4.32 Measured offset voltage versus the common-mode input
voltage for UTA244.
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Figure 4.33 Measured CMRR versus the common-mode input voltage for UTA244.

Table 4.3 Performance Summary of UTA244.

Parameters Value Parameters Value
Vsup(min) 24V CMRR 47.2 dB (min)
CMIR Virt0.2V to Vect0.3V | PSRR', PSRR™ 95.2dB, 92.5 dB
Vour Vep+0.1V to Vee-0.1V SR", SR 7.6 Vlus, 7.4 Vlus
Isup 470 pA to 517 pA Apc 105.6 dB
Lout (max) 9.1 mA, -11.1 mA GBW 11.8 MHz
Vos 0.1 mV to 3.7 mV Om 55¢
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4.4 OPA004: Two-Stage CMOS Op Amp with a Common-Mode
Adapter Based on a Pseudo-Differential Pair

A two-stage CMOS op amp with the input stage in Figure 2.20 is designed. The
overall op amp schematic is shown in Figure 4.34. This op amp is named OPA004. The
op amp is designed with a 0.18 um CMOS technology. The SPICE model parameters
[61] are given in Appendix B. The threshold voltage of the NMOS transistor is about
0.48 V, and the threshold voltage of the PMOS transistor is about 0.45 V.

The bias circuit part provides three different bias voltages [9]. The input stage of
OPAO004 is discussed in Section 2.3.2. Transistors Mg and the diode connected Mg
generate a reference voltage to bias M;3;. The level-shift resistors, R;s; and R;sp, are 20
kQ. The maximum level-shift current is limited by the current through M7, which is
about 10 pA. Because the W/L ratio of the level-shift transistors is 2.5 times of the W/L
ratio of Mj4, the maximum level-shift current is about 25 pA. So the maximum
common-mode voltage it can shift is about 0.5 V. The class-A output stage is used in
this op amp. The quiescent bias current for the output transistor Ms; is about 50 pA. The
Miller compensation is realized by capacitor C¢ of 1.8 pF and M¢. Mc is in the deep
triode region, and it acts as a resistor for the pole-zero cancellation [9].

Some simulations are performed for OPA004. The simulation setup and
conditions are: the positive power voltage Vee is +0.5 V; the negative power supply
voltage Vg is -0.5 V; the common-mode input voltage is biased at 0 V; the load is a 20
pF capacitor; the temperature is 25°C. The simulations in Section 4.4 and Section 4.5

are under these conditions if they are not specified.

78



Y00V dO JO d1etIayos 3Imoard 99[dwo)) ¢ 9Ins1

abe)g Indinp lled |enuasayig J0)eJBUSL) JUSLINYD YIYS-9AaT] §unoaI seig
m,m,> } A A N e A N\ m,m,>
[ ’ <
/001 2/00L 1102
S'0/00} Loy Loy /oy L/OY S L/0Z viig
NmS\ _ wm§ All__|¢._—IIVNN§< wrN\< n_&\< All__ u_ mw<\m> _—II' QOS\ n\mm\ m%u
dg') LioL i LI0Z
noy | 20 L mw%m r_ln__ X __|I' 10z YW e YW | B ol e
. ! 5N s p |—¢ sve - "o
_UI|_ 110G M —4 A tﬂT_ JM A 1oz .
SN esvigp Nvm_ww sopy
1/08 1/08
) Kow Fm,\%m\, +up 6l % €0y |
g ooy H__ W | __.lutomW _ | — L eos o—I= = h __H:omw
W Ll > e lz/002 2100z ! e /08 7 isvig) TR | 0g M e "oV
NMJS\ FMqE m(\< NoS\
= <
QQ> QQ>

wrl ul ate 7 pue M

79



Figure 4.35 shows the open-loop frequency response of OPA004 for different
common-mode input voltages. It shows the open-loop gain and phase shift are almost
the same for different common-mode input voltages, 0 V and +0.4 V. The low
frequency gain is about 80 dB, the unity-gain frequency is about 6.1 MHz, and the

phase margin is about 68°.
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Figure 4.35 (a) Magnitude and (b) phase of the open-loop frequency
response for OPA004 with different common-mode input voltages.

Figure 4.36 shows the simulated open-loop frequency response of OPA004
under different power-supply voltages, £0.4V and £0.5V. When the supply voltage is

+0.4 the open-loop gain is about 77.2 dB. There is about a 3 dB drop. The unity-gain
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frequency decreases from 6.1 MHz to 4.7 MHz. When the supply voltage drops, some

transistors work on the verge of the saturation region. Then output resistance transistors

drops, which causes the gain drop.
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Figure 4.36 (a) Magnitude and (b) phase of the open-loop frequency
response for OPA004 with different supply voltages.

Figure 4.37 shows the simulated DC input-output transfer curve of OPA004 in
the unity-gain configuration. When the input voltage is from -0.45 V to 0.45 V, the
transfer curve is linear and with unity gain. But when the input voltage is higher than

0.4 V, the level-shift current source transistors, M;s; and M;s,, are in the triode region.
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In this region, performance aspects of the op amp like the input bias current, input
resistance, and PSRR degrade significantly. So the upper limit of the CMIR is about
Vpseayy below Vpp. Figure 4.38 shows simulated transient response to a pulse for
OPAO004 in the unity-gain configuration. The positive slew rate is about 2.1 V/us, and

the negative slew rate is about 3.1 V/us.
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Figure 4.37 Simulated DC transfer curve of OPA004 in the unity-gain configuration.
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Figure 4.38 Simulated transient response to a pulse of OPA004 in the
unity-gain configuration.
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As a summary, some simulation results of OPA004 are given in Table 4.4.
Because the offset voltage and CMRR are strongly dependent on the mismatch of the
component in the op amp circuit, the simulation results are not given Table 4.4. In this
table, f, is the unity-grain frequency.

Table 4.4 Performance Summary of OPA004.

Parameters Value Parameters Value
VsuP(min) 0.8V SR', SR 2.1 V/ps, 3.1 Vs
CMIR Vss-0.2V to Vpp-0.1V Apc 80 dB
Vour Vsst0.05V to Vpp-0.05V fu 6.1 MHz
Lsyp 90 pAto 151 pA oM 68.6°

4.5 OPA005: Two-Stage CMOS Op Amp with a Common-Mode
Adapter Based on Current Subtraction

A two-stage CMOS op amp using the input stage in Figure 2.28 is designed in
this section. The overall op amp schematic is shown in Figure 4.39. This op amp is
named OPAOQO0S. The input stage of OPAQOS is the rail-to-rail input stage with a single
differential pair and a common-mode adapter based on current subtraction, which is
discussed in Section 2.3.3. Transistor M7 and Mg are in cascode configuration, which
are used to bias the drains of M, and M, at about Vpg(sar) above Vs.

Some simulations are performed for OPA00S. Figure 4.40 shows the open-loop
frequency response of OPA0O5 for different common-mode voltages, OV and +0.4V.
Obviously, the magnitude and phase are almost the same for different common-mode
voltages. The low frequency open-loop gain is about 81 dB, the unity-gain frequency is

about 6 MHz, and the phase margin is about 68°.
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Figure 4.40 (a) Magnitude and (b) phase of the open-loop frequency
response for OPA005 with different common-mode input voltages.

Figure 4.41 shows the open-loop frequency response of OPA004 under different
power-supply voltages, £0.4V and £0.5V. When the power-supply voltage is +0.4V, the
open-loop gain drops from 81 dB to 74 dB, and the unity-gain frequency decreases from

6.3 MHz to 3.3 MHz.

85



.......... Vsup = +£0.4V

100 Vsup = +0.5V ||

Magnitude (dB)
a1
o

200

.......... Vsup = i04 V
Vsup =405V

100 -

Phase (°)
o

-100 ¢

-200 0 > — 5 8
10 10 10 10 10

Frequency (Hz)

Figure 4.41 (a) Magnitude and (b) phase of the open-loop frequency
response for OPA00S with different supply voltages.

Figure 4.42 shows the simulated DC input-output transfer curve of OPA00S5 in
the unity-gain configuration. Both the input and the output can swing from rail to rail
within 0.05 V. Figure 4.43 shows simulated transient response to a pulse of OPA00S in
the unity-gain configuration. The simulated positive slew rate is about 1.7 V/us, and the
negative slew rate is about 3.2 V/us.

As a summary, some simulation results of OPA005 are given in Table 4.5.
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Figure 4.42 Simulated DC transfer curve of OPA0OS5 in the unity-gain configuration.
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Figure 4.43 Simulated transient response to a pulse of OPA0OS5 in the
unity-gain configuration.

Table 4.5 Performance Summary of OPA00S.

Parameters Value Parameters Value
Vsup(min) 0.8V SR', SR™ 1.7 V/ps, 3.2 V/pus
CMIR Vss-0.2V to Vpp-0.1V Apc 81 dB
Vour Vss+0.05V to Vpp-0.05V Ju 6.2 MHz
Isuyp 92 nA to 152 pA Om 68.4°
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4.6 Summary

Three different three-stage bipolar op amps and two different two-stage CMOS
op amps have been designed. The simulation and chip test results are also given in this
chapter.

Three three-stage bipolar op amps with the same intermediate and output stages
but different input stages were discussed. The op amps of UTA242 and UTA243 have
input stages based on complementary differential pairs. UTA242 has a constant-G,,
complementary input stage. The constant transconductance is realized by means of
making the total current through the pnp and npn pairs constant. UTA243 has constant-
G, complementary input stage with improved CMRR. The CMRR is improved by
making the transition from pnp pair to npn pair gradually, i.e., increasing the transition
region between the pnp and npn pairs. UTA244 has an input stage with a single
differential pair and a common-mode adapter based on a pseudo-differential pair. The
advantage of the op amp with a single differential pair is that the minimum power-
supply voltage is about Ve + 2V cesay .

The designed two rail-to-rail two-stage CMOS op amps have input stages with a
single differential pair and a common-mode adapter. The first CMOS op amp, OPA004,
has an input stage with a common-mode adapter based on a pseudo-differential pair
structure. The second CMOS op amp, OPA00S5, has an input stage with a common-

mode adapter based on current subtraction.

88



CHAPTER 5

FUCTIONALITY ANALYSIS OF OPERATIONAL AMPLIFIERS

The performance of an op amp is determined by performance parameters [62]
such as input offset voltage, common-mode rejection ratio, slew rate, open-loop gain,
gain-bandwidth product, and phase margin. For different op amp designs, each design
has its advantages and disadvantages. In other words, each design is only good at some
certain aspects of performance, but not all of them. Assuming that each aspect of
performance has the same importance, it is desirable to combine all the aspects into a
single figure of merit to reflect the overall performance of each op amp. In this chapter,
the General System Performance Theory (GSPT) [16, 63] is applied to characterize all
performance aspects with one single parameter. A brief introduction to the GSPT is
given in Section 5.1. Then the application of GSPT to functionality analysis and
comparison of op amps is given in Section 5.2.

5.1 General System Performance Theory

The General Systems Performance Theory [16] is a systematic method for
system performance analysis. It has been widely applied to human performance
measurement and analysis [17, 64]. In [65], GSPT was used to measure education and
training outcomes. In [66], it was applied on current reference circuits functionality

analysis and comparison.
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In the GSPT, the performance is defined as how well the system executes a
specified function. Because a system may consist of more than one performance aspect,
system performance has multidimensional properties. So the system performance is
analyzed in a multidimensional space. Each dimension is called a dimension of
performance (DOP) [16]. For each DOP, a metric is defined so that the value is always
non-negative, and a large value always means better performance [16].

The performance of a system is interpreted as the available resource [16], and it
is expressed as R, for each DOP. The available resources determine the performance
capacity envelop (PCE) as shown in Figure 5.1. In GSPT, a system is always analyzed
with respect to a task. Each task is represented by a point in a multidimensional
performance space. The task demand is the required resource to complete the task, and
it is expressed as Rp for each DOP. If Rp < R, for each DOP, i.e., the task is located
inside or on the PCE, the system is able to complete the task. If Rp > R4 for any DOP,
1.e., the task is located outside the PCE, the system fails to complete the task. In Figure
5.1, task i and task j are represented by points in a two-dimensional performance space.
Task i is inside of the PCE, and the system can fulfill the task. Task j point is outside of
the PCE, and the system cannot fulfill the task.

To apply the GSPT method, at first, the function associated with this potentially
multifunctional system must be identified. Then the DOP needs to be determined for
each aspect of performance. The performance can be a constant or varying quantity
[66]. For the constant quantity case, the performance does not change, and the DOP is

easy to define for this case [16, 63]. For the varying quantity case, the performance of
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the system changes when a certain environmental parameter [66] changes. In [66], the
functionality volume concept was proposed. The DOP of the varying quantity can be

defined with the help of the functionality volume.

DOP.#
Ripo ..o Jlaskj
: PCE
Ra2 ;
Rioa | olaski
R'p1 R'o1  Rax DO|51

Figure 5.1 Representation of “success” and “fail” of a system in two-
dimensional idealized system-task interface.

When the actual quantity changes because of a change in the environmental
parameter, the actual performance is a curve in the performance-environment space
(PES) [66], as shown in Figure 5.2 and Figure 5.3. The ideal performance curve and the
actual performance curve never converge. There is always a non-zero area between
these two curves. The area is defined as the functionality volume (FV) [66]. It stands for
area for 2-D PES, and it only stands for volume for 3-D PES. The functionality volume
represents the deviations between the actual performance and the ideal performance. It
is the area of region 1 in Figure 5.2 or the sum of the area of region 1 and the area of
region 3 in Figure 5.3. There is usually a difference between the task demand curve and
the ideal performance curve. The area between these two curves is defined as the
demand volume (DV) [66]. It is the sum of the area of region 1 and the area of region 2

in Figure 5.2 or Figure 5.3.
91



— - — - |deal

8 A O A

O
c —_—— —
S Demand =
S Actual £ |
2 2
(O] [O]
Q| o

Environmental Environmental
Parameter Parameter

(a) (b)
Figure 5.2 Performance versus an environmental parameter when task

demands are met at all operating points. (a) Performance is the-lower-
the-better case, and (b) performance is the-higher-the-better case.

) — - — - lIdeal oA
2 — — — Demand e
@ <
£ Actual S

£ |
S 2
(O] [0]
o o

Environmental Environmental
Parameter Parameter

(a) (b)

Figure 5.3 Performance versus an environmental parameter when task
demands are not met at all operating points. (a) Performance is the-
lower-the-better case, and (b) performance is the-higher-the-better case.

There are two different cases. The first one is task demands are met at all
operating points as shown in Figure 5.2, and the second one is the task demands are not
met at all operating points as shown in Figure 5.3.

If the task is completed at all operating points, the DOP is defined as the ratio of
the demand volume to the functional volume. It should be pointed out that the
“performance” and DOP are two different concepts in GSPT. The DOP is defined for
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each performance aspect. The “performance” does not have to be the-higher-the-better;
it can also be the-lower-the-better. Both cases are shown in Figure 5.2 and Figure 5.3.

If task demands are not met at all operating points, the concept of useful
functional volume (UFV) [66] needs to be used. It is represented by area of region 1 in
Figure 5.3. For this case, the DOP is defined as the ratio of useful functional volume to

the functional volume. So the DOP of varying quantities can be defined by [66]

DV/FV  The task i leted at all ti int
DOP:{ / e task 1s completed at all operating poin 5.1)

UFV/FV The task is not completed at all operating point

The definition in (5.1) satisfies both requirements of the DOP metric. It can be

interpreted as [66]

<1 The task demands are not satisfied
DOP{=1 The task demands are satisfied exactly (5.2)
>1 The task demand are satisfied

It should be mentioned that if the task demand is not satisfied at any operating point, the
value of DOP is zero.
In order to convert all the DOPs into a single figure of merit, the concept of

composite performance capacity (CPC) [16] can be used. The CPC is defined as

CPC =] DOF, (5.3)

i=l
where 7 is the total number of aspects of performance under consideration, and DOP; is
the ith DOP. Obviously, the higher the value of the CPC, the better the overall

performance of the system.
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5.2 Functionality Analysis of Op Amps

Three different three-stage bipolar op amps, UTA242, UTA243, and UTA244
designed in Chapter 4, are compared by using the GSPT in this section. In order to
apply the GSPT to the comparison of op amps, it is necessary to identify the
performance parameters associate with the potential multifunctional system. The three-
stage op amps considered in this chapter have the same intermediate and output stages
but different input stages. So only the performance parameters related to the input stage
are considered here. The performance parameters chosen for comparison are the
common-mode input range (CMIR), slew rate (SR), power-supply rejection ratio
(PSRR), offset voltage (Vps), common-mode rejection ratio (CMRR), and quiescent
supply current (Isyp).

5.2.1 Common-Mode Input Range

The common-mode input range specifies the range of the common-mode
voltage over which normal operation is guaranteed. Assuming that the task demand of

the magnitude of the CMIR is V. -V, , the DOP of the CMIR is defined as

EE >

|CMIR| _ VCM (max) VCM (min)

DOP(CMIR) = (5.4)

VCC - VEE VCC - VEE

where Veumaxy and Vepminy are the maximum and minimum values of the common-
mode input voltage range, respectively. According to the definition in (5.4), the DOP of
the CMIR is dimensionless. Here, V¢c equals 1.5 V, and Vgg equals -1.5 V. The
measured CMIR and the corresponding DOP for UTA242, UTA243, and UTA244 are

given in Table 5.1.
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Table 5.1 CMIR and the Corresponding DOP.

UTA242 UTA243 UTA244
CMIR 18Vt 18V 18Vt 18V 13Vt 18V
DOP(CMIR) 1.2 1.2 1.033

5.2.2 Slew Rate

The slew rate of an op amp is the maximum rate of change of the output
voltage. For an op amp, the positive slew rate, SR", can be different from the negative
slew rates, SR™. Here the smaller value of the positive and negative slew rates is used to
define the DOP. Assuming that the task demand of the slew rate is 3 V/us, the DOP of
the slew rate is defined as

SR in V/us

DOP(SR) = Wi

(5.5)

According to the definition in (5.5), the DOP of the slew rate is dimensionless. The
measured slew rate and the corresponding DOP for UTA242, UTA243, and UTA244
are given in Table 5.2.

Table 5.2 Slew Rate and the Corresponding DOP.

UTA242 UTA243 UTA244
SR™ (V/us) 4.2 3.8 7.6
SR~ (V/us) 4.1 4.1 7.4
DOP(SR) 1.367 1.267 2.467

5.2.3 Power-Supply Rejection Ratio
In practice, the power supply voltages are not constant. The variations of the

power supply voltages contribute to the output of the op amp. So there is a small-signal
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gain from the power supplies to the output. The power supply rejection ratio is defined
as the ratio of the open-loop gain of the op amp and the small-signal gain from the
power supply to the output. The positive power-supply rejection ratio, PSRR”, can be
different from the negative power-supply rejection ratio, PSRR". Here the smaller value
of PSRR" and PSRR is used to define the DOP. Assuming that the task demand of the

PSRR is 60 dB, the DOP of the PSRR is defined as

20log,, (PSRR) _ PSRR in dB

DOP(PSRR) =
60 60

(5.6)

The measured PSRR and the corresponding DOP for UTA242, UTA243, and UTA244
are given in Table 5.3.

Table 5.3 PSRR and the Corresponding DOP.

UTA242 UTA243 UTA244
PSRR" (dB) 92.9 95.6 95.2
PSRR (dB) 96.4 69.5 92.5
DOP(PSRR) 1.548 1.158 1.542

5.2.4 Input Offset Voltage

The input offset voltage is defined as the DC voltage that must be applied
between the input terminals to force the output to be zero. For the rail-to-rail op amps,
the offset voltage varies with different common-mode input voltages. So the offset
voltage is a varying quantity, and the DOP definition according to (5.1) must be applied
to this case. Since the offset voltage could be positive or negative, here the absolute
value of the offset voltage, [Vos|, is used to define the corresponding DOP. It can be

represented as
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performance(VOS) = |VOS| (5.7)

For the absolute value of the offset voltage, the lower is the better. The ideal value is
zero. The task demand is assumed to be 1.0 mV. Figure 5.4 shows the ideal, task
demand, and actual performance of the absolute value of the offset voltage for UTA242,

UTA243, and UTA244. The corresponding DOP of the offset voltage are shown in

Figure 5.4.
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Figure 5.4 Ideal, task demand, and actual performance of the offset
voltages for (a) UTA242, (b) UTA243, and (c) UTA244.

5.2.5 Common-Mode Rejection Ratio
The definition of CMRR is defined as the ratio of differential-mode gain to the
common-mode gain. Usually, CMRR is a function of frequency. Here only the CMRR

at DC is considered. The CMRR varies with the change of the common-mode input
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voltage. The task demand for CMRR is assumed to be 80 dB. Since CMRR is the higher
the better, the ideal value for CMRR is infinity, and the functional volume is also
infinity. In order to solve this problem, a new aspect of performance can be defined as
the reciprocal of the CMRR (in dB), which can be expressed as

1 1

Perfi CMRR) = =
erformance( ) 20log,,(CMRR) CMRR in dB

(5.8)

According to (5.8), the ideal value of the new performance aspect of the CMRR is zero,
and the task demand is converted to 1/80. Figure 5.5 shows the ideal, task demand, and
actual performances of the CMRR for UTA242, UTA243, and UTA244. The

corresponding DOP of the CMRR are shown in Figure 5.5.
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Figure 5.5 Ideal, task demand, and actual performance of the CMRR for
(a) UTA242, (b) UTA243, and (c) UTA244.
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5.2.6 Quiescent Supply Current

The quiescent supply current of the op amp is the supply current when the
output current is zero. It is the smaller the better, and the ideal performance of the
quiescent current is zero. The task demand of the quiescent supply current is assumed to
be 1.0 mA. The supply current varies with different common-mode input voltages.
Especially for UTA244, with different common mode input voltage, the level-shift
current needed is different. Figure 5.6 shows the ideal, demand, and actual performance
of the quiescent supply current for UTA242, UTA243, and UTA244. The corresponding

DOP are shown in Figure 5.6.
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Figure 5.6 Ideal, task demand, and actual performance of the quiescent
supply current for (a) UTA242, (b) UTA243, and (c) UTA244.
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5.2.7 Composite Performance Capacity

So far the DOPs of the three op amps have been calculated. In order to get a
single figure of merit, the CPC can be calculated according to (5.3). Equation (5.3)
indicates that the higher the value of the CPC, the better the performance of the overall
system. Table 5.4 gives the DOPs and CPCs of the designed three op amps. UTA243
has the highest value of the CPC, so UTA243 has the best overall performance.

Table 5.4 Functionality Comparison of Op Amps.

UTA242 UTA243 UTA244
DOP(CMIR) 1.200 1.200 1.033
DOP(SR) 1.367 1.267 2.467
DOP(PSRR) 1.548 1.158 1.542
DOP(Vos) 0.619 0.994 0.465
DOP(CMRR) 0.924 0.942 0.796
DOP(Isup) 2.163 2.178 2.081
CPC 3.142 3.591 3.027
5.3 Summary

In this chapter, the General System Performance Theory has been applied to
compare the overall performance of the three bipolar rail-to-rail op amps. The beauty of
applying the GSPT in op amp comparison is that a single figure of merit can be
obtained. Since the three op amps have different input stages but the same intermediate
stage and output stages, only the performance aspects related to the input stage are
considered. The comparison result shows UTA 243, the op amp with CMRR-improved

input stage, has the best overall performance.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

For low power-supply voltage, the rail-to-rail common-mode input range and
output swing are desired for op amps. This dissertation investigated op amps with rail-
to-rail input and output capability. The main goal of this dissertation is to design rail-to-
rail constant-G,, input stages. The rail-to-rail input stage can be implemented by using
the n-type and p-type differential pairs in parallel. The constant transconductance can be
realized by making the sum of the current through the npn and pnp differential pairs
constant for bipolar technology or making the sum of the square root of the current
through the NMOS and PMOS differential pair constant. One drawback of the
complementary input stage is that the required minimum supply voltage is about
2Vse + 2VcEa for the bipolar technology or 2Ves +2Vpssay for the CMOS technology.
Another drawback is that the CMRR is poor during the transition region from p-type to
n-type differential pairs. In this dissertation, a bipolar rail-to-rail input stage based on
complementary differential pairs, which has better CMRR performance, was designed.
The CMRR is improved by means of increasing the transition range between the p-type

and n-type differential pairs.
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The rail-to-rail input stage can also be implemented based on a single
differential pair with a common-mode adapter. Since there is only one differential pair,
the transconductance is constant as long as the tail current does not change. The
advantage of this kind of input stages is that the required minimum power supply is
about Vse+2Vcesn for the bipolar technology or Ves+2Vpssay for the CMOS
technology.

Two new rail-to-rail input stages with a single differential pair and a common-
mode adapter were presented. The first input stage is with a common-mode adapter
based on a pseudo-differential pair structure; the second one is with a common-mode
adapter based on current subtraction.

Three different three-stage rail-to-rail input and output bipolar op amps and two
different two-stage rail-to-rail input and output CMOS op amps were designed. The
designed bipolar op amps have different input stages but the same intermediate and
output stages. These three bipolar op amp were fabricated, and the chip test results were
given in this dissertation.

The performance of an op amp is indicated by specification parameters. One op
amp may be good at some aspects but poor at others. The General System Performance
Theory is a systematic method for system performance analysis. It combines all the
performance aspects into a single figure of merit. In this dissertation, the General
System Performance Theory was applied to compare the performance of the designed
three different three-stage bipolar op amps. The result shows the op amp with CMRR

improved complementary input stage has the best overall performance.
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6.2 Future Work

Not all the op amp specification parameters were measured because of the lack
of measurement equipments. Some parameters like harmonic distortion, noise, and
phase noise were not measured in this dissertation.

This dissertation mainly focuses on the rail-to-rail constant-G,, input stage
design. The overall performance of the op amps might not be optimized. The output
stage for the three-stage bipolar op amps is a feedback-controlled class-AB Darlington
output stage. The minimum supply voltage for this output stage is about 3Vse + Veesay .
The minimum supply voltage for the whole op amp is limited by the output stage. In
order to reduce the minimum supply voltage, a new rail-to-rail class-AB output stage
with lower minimum supply voltage needs to be designed.

One drawback of the rail-to-rail input stage is the poor CMRR, which is due to
the offset voltage variation as a function of the common-mode input voltage. For a
complementary input stage, the offset voltage can vary significantly during the
transition between the n-type and p-type pairs. Though the device component mismatch
is a random process, a statistical analysis can be investigated to find a good layout
pattern to minimize the offset voltages and the variation of the offset voltage as a

function of the common-mode input voltage.
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APPENDIX A

BIPOLAR TRANSISTOR SPICE MODELS [24]
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APPENDIX B

CMOS TRANSISTOR SPICE MODELS [61]
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MODEL NCHO18 MOSFET

NOMOD =1 AF = 1.021 EF = 0.874

KF = 2.69E-28 TNOM = 25 VERSION = 3.2

TOX = 4.08E-09 TOXM = 4.08E-9 XJ = 1.60E-7

NCH = 3. 9000E+17 LLN = 1.00 LVWN = 1.00

WN = 1.00 VWAN = 1.00 LI NT = 1. O0OE-8

LL = 0.00 LW = 0.00 LW = 0.00

W NT = 1.00E-8 WL = 0.00 VW = 0.00

VWAL = 0.00 MOBMOD =1 BINUNIT = 2

XL = -2E-8 XW = 1E-6 WWLT =1

DWG = 0.00 DVB = 0.00 ACM = 12

LDl F = 9. 00E-8 HDI F = 2. 00E-7 RSH = 6.8

RD =0 RS =0 RSC =0

RDC =0 VTHO = 0.4751247 K1 = 0.3998241

K2 = 6.352166E-2 K3 = 0.00 DVTO = 0.00

DVT1 = 0.00 DVT2 = 0.00 DvTOwW = 0.00

DvT1wW = 0.00 DvT2w = 0. 00 NLX = 0.00

W = 0.00 K3B = 0.00 NGATE = 0.00

VFB = 99.00 VSAT = 8.42922E4 UA = -9.057631E-10
uB = 2.760486E-18 UC = 1.234253E-10 RDSW = 170

PRVWB = 0.00 PRWG = 0.00 VR = 1.00

uo = 0. 04387662 A0 = 0.5262759 KETA = -4.428695E-2
Al = 0.00 A2 = 0.99 AGS = -2.8363639E-2
BO = 0.00 Bl = 0.00 VOFF = -0.1246745
NFACTOR = 1. 00 aT = 2.7566159E-4 CDSC = 0.00

CbsCB = 0.00 CDSCD = 0.00 ETAO = -2.9375E-4
ETAB = 1. 3875E-3 DSuB = 0.00 PCLM = 1. 1025569
PDI BLC1 = 1. O0E-6 PDI BLC2 = -6.146589E-3 PDI BLCB = 1. 00E-2
DROUT = 0.00 PSCBE1 = 4. 00E8 PSCBE2 = 1.00E-6

PVAG = 0.00 DELTA = 1.00E-2 ALPHAO =0

ALPHA1 = 0.429 BETAO = 11.59263 KT1 = -0.2268918
KT2 = -2.937242E-2 AT = 2. 00E4 UTE = -2.1724229
UAL = 1.2174139E-9 UB1 = -3.852224E-18 UC1 = -1.568814E-10
KT1L = 0.00 PRT = 0.00 a = 1. 000266E-6
M = 0. 3595262 PB = 0.6882682 CIsw = 2.040547E-13
MI SW = 0. 2003879 PBSW = 0.6882682 CISWG = 3. 340547E-13
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