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ABSTRACT

Introduction

To achieve high gain with continued scaling in CMOS fabrication processes, use of
three-stage op-amps has become indispensable. In the progression of CMOS technology
development, the supply voltage has been decreasing while the transistor threshold volt-
ages do not effectively scale. Also the inherent gain available from the transistors has been
decreasing with downsizing of the transistor gate length. The traditional techniques for
achieving high gain by vertically stacking up (i.e. cascoding) the transistors, to achieve high
gain are becoming difficult to realize in the modern sub-100nm processes as the threshold
voltage doesn’t scale well. Thus the paradigm of vertical cascoding of transistors needs to
be replaced by the horizontal cascading in order to design op-amps in low supply voltage

Processes.

This thesis presents novel multi-stage topologies for singly ended as well as fully
differential op-amps with the highest performance ever reported. We have also explored
and comprehensively developed the indirect feedback compensation theory for the two-
stage as well as the multi-stage op-amps. The proposed indirect compensated op-amps
exhibit significant improvements in speed over the traditional Miller compensated op-amps

and result in much smaller layout size and lower power consumption.
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Contributions in this Thesis

*Indirect feedback compensation for two and higher stage op-amps have been ana-
lyzed for all known topologies. Analysis for novel indirect feedback compensation
method employing split-length devices is presented. Split-length device indirect
feedback compensation is useful in high speed compensation of low-voltage op-
amp topologies. The split-length indirect compensation lays the foundation for the
development of ultra low power and high performance multi-stage op-amps. A test
chip containing the various two-stage topologies has been fabricated in a 0.5um
CMOS process and tested for the same load conditions. The split-length indirect
compensated op-amps displayed a ten times enhancement in the gain-bandwidth
and four times faster transient settling compared to the traditional Miller compen-
sated op-amp topologies. The tested performance of the op-amps is in close accor-
dance with the simulated results as we have used a relatively long channel CMOS

process where the process variations and random offsets are negligible.

Stable and low power three-stage op-amps can also be designed by using indirect
feedback compensation, in conjunction with pole-zero cancellation, to achieve
excellent phase margins close to 90°. A theory for the compensation of three and
multi-stage op-amps has been presented which matches well with simulations and
experiments. The three-stage op-amps documented in this thesis achieve highest
simulated figures-of-merit (FoMs) compared to the state-of-art and can be directly
used in integrated systems to achieve higher performance. A second chip contain-
ing various three-stage singly-ended op-amps has been designed in 0.5pm CMOS

process and is presently in fabrication.

*We have presented a discussion on the impractical and incorrect multi-stage bias-
ing schemes which are commonly found in literature. It has been demonstrated that

diff-amps must be used for the internal gain stages for robust biasing of the multi-

vil



stage op-amp. The theory for three-stage op-amp design has been extended to a
generalized n-stage op-amp case and can be used to build higher order multi-stage

op-amps.

*Novel multi-stage fully-differential op-amp topologies are presented which
amend the impractical topologies widely reported in literature. The fully differen-
tial topologies proposed in this work combine improvised biasing schemes and
novel common-mode feedback techniques to obtain op-amp topologies which are
robust to large offsets. The simulated performance of the fully-differential three-
stage op-amps improves by at least three times in performance over the state-of-
the-art. A third test chip containing numerous fully-differential op-amps has been
designed in the same 0.5um CMOS process and is getting fabricated. The test
results for all three-stage op-amps are expected to be close to the simulated perfor-

mance for this process.
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INTRODUCTION

OPERATIONAL Amplifiers are one of the indispensable blocks of modern inte-
grated systems and are used in wide varieties of circuit topologies like data converters, fil-
ters, references, clock and data recovery circuits. However, continued scaling in CMOS
processes has continuously challenged the established paradigms for operational amplifier
(op-amp) design. As the feature size of CMOS devices keeps shrinking, enabling yet faster
speeds, the supply voltage is scaled down to enhance device reliability and to reduce power
consumption. The expressions for a short channel MOSFET transition frequency (f7) and

open-loop gain (g, - 1) are given as [1]

Vv
£y oc = (1.1)
L
ng'OOC\/— (12)

ov

where V,, L, g, and r, are the overdrive voltage, channel length, transcon-

ov?
ductance and output resistance respectively for a MOSFET.

From Equations 1.1 and 1.2, it can be observed that downward scaling in gate length
results in a larger ft, and hence faster transistors. But the higher speed comes at the cost of
a reduction in transistor’s open loop gain. Hence the amplifiers designed with scaled pro-

cesses exhibit larger bandwidths but lower open loop gains.

Also with device scaling the supply voltage has also been continually reduced.
However, the threshold voltage of transistors doesn’t scale well in order to keep transistor

leakage under control. This will eventually preclude gain enhancing techniques like cas-



coding (vertically stacking transistors to increase gain) of transistors and gain-enhancement

by employing amplifiers in cascode configuration [1].

Figure 1-1 displays the trend in scaling of transistor supply voltage (VDD) and dig-
ital and analog threshold voltages with process technology or production year. The trends
have been compiled by combining data from the 2006 ITRS report update [2] and the pre-

dictive sub-45nm device modeling [3].

Supply and Threshold Voltage Trends
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Figure 1-1. Trends for transistor supply and threshold voltage scaling with advancement in
CMOS process technology [2],[3].

From Figure 1-1, it can be observed that the NMOS transistor threshold voltage
(Vrgn) is not projected to scale while the VDD will scale down continually. Also the VDD
for digital process is set to scale more than the analog VDD, which will make seamless inte-

gration of analog circuits difficult in digital processes.
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Figure 1-2. Trends for transistor open-loop gain with CMOS process technology
progression [2],[3].!

Figure 1-2 shows the reduction in open-loop gain with process scaling. The open
loop gain value of around to value in 100’s in AMI’s 0.5um process has dropped to 10°s
in the sub-100 nm processes. Also with scaling, the process variations become more pro-
nounced as indicated by the expression for the threshold-voltage mismatch (G v 1y ) given
by [2]

1
CAvIH * [ W (1.3)

This leads to significant random offsets in op-amps due to the device mismatches.

I The ITRS report [2] proposes that the open-loop gain for the Analog CMOS process

will be maintained at 30 for designs with 5 x L L i being the minimum gate length

min >
for the corresponding digital process. However in the figure a gradual decline in open loop

gain is assumed for realistic design estimates.



—&—Peak fT

900
800 -
700 -
600 -
N 500 -
O 400 4
300
200
100 4

rrrrrrrrrrrrrrrrr
ooooooooooooooooo
8 § § &§ &8 &§ &8 § § § § & & & &«

Production Technology/Year

Figure 1-3. Trends for transistor transition frequency (f1) with CMOS process technology
progression [2],[3].

Figure 1-3 shows the projected enhancement in the peak f of the devices in upcom-

ing CMOS process technologies, which is a desirable progression.

Now, for an N bit resolution ADC, the open loop DC gain (A pc) of the op-amp required

is given as

Aond > % LN (1.4)
where [ is the feedback factor in the op-amp topology. For B = 1/2, which is the

case in a R-2R data-converter, the required loop gain is given as [5]

|AoLpc| 2 2N+2 (1.5)

Thus for 10 and 14 bit resolution ADC/DACS, the required open loop DC gains are

4K and 16K respectively. Figure 1-4 illustrates the number of cascaded stages required to
design a 10 bit ADC/DAC. Also wide-swing cascoded op-amp designs have been illus-

trated in [1] for a 50nm CMOS process model (VDD=1V). Thus Figure 1-4 also depicts the



number of stages required when the internal stages are wide-swing cascoded for N=14. The
swing for a wide-swing cascoded is given as (2V g i, VDD =2V g (1), where Vg o
is the saturation voltage for the transistors for the given bias. Also since Vg g, 18 not really
scaling down with VDD, the wide-swing cascoding technique may not be a suitable option

in future.

Number of Opamp Stages
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Figure 1-4. Number of stages required to design op-amp with gain required for N bit ADC
settling. The figure shows numbers of cascaded stages required without employing any
cascoding for 10 bit ADC settling. Also it shows the number of stages required when the
internal stages are wide swing cascoded for 14 bit ADC settling [2],[3].

As it can be observed in Figure 1-4, three or higher stage op-amp topologies are
going to become a pressing need in the near future if not already. Also there is a growing
interest in development of low-voltage and low-power analog circuit techniques for wire-
less and sensor applications, which operate on batteries or by energy scavenging. As dem-

onstrated later, the low-voltage op-amp topologies can provide the required open loop gain,



only when three or higher number of gain stages are used in the contemporary sub-micron

CMOS processes.

Moreover, high-gain, multi-stage op-amps find exhaustive application in high pre-
cision flash and pipelined data converters, delta-sigma modulators, cell-phone speaker
drivers (which require low harmonic distortion), regulators, sensors and displays [4]. This
thesis presents development of novel high-speed, low-voltage, low-power, multi-stage op-
amp topologies which tremendously progress the state-of-art. Also the improved op-amp
frequency compensation scheme, called indirect feedback compensation, introduced in [1]
is amply developed and presented. The indirect feedback compensation, when applied to
multi-stage op-amp design solves many problems with the techniques proposed in litera-

ture, and enables realization of extremely low-power op-amp topologies.

The rest of the thesis is organized as follows. Chapter 2 provides a background on
the compensation for two-stage op-amps and then details the development of indirect feed-

back compensation technique for two stage op-amps.

Chapter 3 expounds on biasing techniques for multi-stage op-amp. Then a brief
background on the contemporary three-stage op-amp design techniques proposed in litera-
ture is presented. This is followed by a detail discussion on application of indirect feedback
compensation to the three-stage op-amp design. Novel low-power cascaded three-stage op-
amp topologies are proposed which provide substantial improvement over the contempo-
rary designs. Finally a generalized theory for design of N-stage, indirect compensated op-

amp is proposed.



Chapter 4 presents the application of the multi-stage op-amp design techniques to
develop their fully-differential counterparts. The novel multi-stage fully-differential op-
amp topologies proposed will facilitate development of low-power, low-voltage data con-

verters and other analog signal processing systems.

Chapter 5 demonstrates the test chips developed for the op-amp topologies pro-
posed in this thesis. Test results for the first fabricated chip are illustrated along with the

chip micrographs and layout pictures.

Chapter 6 delineates the conclusions drawn from the work presented in this thesis

along with the directions for further research on this topic.



TWO-STAGE OPERATIONAL AMPLIFIER
FREQUENCY COMPENSATION

TWO-STAGE op-amps have been the dominant amplifier topologies used in
analog system design due their simple frequency compensation and relaxed stability crite-
rions. The two-stage op-amps have conventionally been compensated using Miller com-
pensation or Direct Compensation technique. Figure 2-1 the shows block diagram of a two-
stage op-amp. The op-amp consists of a diff-amp as the input stage. The second (gain) stage
is biased by the output of the diff-amp which is followed by an output buffer. The optional
output buffer is used to provide a current gain when driving a large capacitive or resistive

load [1].

Vs Vout

@ @

Gain Stage

Differential
Amplifier

Output
Buffer

Figure 2-1. Block diagram showing general structure of a two-stage op-amp [1].

Miller Compensation

. . 1
Before compensation, the poles of the two-stage cascade are given as, p; = R
1~1
1 ) . .
and p, = ——, where Ry, C; are the resistances and capacitances respectively at nodes

R,C,



k=1,2. In order to achieve dominant pole stabilization of the opamp, Miller compensation
is employed to achieve pole splitting. In this technique, the compensation capacitor (C,) is
connected between the output of the first and second stages. The compensation capacitor
splits the input and output poles apart thus obtaining the dominant and non-dominant poles
which are spaced far away from each other [1],[6]. However, Miller compensation also
introduces a right-half-plane (RHP) zero due to the feed-forward current from the output of
the first stage to the op-amp’s output. Figure 2-2 shows the small signal model for two-

stage opamp used for nodal analysis.

1% \4

i, — out __ Vs

°1/sC.
: |
Ce

9m1Vs R, Ci— gm2V1Q> R.,> Co— Vout

+

<

Figure 2-2. Small signal model for nodal analysis of Miller compensation of a two-stage
op-amp.

The small signal transfer function for a Miller compensation two-stage opamp is

given as,
(-3
v 1
sm = gmiRig2mRy (2.1)
s 0D
P p
The RHP zero is located at
7, = om2 (2.2)



10

The dominant pole is located at

1

pp = 2.3)
: gmRoR G,
and the non-dominant pole is located at
C
€m2%c " &m2 (2 4)

p = J— ~ —
2 CC+CC+CLC, C +C,
The open-loop gain of the op-amp is givenas A, = g_,R,g,,R,, while the unity-

gain frequency (or gain-bandwidth) is given as f | = Zimé -
C

The pole splitting for the two-stage op-amp due to Miller compensation is illus-

trated in Figure 2-3. The frequency locations corresponding to poles and zeros can be eval-

uated as f, = L and f, = 2 respectively [1].
P 27 Zy 21
jo
A
/
pole splitting s plane
N > O L%
£ 1 - ; Em2
T G+G "R,C, RC 1 g
gmRRG

Figure 2-3. Pole-zero plot for a two-stage op-amp demonstrating pole splitting due to the
Miller capacitor [1].

Figure 2-4 shows the frequency response of the Miller compensated two-stage op-

-1
amp. Since the phase contribution due to the RHP zero is given as —tan (fi) , it degrades
zl

phase margin of the op-amp from 90° and leads to instability when the second pole moves
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closer to the unity-gain frequency (f,,,). Hence, not only the RHP zero flattens out the mag-
nitude response by cancelling the dominant pole roll-off, which is required to stabilize the
op-amp, it also decreases the phase margin which makes the op-amp stabilization difficult
[1].

Upon closer analysis of the origin of the RHP zero, the compensation current (i),
flowing across the compensation capacitor (C.) from output node to node-1, is given as

i, = sC(vyy—Vy) = sC.v

c Vout — SC.v, . The feed-forward component of this current,

igp = sC,v; flows from node-1 to the output, and the feed-back component,
i = sC.vy,, flows from the output to node-1. The feed-forward current, ig, depends
upon voltage vy, and so does the current at the output (=(g,, —sC_)v, ). When the total
current at the output equals zero (i.e. frequency corresponding to z;=g,»/C..), a RHP zero
appears in the transfer function. This RHP zero can be eliminated by blocking the feed-for-

ward compensation current, while allowing the feed-back component of the compensation

current to achieve pole splitting [6].

Several methods have been suggested in [1] and [6] to cancel the RHP zero in the

two-stage op-amp and are described in the following sub-sections.

A Miller compensated two-stage op-amp has been implemented on the test chip
with schematic as shown in Figure 2-5. The op-amps on the test chip have been designed
to drive a typical load of 30pF, which is presented by the probe cables in the test setup. The

test chip is designed using MOSIS’s AMI C5N 0.5um process and serves as a platform to
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compare the performance of various op-amp topologies discussed in this chapter. Specific

details on chip layout and testing are presented later in chapter 5.

A
dB
v -20dB/dec
20. log| —24L
i
m
i : i »
fp1 fun \ fz1 fpg f
A
0° -20dB/d
/ Yout RHP zero reduces the
. phase margin.
Vin 90° /////////
a~
180° »
f
-270°

Figure 2-4. Frequency response of the Miller compensation two-stage op-amp[6].

VDD VDD

M6TL {

M6BL

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-5. A Miller compensated two-stage op-amp designed on the test chip.
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The op-amps have been designed for high speed with an overdrive equal to 5% of
the VDD and use minimum length devices i.e. L=2. Table 2-1 summarizes the transistor

parameters for the selected biasing and device sizes.

The designed op-amps can be biased using a beta-multiplier reference (BMR) cir-
cuit shown in Figure 2-6 and the cascoding bias voltages are generated using the wide-
swing cascoding circuit shown in Figure 2-7. A detailed explanation on the working of

these biasing circuits is provided in [1].

VDD lDi VDD VDD VDD VDD
10/100
] @ ] @d L
22/22
EEEEN Al v
= ML biasp
4{ 20/2

}7

s
o T

Figure 2-6. The self-biased beta multiplier reference (BMR) circuit for biasing the op-
amps.

Start-up Circuit

el
1

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.
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Table 2-1. AMI C5N process MOSFET parameters for the op-amp designs introduced in

this work.

Mosfet parameter for design with VDD=5V and a scale factor of 300nm

(scale=300nm).

Parameter NMOS PMOS Comments

Bias Current, I, |20pA 20pA Selected in order to drive 30pF
load.

W/L 10/2 22/2 Selected based on Iy and V,,

Actual W/L 3um/600nm | 6.6um/600nm | Minimum L is 600nm.

VDs sat and 150mV 140mV Saturation voltages. The point

V3D sat where output resistance starts to
decrease.

Vovn and Vi 350mV 350mV 7% voltage overdrive.

Vs and Vg v 1.185V Bias voltages.

Vrun and Vrgp |650mV 835mV Threshold voltages.

OVrp,py/ (0T)]-0.7mV/°C | -0.7mV/°C | Temperature coefficients.

Vgatn and Vgge, 193x10°ms | 152x10°ms™! ISrleggzalltion velocity, from BSIM

tox 14.1nm 14.1nm Gate Oxide thickness, from BSIM
model.

C;)X =g, /t, |2.51 fF/um” [2.51 fF/um? |Gate Oxide capacitance.

Coxnand Coy, | LI3fF 2.49 fF C,. = C, WL(scale)

Cgen and Cygp, 0.754 fF 1.66 {F Cos = (2/3)C

Codnand Cyq,  |0.642 fF 1.41 fF Cgq=CGDO.W.scale

8mn and gy, 168 nA/V 160 nA/V For Ip=20pA

Ton and oy 249 KQ 272 KQ Approx. at Ip=20pA

Zmnlon and 41.83 VIV 43.52V/V Open circuit gain.

EmpTop

Ay and A, 0.024 0.023 L=2

fry and fr;, 7.1 GHz 3.6 GHz Transition frequency for L=2.
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VDD

VDD VDD DD b v

bias1

biasp

22/20

bias2

\ \ \ \ R
1020 || \ \ \ > Viass

=

bias4
Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-7. The wide-swing cascoding circuit to generate the bias voltages for the op-amp.

Figure 2-8 shows the wide-swing cascode bias reference levels generated by the cir-

cuit shown in Figure 2-7.

—— Vbias1
- ---Vbias2
Vbias3

Bias Voltages (V)

T
0.10 0.15 0.20 0.25 0.30
time (us)

Figure 2-8. Wide swing cascode bias voltages for the designed two-stage op-amps.

The simulation results for the Miller compensated op-amp are shown in Figure 2-9.
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Figure 2-9. Frequency response of the Miller compensated two-stage op-amp. Here
f,n=2.5MHz and PM=75°. In this and all the subsequent SPICE simulated frequency
response plots, the solid and dotted lines represent the transfer function magnitude and
phase respectively.

2.60V
2.59V—
2.50V+
2.57V+
2.56Y+
2.55V—
2.54V—
2.53V+
2.52V+
2.51V+
2.50V

2.49v i i
0.0ps 0.8ps 1.6ps 2.4)s 3.21s

Figure 2-10. Small step input response of the Miller compensated two-stage op-amp. Here
the settling time (t5) is approximately equal to 350ns.

As the gain-bandwidth product or the unity-gain frequency is a Figure of Merit
(FoM) of the designed op-amp in frequency domain, the settling time is a FoM for the time

domain characteristics of the op-amp. For an op-amp with 90° phase margin with non-
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dominant poles and zeros being far away from £, (i.e. an R-C circuit like response), the

relation between 99.9% settling time (t,) and f, is given as

t = = (2.5)

Table 2-2 lists the required unity-gain frequency to achieve the target op-amp set-

tling times for an op-amp with 90° phase margin.

Table 2-2. Required Op-amp unity-gain frequency for settling time specifications.

Settling time (t) | unity-gain frequency (f,;,)
Ins 350MHz
10ns 35MHz
100ns 3.5MHz
Lus 350KHz
10pus 35KHz
Ims 350Hz

The following sub-sections discuss methods widely used to eliminate the detrimen-

tal effects of the RHP zero on the phase margin in the Miller compensated op-amps.

Zero Nulling Resistor

A common method to cancel the RHP zero is to use a zero nulling resistor in series
with the compensation capacitance, as shown in Figure 2-11. With the zero nulling resistor

(R,), the location of the zero is given as

7 = ————— (2.6)
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VDD VDD

bias3

M6TL I
M6BL | bias4
[
Unlabeled NMOS are 10/2. H_J
Unlabeled PMOS are 22/2. x10

Figure 2-11. Miller compensated op-amp with zero nulling resistor, R,=750Q [1].

@ Co R @

+ +

gm1Vs<T> R C,— maV1 @) R, C,— Vout

Figure 2-12. Small signal model for a Miller compensated op-amp with a zero nulling
resistor.

For R,=1/g», the zero is pushed to infinity and for R, >1/g >, the zero appears in
the left half plane (LHP). Thus for R,=2/g,,, the RHP zero is converted to an LHP zero of
the same frequency location as that of the RHP zero. A LHP zero helps in improving the

phase margin of the opamp and enhances stability. Nodal analysis on the model in Figure 2-
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12 leads to the locations of the poles and zeros. The first and second poles are at the same

g

location as in the Miller compensation case, i.e. p; = :
C, +C,

1
ngRZRICc

A third pole is introduced at p; ~ which is far away from the second pole,

1
| RZC 1
ps,as C; « C,and R, ® — [6]. The location of the zero may vary depending upon the pro-

m2
cess variations in the resistor R, but this scheme is effective enough to keep the RHP zero
from degrading the phase margin. The resistor R, can be implemented using a transistor in

triode region, and can be made to track the value of 1/g,,, and cancel the RHP zero. How-

ever the biasing of this triode transistor may require additional power [1].

60dB Vivouy

50dB-}--- -
40dB— !
30dB— -
20dB—--!
10dB-}-

0dB—--
-10dB-|--!
-20dB---|
-30dB-{--;
-40dB- -
50dB- -- o : i : R 01 S
BB 2000

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

Figure 2-13. Frequency response of the Miller compensated two-stage op-amp with zero
nulling resistor Here, f,,,=2.6MHz and PM=g89°.

The small signal frequency response for this circuit is shown in Figure 2-13, while
Figure 2-14 displays the step input response of the op-amp. Here we can observe the

improvement in phase margin (PM) from 75° to 89° by using the zero nulling resistor.
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Figure 2-14. Small step input response of the Miller compensated two-stage op-amp with

Voltage Buffer

A source follower can be used to block the feedforward compensation current and
allow the feedback compensation current to flow from the output to the node-1. Figure 2-
15 shows an op-amp topology with an NMOS source follower while Figure 2-16 shows the
op-amp with a PMOS source follower. Notice the way the compensation current is fed back
from the output to the node-1 in these op-amps. These topologies eliminates the RHP zero
although at the cost of additional power and transistors. Also due to the use of a source fol-
lower, there exists a fixed DC voltage drop, equal to Vg (or Vgg for the PMOS buffer
case) in the feedback signal path. This voltage drop reduces the output swing, as a high
output swing may triode the source follower device and break down the compensation. The

location of the first pole remains the same as in the case of Miller compensation, and the

f
0.0ps 0.8ps

zero nulling resistor. Here ts = 300ns.

second pole also remains relatively unchanged at p, = _%m_z [6].
2
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bias3

|

I
Vbias'4 |
I

5
Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-15. Op-amp with an NMOS Figure 2-16. Op-amp with a PMOS Voltage
Voltage Buffer. Buffer.

Common-Gate Stage

A common-gate stage can also be used to block the feedforward current from node-
1 to the output node-2 [8]. Figure 2-17 shows a two-stage op-amp which is indirect com-
pensated using a common-gate stage. The transistor M acts as a common-gate amplifier
which blocks the feed-forward compensation current and allows the feedback compensa-
tion current to flow indirectly from the output to the internal node-1. Such topologies are
analyzed in the next section, and they significantly improve the performance of the op-
amps designed. As the compensation current is fed back indirectly from the node-2 (i.e.
output node) to the node-1 in order to achieve pole splitting (and hence dominant pole com-

pensation), the class of compensation technique is called Indirect Feedback Frequency
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Compensation or simply indirect compensation. An analysis of the common-gate stage

indirect compensated op-amp topology is provided in the next section.

VDD VDD

M3

Vi| M1 M2 |——]

Vbias3

meTL 1| — |
' M6TR! ;:I M10T! ;:I
M6BL I Vbias4 I I |

M6BR \% M10B \;; MSBI

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2. x10

Figure 2-17. A two-stage op-amp with a common-gate stage to feedback the compensation
current.

Indirect Feedback Frequency Compensation

As introduced in the last section, the class of compensation in which the compen-
sation current is fed back indirectly from the output to the internal high impedance node, is
called Indirect Feedback Frequency Compensation. Here, the compensation capacitor is
connected to an internal low impedance node in the first stage, which allows an indirect
feedback of the compensation current from the output node-2 to the internal high imped-
ance node-1. Figure 2-18 shows the block diagram of an indirect feedback compensated
two-stage opamp. Here, the effective small signal resistance attached to the low impedance

node is denoted as R..
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Vout

Differential
Amplifier Buffer

Gain Stage Output

Figure 2-18. Block diagram of an indirect feedback compensated two-stage op-amp. The
compensation current is indirectly fed to the high impedance node-1 from the output node.
The compensation capacitor, C,, is connect between the output and an internal low
impedance node in the first stage. The effective resistance attached to the low-Z node is
denoted as R..

Exact Analysis

In order to develop an insight into indirect feedback compensation, the op-amp
topology indirectly compensated with common-gate stage is analyzed. The small signal

model for the common-gate stage op-amp topology is shown in Figure 2-19 [7].

(D) T SO Vme Ra | C g’"ZV’d) RzLCVOUt

9m1Vs R; |Cq 9mcVa 2

Figure 2-19. Small signal analytical model for common-gate stage indirect compensated
two-stage op-amp [7].
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The model used for exact analysis has three nodes and hence three dependent vari-

ables, v,va and v Also in the model vy = v —v_ . A T-type small signal model is used

p
to represent the common-gate device M [6]. Here, the transconductance and output resis-
tance of the common-gate device (M) are denoted as g, and r, respectively. Also R

and C 4 are the resistance and capacitance at the low impedance node-A. On applying nodal

analysis on the model shown in Figure 2-21, we obtain the following set of equations [7].

A% Vi—V
—gleS+—1+VISCl—ngVa+( 1 A) =0 (27)
R1 oc
Vout
gV T R_z TV SCy T8C (Vi —Vva) = 0 (2.8)
I.oc RA

On simultaneously solving Equations 2.7, 2.8 and 2.9, we obtain the following

small signal transfer function.

v b, +b;s
VL‘“ = —AV( . J (2.10)
s a,ta;sta,s tass

The third order transfer function given by Equation 2.10 consists of a real LHP zero

and three poles. The exact values of the transfer function coefficients are

Ay = gmiRi1g8mR, (2.11)

by = (1+g, R)r,. + Ry (2.12)



bl - RA[roc(cc + CA) + mcloc ™ Cc/gm2]
apg = (1 + g, Ra)r,. TRy TR,
ap = gm2R2gmcR1rocCcRA + gm2R2R1CcRA

t ZmcRaToc(R1C TR (C,+C ) + RIRL(C +Cy)
T RARC; +R,C,) + RIRH(Cy + C) +1 (R,C + RA(C +CY))

ay = (8 Rat DRYC R 1 (C,+C) + Ry RAC(C, +Cp)
+RiR)CRACy +RLCRL(R(Cy+C +Cy) +1,,Cp)
+ Ry C R, (1, (C, + Cy) +R,C))

a3 = R{CRyr [RA(C,CL +C,C +C.CY)
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(2.13)
(2.14)

(2.15)

(2.16)

(2.17)

Applying the approximations g R, » 1, C, = C;C_, C,» C|, C,, we obtain the

following modified transfer function coefficients,

by~ gmeR AT,

b, #R,r (C,+C,)

29~ (gmeRa T Do

a; =g RRir  .C.(g,.Rpt1)

a, ® (g Ry T DR,C Rr (C,+C))
T RHCRL[1, (C +Cp) T R(C +Cy +Cy)]

a; = RyC Ry [RA(C,Cp +C,C +C.Cyp)

Using the numerator expression, we obtain the location of the zero to be at

Emc

- b,  C,+C,

(2.18)
(2.19)
(2.20)
(2.21)

(2.22)

(2.23)

(2.24)



26

which is evidently an LHP zero. With the assumption that |p,| » |p, , the dom-

P3

2

inant real pole is given as

pr— = ———— (2.25)
Now for s » p; , the denominator of the transfer function, D(s), can be approximated

as

a a
D(s)z(1—i)(1 +—2s+—332) (2.26)

P a4
From Equation 2.26, the non-dominant poles p, and p; are real and spaced wide

a,\2 a,
apart when (—) » 4(—) , Or
ay ay

(a,)? » 4aya, (2.27)
The above condition is satisfied when

» 4gm2cc(c2 ” Cc + CA)
Eme C,(C,+C,)

(2.28)

This implies that the g, of the common-gate device (M) in Figure 2-17 should
be large. When the condition given by Equation 2.28 is satisfied, the non-dominant poles

are given as

al ngCc ngCc
r—— = — ~— , and (2.29)
P2, T TC(C,+Cy) ¢, C
a C,/C
pyx—— = Eme 2 ! (2.30)

_a_3 B (CA + C2 H Cc) B R1 H roc(CZ + Cc H Cc)

(e e
C2||Cc (RIHroc)Cl
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The unity-gain frequency of the op-amp is given as

£ = |p1|Av~ Emi
u - 2n " 2nmC,

(2.31)

From Equation 2.29 the second pole, when using indirect compensation, is located

_gm2cc
CLCI

_ Em2
C,+C,

moved further away from the dominant pole by a factor of approximately C_/C, . This

at while the second pole for Miller (or direct) compensation was located at

. By comparing the two expressions, we can observe that the second pole, p,, has

factor of C,/C; comes to be around 10’s in AMI C5N 0.5um process employed in this
thesis work. Also the LHP zero adds to the phase response in the vicinity of f,,, and
enhances the phase margin.

This implies that we can achieve pole splitting with a much lower value of compen-
sation capacitor (C.) and lower value of second stage transconductance (g,,,). Lower value
of g, translates into low power design as the bias current in second stage can be much
lower. Alternatively, we can set higher value of unity-gain frequency (f,) for the op-amp
without affecting stability and hence achieving higher bandwidth and speed. Moreover, the
load capacitor can be allowed to be much larger for a given phase margin [1],[9], [10]. The
higher value of |p,| can be explained by the fact that the first stage’s output (i.e. node-1) is
not loaded by the compensation capacitor [6]. In short, in can be trivially concluded that

indirect feedback compensation can lead to the design of op-amps with significantly lower

power, higher speed and lower layout area.
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Also on observing Equation 2.30, the third pole (p3) doesn’t move to lower fre-
quency and interact with the second pole (p,) as long as g, is large and Ry C are smaller
in value. In modern sub-100nm processes, the values of R; and C; are much smaller than

in the long channel processes and the third pole doesn’t affect the stability as much.

Looking at the case when the non-dominant poles are close and form a conjugate
pole pair when

g < 4gm2cc(c2 H Cc + CA)
me C,(C,+C))

(2.32)

The real part of the conjugate pole pair (p, 3) is given as

a Em28me Em28me
R o m ~ 2.33
C(P2,3) A/; A/Cl[cz+(1 +C2/CC)CA] /\/ C1C2 ( )

and the damping factor (¢) is given as

- a, zl IC,C, (2.34)

Also, we can observe that

8m2 [BmcCL  8m2
CongC, Cp

which again re-affirms the fact that the values of 1/g,,. and C; should be small in

‘Re(pz, 3)‘ =

(2.35)

order to move p; 3 away from p; as farther as possible.

Simplified Analytical Model

In the preceding section, a detailed analysis for indirect compensation using a
common-gate stage was presented. However, a simpler analytical model for indirect com-
pensation will be of greater utility in analyzing more complex topologies employing indi-

rect compensation. Figure 2-20 shows the sequence of deriving a simpler analytical model
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for indirect compensation. In the Figure 2-20 (b), node-1 and node-A are de-coupled using
the assumption that the resistance r, is large and the variation in node voltage v is less.

Figure 2-20c is obtained by using the Norton equivalent of the voltage source v.

Figure 2-20 (d) shows the simplified analytical model with only two dependent

nodes 1 and 2. Now since g . » ri’ RL and C_» C, , the feedback compensation current
oc A

can be approximated as

\
i~ Ltl (2.36)
R +—
¢ sC,

and the impedance Z; can be approximated as 1/g,. for frequencies less than the fr

of the transistors used in the topology, and thus neglecting the % term. These simplifying
A
assumptions lead to the model shown in Figure 2-21. In the model here, R, = 1 IR, is

mc

the resistance attached to node-A.
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9Im1Vs R; |Cq [ | ] A R> C,
gmc+, V4 _

rrrrr

Figure 2-20. Derivation of a simpler analytical model for indirect compensation by
making appropriate simplifying assumptions.
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© lCNl/sCC+RC @
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gmNs(D Ri> Ci— CD 9m2V1 <D R, Co— Vou

<

Figure 2-21. Simplified analytical model for indirect feedback compensation of two-stage
op-amps.

We can employ nodal analysis to derive the and verify the pole and zero locations
corresponding to the simplified model presented in Figure 2-21. The nodal analysis equa-
tions for this model are

out _
\'% \"
gV, + M +5C, v,y = O (2.38)

+
R, 1/sC ,+R,
On solving Equations 2.37 and 2.382.38, we obtain the following small signal trans-

fer function.

v 1+b;s
out _ —AV[ - J (2.39)
Il +a;sta,s” +ass

The third order transfer function given by Equation consists of a real zero and three

poles. The exact values of the transfer function coefficients are
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Ay = gmiRigmRy (2.40)
b, = R.,C, (2.41)
a, = g»R,g . .RR,C,+R,C,+R,C,+R,C.+R.C,_ (2.42)
a, = RjC,;(R, +R)C +R,C,(R,C, +R_.C)) (2.43)
a; = R{C,R,C,R C, (2.44)

Applying the approximations g R, » 1,k = 1,2;C,~C;C,C,»C;, we
obtain the location of the zero and poles.

The LHP zero location is given as

1

7 (2.45)
: RCCC
The dominant real pole is located at
1 1
~Ne— = (2.46)
P a; gmaRoR €,
The non-dominant poles, p, and p3, are real and spaced wide apart when
1 4gm2C§
= —y —me C 2.47
G, R, » .G, (2.47)

which implies that the resistance, R, should be small or, in other words, G, should
be very large. When the condition given by Equation 2.47 is satisfied, the non-dominant
poles are given as

al ngRICc ngCc
r—— = — ~— , and (2.48)
P2 a, C,(RC HRC)  CCy

a
pyr—— = —[ L L } (2.49)
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The unity-gain frequency of the op-amp is

£ = |p1|Av~ Emi
u - 2n " 2nmC,

(2.50)

By comparing Equations 2.24-2.31 with Equations 2.45-2.50, the simplified model

shown in Figure 2-21 represents indirect feedback compensation with reasonable accuracy.

It can be observed thatas R, — 0 (i.e G, — »,)

P3| — o and |z,| — . Then the
op-amp transfer function has only two real poles and the phase margin is 90° .This again
leads to the limiting condition when the g, of the common-gate stage (seen in Figure 2-17)

is very large.

The following sub-sections illustrate the application of the generalized indirect

feedback compensation theory to specific indirect compensated op-amp topologies.

Common-gate Stage

An elaborate procedure for designing two-stage op-amps using a current buffer
(common-gate stage) is available in [11]. In designs such as in [11], the location of the zero
is manipulated to cancel either of the poles (p, or p3) in order to achieve better phase mar-
gin. Since a perfect pole-zero cancellation is hard to achieve with process and temperature
variations, such attempts lead to a pole-zero doublet in the frequency response. Even so the
frequency response due to a pole-zero doublet is approximately the same as the pole-zero

cancelled frequency response. A p,-z; doublet is obtained by setting g .. = —<——,and a
RCCC + Rlcl

p3-z; doublet is obtained by using g, = = S RC
c M1Vl
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However, such designs lead to higher power consumption as they try to move the

LHP zero higher in frequency and cancel either of the poles, p, or ps3, by using higher values

of gre.-

Cascoded Loads

Cascoded op-amps have traditionally been used to achieve high open-loop gain
with two gain stages. When using a cascoded diff-amp as the first stage, a low impedance
internal node is easily realized. This low impedance node can be used for indirect compen-
sation of the op-amp by connecting the compensation capacitor to that node. Figure 2-22

shows a two-stage op-amp with a cascoded current mirror load.

M4B (¢ |
M3B p—\/"iq [ Lo
y :

v, v, ¢ C.
—[ w1 w2 b= | v,
® 1]C
1.5pF |
| 30pF
|
[ Vbiass | | ]
MeTL I H’:| M6TR weTlL_ %2 |
. |
M6BL I Vblas4 I |

M6BR mes! 02

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 44/2.

Figure 2-22. A two-stage opamp with a cascoded current mirror load in the first stage.The
compensation capacitor is connected to the low impedance node-A.



35

Here, in this topology the common-gate stage is ‘embedded’ in the current mirror
load itself as denoted in [7]. The small signal model for this topology is analogous to the
one shown in Figure 2-19 and the LHP zero and the two pole locations are given by Equa-
tions 2.24-2.31. Here g, is equivalent to the g, of M4B transistor seen in Figure 2-16,
which emulates the common-gate device. The cascoded load indirect compensation topol-
ogies result in reduction in power when compared to the common-gate topology in
Figure 2-17. However the reduction in power comes at a cost of reduced flexibility in
choosing the value of g,,,., and hence the location of the LHP zero [7]. The small signal fre-

quency response for this op-amp topology is shown in Figure 2-23.

V[vout] 307

100dB—-= =400 - 0"
— -30°

60dB— : — -&0°

— -90°

20dB— —-120°

—-150°

-20dB —-180°
—-210°

-60dB— —-240°
—-270°

-100dB— —-300®
o -330°

‘1 4['['8 LRRRLLL | L | TrITy i T '3Eﬂn

I R R R D D
100H 10KHz TMHz 100MHz  10GH=z

Figure 2-23. Small signal frequency response for the op-amp with indirect compensation
using cascoded load. Here, f,,=12MHz and PM=86°.

> un
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Cascoded Differential Stage

Other than using a cascoded current mirror load, a cascoded differential pair can
also be used in op-amp designs. Figure 2-24 shows a two-stage op-amp with a cascoded
differential pair. Here the device M2T acts as an ‘embedded’ common-gate device [7]. The
source of M2T is a low impedance node which can be used for feeding back the compen-
sation current. However, the indirect compensation using cascoded differential pair is not
same as using the embedded common-gate in cascoded load. Here the node-A has a finite
signal swing proportional to the input, which feeds forward through C; to the output. This
leads to a Miller compensation like situation along with indirect compensation as the
embedded common-gate device is not isolated from the input, as in the model in Figure 2-
19. The feedforward compensation current path can only be eliminated if all the current
from the source of M2T is forced to pass through M2T and is not allowed to flow through

C.. This can be only achieved when transconductance of M2T is infinite [7].
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VDD
VDD VDD

Vbias1 ) M4
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Vbiass | — 30/2 I 5o
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Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-24. A two-stage opamp with a cascoded differential pair in the first stage.The
compensation capacitor is connected to the low impedance node-A.

Figure 2-25 shows the small signal model for analysis of the op-amp shown in

Figure 2-24.

O RO -

—1 Vout
gm1Vs Rs |Ca ImcVa 1/gmc R Cy R> C,

Figure 2-25. Small signal analytical model for the op-amp with indirect compensation
using cascoded diff-pair[7].
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On applying nodal analysis on the model shown in Figure 2-25, we obtain the fol-

lowing set of equations [7]

VA (Va—Vy)
—gmlvsﬁLE[—\JrVAsCAﬁLngVaJr———————r +SC . (VA—Vou) = 0 (2.51)
ocC

v V,—V
—ngVA+VlsC1+—1+M =0 (2.52)
Rl roc
Vout
g Vi T 5 T VouSCy T8C (Vo —Va) = 0 (2.53)

R,

On solving Equations 2.51, 2.53 and 2.52, we obtain the following small signal

transfer function.

Vou _ —AV( b, +b;s +§>zsz 3] (2.54)
Vs agta;s+a,s +ags
with the coefficients given as
Ay = gmiRi8maR,y (2.55)
by = (1 +g.,.1..)RA (2.56)
b, = (R,C (r,. TR}))/(goR}) (2.57)
b, = «(Rr,.C.C))/g» (2.58)
a, = (1+g,  Ryr,.+ Ry +R (2.59)
a; = gRg Rir . C.Ry+g . RRCR, (2.60)

T 8 RAT(R;C +RH(C, +C ) +RRL(C +C)p)
FRAR G+ RyCy) + RIR, (G, +Cp)
Fro(RyCe FRA(C +Cp) + R Gy + RyCy)
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a, = (ngRA + I)RZCIRII‘OC(CZ + CC) + RerCRACC(CQ + CA) (2.61)
+RiR)CRACy +RYCRL(R(Cy +C +Cy) +1,,Cp)
+RCRL(1,.(C, +Cy) T R,Cy)

a, = R,C,R,r, .R,(C,C, +C,C +CC,) (2.62)

Upon applying the approximations g_,R,»1,C,~C;C,C,»C,,C,, we
obtain the denominator coefficients to be same as seen for the case of cascoded load indi-

rect compensation. Using the numerator coefficients, the locations of the zeros are given as

Z1,2 T — [ = 202
’ 2(R1 roc)Cl 4(R1 Hroc) Cl CCCI

The zeros are real and one of the zero is in LHP while the other in RHP [7].

1 1 gngmc
Zigp = — - + (2.64)
LHP 2(R; lIr,)C, \/4(R1 Ir,)2C? C.C,

1 1 nggrnc
Zoup = — + (2.65)
RIP 2Ry 1,00 € «/4(R1 Ir,0)?C?  C.Cy

gm2gmc » 1
CeCr 4R lIrye)*Ce

Also |ZLHP‘ > |ZRHP‘ . Now, if the condition is satisfied,

the locations of the zeros can be simplified as

Zrup ® — /ggzinllc (2.66)
C

Zrup /ggzinlw (2.67)
C

The approximate pole locations for this topology are exactly the same as derived for

cascoded load indirect compensation. Since the location of RHP zero is far away from the
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unity-gain frequency, it is unlikely to degrade op-amp’s stability. The LHP and RHP zeros
are collocated in the frequency domain, and tend to cancel each others’ effect in the phase

response. Also if the non-dominant poles, p, and p3, are complex conjugate we can recall

gm28mec
C1C2

LHP zero. Thus, the complex poles will be collocated with the LHP zero and form a cluster,

that their location is given as Re(p, ;) = which is same as the location of the

which can be modeled by a single real pole. Thus the opamp response can be approximately

represented with a two real poles and an RHP zero [7].

V[vout]

70dB 20°
60dB—--- S
50dB -~ -20°
40dB- — -40°
30dB — -60°
20dB — -80°
10dB —-100°

0dB— —-120°
-10dB— —-140°
-20dB— —-160°
-30dB— —-180°
-40dB— N H-200°
-50dB- 220
-60dB—— --240°

AL LY I ALY IR ELLL I, L DL
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

Figure 2-26. Small signal frequency response for the op-amp with indirect compensation
using cascoded dift-pair. Here, f,,=20MHz and PM=60°.

Indirect Compensation using Split-Length Devices

It has been demonstrated in previous sections and that indirect compensation of
two-stage op-amps can be achieved using the internal low impedance nodes in a cascoded
topology. However, the voltage supply level has been scaling down and hence cascoding

will no longer be feasible in the nano-CMOS processes. Techniques for indirect compen-
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sation using split-length devices have been proposed in [1] and further illustrated in [9]

which enable compensation in these low voltage nano-CMOS technologies.

Low-Z
node VDD
M1T
MAT Triode
WL, M1 - VDD
Equivalent WI/L
Triode «—> 4‘ WI(L4+L2) E1quivalent Mt
«—>
\\> W/L2 W/(L1+L2)
M1B Low-Z Wi/L,
node M1B

Figure 2-27. Figure illustrating split length NMOS and PMNOS devices and creation of
the low impedance nodes.

Figure 2-27 illustrates how a NMOS or PMOS can be split up by its length to create
a low impedance node-A. In the case of an NMOS, it can be shown that the lower device,
M1B, will either be in triode or cut-off region. Since a triode device offers a low channel
resistance and also that node-A is connected to the source of the upper device, node-A is a
low impedance node. Similarly for the PMOS case, the top device, M1T, remains in triode
or cut-off region. Hence node-A is again a low impedance node in the PMOS stack. The
low impedance node-A can be used to feed back the compensation current to the output of

the first gain stage i.e. node-1 [1].

Now since a simple (non-cascoded) diff-amp stage has visibly two sets of devices,
current mirror load device and the diff-pair device. Indirect compensation can be achieved

by splitting the lengths of either the load device or the diff-pair device.
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Split Length Current Mirror Load

Figure 2-28 shows a two-stage op-amp with a split length current mirror load
(SLCL). Here, the compensation capacitor is connected to the low impedance node-A in
order to achieve indirect compensation. Since we are using minimum length devices in this
example, the widths of the split PMOS devices have been doubled to 44 in order to keep
the overall PMOS sizing to be 44/4, which is equivalent to 22/2. When using a process with

minimum L of 1, we would have used 22/1 sized devices instead of 44/2.

Small signal analysis of the op-amp presented in Figure 2-28 is fairly complicated.
In order to analyze the topology and to obtain the small signal transfer function, few sim-

plifying assumptions have been made.

M6TL

M6BL

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-28. A two stage op-amp with indirect feedback compensation using split-length
load devices (SLCL) [1].
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Schematic in Figure 2-29 illustrates the deduction of a small signal model for the
op-amp. Figure 2-29 shows the small signal analytical model for the op-amp topology
under consideration. The transconductance of each of the split PMOS devices is labeled as
8mp- The resistances and capacitances at nodes 1 and A, have been lumped together and
connected between the respective nodes and the ground. The resistance, R, can be approx-
imated to be equal to the channel resistance of the trioded PMOS, which is approximated
as 1/gy,, for small Vgp values. Also, here if the current mirror load is designed with the
same g, as the diff-pair, Smp = ﬁgml , where g, is the equivalent transconductance of

the first stagel.

Figure 2-29. Small signal equivalent of the op-amp with split length load devices.

I For a fixed bias current, Ip, g = ,/2IpW/L. For Lp=L/2, we have the new transcon-

ductance, g, given as 8mp = J2 8-
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Figure 2-30. Small signal model for analysis of the op-amp employing split length load
devices.

Applying nodal analysis on the derived small signal model in Figure 2-30, we get

the following set of equations.

Vs 1 Emi (Vi=vp)
gml? + ? +v,sC, gmp(VA + %Vs) + Toe =0 (2.68)
(Va—Vy) €m1
— + gmp(vA + ——m—vs) +VASCp+ 2V ) T5C(Va—Voy) = 0 (2.69)
oc mp

—v,) =0 (2.70)

1 Jout | C,+sC
gm2Vi R2 Vout8tr T8 c(Vout

On simultaneously solving Equations 2.68, 2.69 and 2.70, we obtain the following

small signal transfer function.

b, +bys+b,s?
0o I 2 J (2.71)

out _ _AV
v +asta,s +as
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Again, on applying the conditions g, R, » 1, C, = C;C_, C, » C, C, , we obtain

the following approximate transfer function coefficients,

Ay = 2miRi8maRy (2.72)
by~ 480 0p (2.73)
by ~3r,,(C.+Cy) (2.74)
by~ (2r,,CC.)/ gmn (2.75)
ag~ 4gmprOp (2.76)
a; 2gmzR2R1gmprOpCC (2.77)

8y % 4R,C R gty (Cy + Co) 2R,y Cylr (Co + Cp) T RY(C,+ Cu +C] - (278)
ay~ 2R, C Ryr, (C,C, +C,C, + C,Cy) (2.79)

The unity-gain frequency is estimated as

_ mi
fn = 520265 (2.80)

Using the numerator expression in Equation 2.71, we obtain the location of the first

LHP zero to be at

by dewy 428 82 2.81)
b,  3(C.+Cn)  3(C,+Cp 3 Cun ‘

which implies that the LHP zero is located slightly farther away from the unity-gain

le

frequency (i.e. at a frequency 3.77 - £ ).

The second LHP zero is located at

7y v —— = 22 (2.82)
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The high frequency second zero (z,) appears due to the f limitation of the device(s)

and can be ignored for the signal frequencies of interest.

The locations of the dominant pole is again given as

) 1

SO U S (2.83)
a) 2g.,RR,C.

C.(C,|ICc.+C
For Emp ? Em2 CC 1( ( sz n éc) A) , the non-dominant poles are estimated as

a gmzcc gmzcc
R—— = — R — , and (2.84)
P2 T, T T2C(C, T C,) T 2¢,C,

o & ngp - C,/C,
. a3 (CA + CZ ] Cc) Rl ] rop(CZ + Cc ] Cc)
(et e
CZ H Cc (Rl H rop)Cl

(2.85)

gm2Cc(C2 H Cc + CA)
Ci(C,+C))

And for 8mp < , the conjugate poles lie at

_ 8m2 gmpCL
m
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70dB V[vout]

60dB—
S0dB—-----
40dB
30dB+
20dB+
10dB+
0dB—+
-10dB+
-20dB+
-30dB
-40dB+
-b0dB+
-60dB+
-10dB—+——
100Hz

Figure 2-31. Frequency response of the SLCL op-amp topology. Here, f,,=20MHz and
PM=75°.

The frequency response of this op-amp (see Figure 2-28) is displayed in Figure 2-
31 while its time-domain settling is shown in Figure 2-32. As we can observe here, this op-
amp achieves a high unity-gain frequency and a fast settling with lower power consumption

than the common-gate indirect compensation topology seen in Figure 2-17.

2. 60V Vivin)

2.59v-
2.58V+
2.57V
2.56V
2.55V+
2.54V+
2.53V+
2.52V
2.51V+
2.50v
2.49V+
0.0ps 0.2ps 0.4ps 0.6ps 0.8ps

Figure 2-32. Small step input transient response of the SLCL op-amp topology. Here, the
settling time, ts = 60ns.
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The model in Figure 2-30 can be further simplified to a two-node model by assum-
ing that the resistance 1, is large compared to other resistances. Figure 2-33 shows the
simple two-node model for the present topology, derived using similar reasoning as seen
for the case of indirect compensation using cascoded devices. Here, the parameter

R, = 1 corresponds to the general indirect compensation model seen in Figure 2-21.
gmp

@ @

Em1Vs Vi1 /1 @> 1 ::Cvout

R1 C1 ic gmaV1 R2 Emp 2
N NN NS
v
~ out
i N‘l—J
sC. g
c ®mp

Figure 2-33. A simple two node small signal model for the SLCL op-amp.

Split Length Diff Pair

Figure 2-34 shows a two-stage op-amp with a split length differential pair (SLDP).
Again the low impedance node-A is used to feedback the compensation current to node-1.
The widths of the split-length NMOS devices have been doubled in the present design to

achieve a combined W/L of 10/2 (=20/4).
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110/2

v,

"

30pF

y

v,

bias3

} 50/2
I V
[

bias4

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-34. A two stage op-amp with indirect feedback compensation using split-length
diff-pair (SLDP).

Again, simplifying assumptions have been made to analyze the split diff pair opamp
topology. Figure 2-35 illustrates the derivation of a small signal model for the op-amp.
Figure 2-36 shows the small signal analytical model for this op-amp topology. The
transconductance of each of the split NMOS device is labeled as g,,,,. The resistances and
capacitances at nodes 1 and A, have been lumped together and connected between the
respective nodes and the ground. The resistance, R, can be approximated to be equal to
the channel resistance of the trioded NMOS, which is 1/g,,. Also, here g . = J2 gls

where g1 is the equivalent transconductance of the first stage.
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Figure 2-35. Small signal equivalent of the op-amp with split length diff-pair.

Cc

=
l l +

1 1
7 Va 7 VgS1 Vout
- R1lC1 Im2V1 Rzlcz
<~ )

Figure 2-36. Small signal model for analysis of the op-amp employing split length dift-
pair devices.

gmans1 Emn"s

4

Again, applying nodal analysis on the derived small signal model in Figure 2-36,

we get the following set of equations.

(Va—V))

I‘OII

A
vt vasCy + + gmn(vA - ES) +8C . (VA—Vou) = 0 (2.87)

gmn

v \'% Vi—V
Ly s, —gmn(VA—ES) + (—lr-—A—)+g =0 (2.88)

Vs
mn
Rl on 4
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v
gV + RL;” + V3 8Cy T SC (Vo — Va) = 0 (2.89)

Simultaneous solution of the Equations 2.87, 2.88 and 2.89, leads to the following

small signal transfer function.

v by +b,s+ b,s?
Tout _ _Av( 01 22 3} (2.90)
Vs agta;stays +ass

Applying the conditions g _, R, » 1,C, = C;;C_, C,» C,C,, we obtain the fol-

lowing approximate transfer function coefficients,

Ay = (8mn/2)R1EmpRy (2.91)
by~ 88 mnTon (2.92)
b, ~ 61, (C,+C,) (2.93)
by~ 4r,,CCo/ gy (2.94)
ay~8g 1 nTon (2.95)

a;~4g,RRyg 1 Co (2.96)

a, # 8R,C R g 1) (Cy +C) +4R,Cofr ((Co+C) +RI(C+Cy +Cp)] (2.97)

a;~4R,CR,r  (C,C, +C,C +C.C,) (2.98)
The unity-gain frequency is estimated to be

w = 27C,

(2.99)
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Using the numerator expression of the transfer function, we obtain the location of

the first LHP zero to be at

b 4 4.2
faD0 o 8w 428w 242 (2.100)
b, 3(C,+C, 3(C,tC, 3

which implies that the LHP zero arrives slightly earlier than the unity-gain fre-

quency (i.e. at a frequency 0.94 - f, ). This has the effect of flattening the gain magnitude

response around £,

The second LHP zero is located at

b, 3g.,
ZyR—— =

b,  2C,

Again, the high frequency second zero (z,) can be ignored. The location of the dom-

(2.101)

inant pole is given as

a\ 2

pa 0 2 (2.102)
Y gmRoR G,
For g » 48mCo(Cy 1€+ Cy) the non-dominant poles are given as
mn Ci(Cy+C)) ’
a ngCc ngCc
~N— = _ ~— d 2.103
P2, T T2¢,(C, v,y 2, (2.103)
a 2 C,/C
Py~ —— Smn S (2.104)

_% o (CA + C2 ” Cc) B Rl ” I.on(C2 + Cc H Cc)

[T mmoc)
C2 ” Cc (Rl H ron)Cl

4gm2cc(c2 H Cc T CA)
Ci(C,+C))

And for g < , the conjugate poles appear at
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gm2 8mpCL
Re(p, 3)| = C—“‘L & (2.105)
m

The frequency response of this op-amp, with the schematic seen in Figure 2-34, is
displayed in Figure 2-37 while its time-domain settling is shown in Figure 2-38. We can
again observe that this op-amp achieves a high unity-gain frequency with lower power con-
sumption that the common-gate indirect compensation topology seen in Figure 2-17. How-
ever, the time-domain settling is not as good as the phase margin is reduced due to the gain

flattening.

Y[vout]

50dB
3048
10a8-]
-10dB-
-30dB-
-50dB

-f0dB+

'gﬂdB LELRLELL BN LR BB LLL IR L B L
100Hz 1KHz 10KH=z 1MHz

Rk DL DL B DL
100MHz 10GHz

Figure 2-37. Frequency response of the SLDP op-amp. Here, f,,=35MHz and PM=60°.

> un
The zero appearing before f, flattens the magnitude response and reduces the phase

margin.
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V[win]

2.66Y
2,64V
2,62V
2.60V
2.58V+
2.56V
2.54V+
2.52V+
2.50V

0.0pus 0.21us 0.4us 0.6ls 0.8ps

Figure 2-38. Small step input transient response of the SLDP op-amp. Here t;=75ns.

The model in Figure 2-36 is reduced to a two-node model by assuming that the

resistance r, is large compared to other resistances. Figure 2-38 shows the simpler two-

1
280

node model for the split diff-pair opamp topology. Similarly, the parameter R, =

corresponds to the general indirect compensation model in Figure 2-21.

@ @
+ ch +
meve = 0 D L e

R; | Cq Ilc  Gm2V1 R: &mn 2
NSNS N Vout NN N
X T, T
SCC' ngl

Figure 2-39. A simple two node small signal model for the SLDP op-amp.
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The split diff-pair op-amp topology results in better power supply rejection ratio
(PSRR) than the split load topology, as the compensation capacitor is isolated from the

power supply and the ground rails.

It can be observed that when using split-length devices for indirect compensation,
we do not have a strong control over the location of the LHP zero. Especially in the SLDP
case, the LHP zero arrives before the unity-gain frequency (f,,,), which flattens out the op-
amp magnitude response. This can result in a situation where the phase margin degrades
sharply due to the presence of the complex conjugate non-dominant poles. In another sce-
nario, the complex conjugate non-dominant poles can peak beyond unity-gain and affect

the stability. Both of these scenarios are illustrated in Figure 2-40.

These scenarios can potentially be avoided by pushing the LHP zero farther right
from f,,. In the case of SLCL indirect compensation, we have the flexibility of varying g,
independent of g,; in order to control the location of the LHP zero and hence the phase
margin of the op-amp. However, in the case of SLDP we do not have such convenience and
it might be hard to obtain desirable phase margins with the SLDP topology. But the SLDP
indirect compensation topology is of great utility when designing indirect compensated

multi-stage op-amps as described in the Chapter 3.
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A
----------- Ideal gain response
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Figure 2-40. Illustration of degradation in phase margin due to gain flattening and gain
peaking.

Nevertheless, in scenarios where a resistive switch (Rg,,) is connected between the
op-amp output and the capacitive load (Cy), the R,-C; low-pass filtering can help in con-
stricting the op-amp’s bandwidth and help improve the phase-margin and transient settling.
Also in sub-100nm processes where devices have larger f1 values and smaller parasitics,

the effects of gain peaking and flattening are not pronounced.
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Slew-Rate Limitations in Op-Amps
Slew rate (SR) defines how fast a given load can be charged or discharged by an op-
amp. If a constant current source (I;) charges a load capacitance (Cp ), then the slew rate is

given as

SR = (2.106)

ar ¢

The op-amp topologies presented earlier in the chapter in Figures 2-22, 2-24, 2-28
and 2-34 are all Class A op-amps. Class A op-amps have a current source either charging
or discharging the output load capacitance, which limits the slew-rate of these op-amps.
Figure 2-41 shows the slew rates in a class A op-amp. Here, there is no slew-rate limitation
when the op-amp is charged up as M7 is turned fully on and it sources current roughly given
by the square law equationz. On the other hand when the output is discharged through the
output current source, slew-rate limitation comes into picture. the discharge slew-rate is
then given as I(SJ—SLQ , where I, is the bias current in the output stage. This implies that for a

class A op-amp more power needs to be burned in the output stage to achieve a better slew-

rate.

To mitigate the slew-rate limitations associated with the class A op-amp, we con-
sider the op-amps topology with a class AB output buffer. Figure 2-42 shows an indirect
compensated two-stage op-amp with class AB output buffer. The class AB output buffer is

realized using a floating current source to bias the push-pull output stage. The bias circuit

2 The current sourced into the load varies by square of the gate overdrive of the transistor,

and is given as i, = g(vov)2 . where V, = Vgg-Vrpp for the PMOS case.
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required to generate references Vs =(2Vgs) and V., =(VDD-2Vg) is shown in Figure
2-43. The floating current mirror acts like a biasing battery and turns PMOS M9 on while
shutting off NMOS M 10 while charging the load, similarly M9 shuts off and M 10 turns on

when the load is discharged [1].
VDD VDD VDD VDD

\ R M1 off M2on
lss2 iCL

I
SR =52 lss1
C,

M2 off

M1 on

Figure 2-41. Slew rate limitations in a Class A op-amp topology. Here, the slew rate
limitation occurs when the load capacitance is discharged by the constant current source
Iis». However there is no SR limitation when the load is charged up.

VDD VDD

>

Vbiasa

meTL || |
ﬁ M6TR
M6BL } Vbias4 }

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 2-42. An indirect-compensated op-amp with Class AB output buffer.



59

VDD VDD

Vbiasp C
Vincas

Vpcas

Figure 2-43. Schematic for generation of bias voltages Vncas and Vpcas used in Figure 2-
42,

It may appear that class AB output buffer doesn’t have any slew rate limitation as
the devices in the output buffer source or sink currents given by the MOSFET’s square law
equation. However, as illustrated in Figure 2-44, the feedback compensation current, i,
flowing through the compensation capacitor, C, is limited by the maximum current which
can be sunk by the diff-amp tail current source (Igg; here). This will pose a slew rate limi-
tation on charging of the load and is given as

dv I
R = _Yout _ IsSI
5 dt C

C

(2.107)

Here the slew-rate limitation comes from the total bias current in the input diff-amp
stage. As we can observe from Equation 2.107, indirect compensation results in much faster
slew-rates as the compensation capacitor size is much lesser than that in the case of the

Miller compensated op-amp.



60

VDD VDD

M10 on

Figure 2-44. Slew rate limitations in a Class AB op-amp topology. Here, there is no SR
limitation when the load capacitance is discharged. However, when the output goes high
by charging the load up, the feedback compensation current is limited by the diff-amp
current I ;. This leads to a output charging slew rate limitation given as I /Ce.

Several standard indirect compensated Class AB topologies employing wide-swing
cascoding like telescopic and folded-cascode op-amps have been discussed in [1] with
ample illustrations.

Low Supply Voltage Designs

Also we can observe that the class A and class AB topologies shown in Figures 2-
22, 2-24, 2-28, 2-34 and 2-42 require a minimum supply voltage of
VDD in = Vrgp + Vsp, sat T3 Vs, sat» Which is equal to 1.425V for AMI C5N process

with the design parameters used in Table 2-1.

A further reduction in supply voltage can be accommodated if a cascade of simple

diff-amps, without employing any cascoding, are used to construct the op-amps.
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VDD VDD

out

20/2
Vim VP
VDS,sat
20/2 _ 20/2

+
Vps,sat Vbiasn Unlabeled NMOS are 10/2.
B Unlabeled PMOS are 22/2.

Figure 2-45. A basic diff-amp block for construction of low voltage op-amps. The split
diff-pairs can be used for indirect compensation in the designed op-amp topology.

Figure 2-45 shows a basic diff-amp block which can be used to construct low volt-
age op-amps. The minimum supply voltage for this diff-amp is Vpppin = Vrup + Vsp sat
+2Vpg sat = 1.275V. However, this topology results the open-loop DC gain to be an order
less than that in the case of cascoded (telescopic and folded-cascode) diffamps. Thus in
order to achieve high open-loop DC gain, multiple low-voltage gain stages can be cas-

caded. The resulting multi-stage op-amp topologies are discussed in the next chapter.

Ultra low power op-amp design techniques are proposed in [12], where the body
input is employed for biasing and amplification. However such techniques are not the main-
stay in low-voltage circuit design due to significant compromise in performance. Thus
using the building block diff-amp, shown in Figure 2-45, is the only logical approach

towards manufacturable low-power op-amp designs.
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The two-stage topologies, discussed in this chapter, have been fabricated on chip
using AMI 0.5um CMOS process and their test results are presented later in Chapter 5.
Since AMI 0.5um is relatively a long-channel process with miniscule random offsets and
process variations, the actual chip test results are bound to be close to the SPICE simulation
results. From the simulation results we can concur that the two-stage op-amps employing
split-length indirect feedback compensation exhibit a ten times enhancement in unity-gain
frequency and four times faster step-input response settling time when compared to the
Miller compensated op-amps. Also these op-amps consume 40% less power and occupy
only half the layout area. Further, these techniques can be used to compensate op-amps

when using small supply voltage (VDD).

Summary

Indirect feedback compensation technique leads to the design of high-speed, com-
pact and low power two-stage op-amps when compared to the traditional Miller (or Direct)
compensation scheme. Utilization of indirect compensation results in lower biasing current
in the output stage and hence smaller device sizes. Also op-amp compensation can be
achieved by employing a significantly smaller compensation capacitor, when employing
indirect compensation. Further, since the internal high impedance node is not loaded by the
compensation capacitance, the indirect compensated op-amp exhibits higher unity-gain fre-

quency and thus potentially faster transient settling.

When using wide-swing cascode op-amp topologies, the low impedance node in the

cascoded device-stack can be used for indirect compensation. For low-voltage op-amp
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topologies, split-length devices can be used to achieve indirect compensation. We have
provided detailed analysis for each of the indirect compensation methods. Slew rate limi-
tations of class A op-amp topologies have been discussed. A class AB topology employing
push-pull output buffer alleviates the slew rate limitations. Since the class AB topology is
slew rate limited only by the compensation capacitance, smaller compensation capacitance

results in significantly better slew rates, when using indirect compensation.
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MULTI-STAGE OPERATIONAL AMPLIFIER
FREQUENCY COMPENSATION

IT’S evident that three-stage op-amps are bound to be indispensable for integrated
system design in near future with further scaling in CMOS processes. Continued interest in
the three-stage op-amp design has seen numerous three-stage op-amp design techniques
being reported in literature [13]-[30]. Even though the three-stage op-amps provide high-
gain and enable low voltage circuit implementations, they have not been widely used in
system design. This is due to the fact that most of the reported three-stage op-amp topolo-
gies have either complex stability criterion, or they consume much more power when com-
pared to the prevalent two-stage op-amps. This chapter discusses biasing schemes
commonly observed in literature which are not practical and do not have well controlled
current flowing in the gain stages. A diff-amp based multi-stage biasing scheme is re-
enforced in the first section of this chapter. Later the widely reported op-amp design and

compensation schemes are discussed along with their limitations.

Later in this chapter, the indirect feedback compensation technique introduced in
the previous chapter is applied to three-stage op-amp compensation. This technique results
in stable op-amps with minimal design restrictions posed by earlier reported op-amp design
techniques. Towards the end of this chapter, a generalized indirect compensation model is

presented with exact analysis for multi-stage op-amp design.
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Biasing for Multi-stage Op-Amps
Biasing is an important concern when designing multi-stage op-amps. If all the gain
stages of the multi-stage op-amp are not biased properly with the intended overdrive volt-
ages, the bias currents and hence the transconductances and gains of the amplifying stages
remain unknown. This may significantly worsen the performance of the op-amp, consume
larger current and can even push the multi-stage op-amp to instability. Thus considerable

attention must be paid to biasing while designing practical multi-stage op-amps.

VDD v VDD
bias,
e " M5~V VDD

b_T—d / M6
@/ d [ Unknown Voltage level,

can move up or down.

Vﬂ{ M1 M2 }ﬁ ‘v(out
® |,
| Vhiasn \A | i
o wml W

Figure 3-1. Biasing of a two-stage op-amp. Note that the compensation network is not
included here.

L

For a two stage op-amp, the first stage is always a diff-amp which is followed by a
common-source gain stage serving as the second stage (see Figure 3-1). Here, the voltage
level of node-1 biases the second gain stage. Also node-1 transfers the amplified AC input
signal by the first stage to the second stage. Now, due to symmetry in the diff-amp, the

node-1 is approximately at the voltage level Vy;,q,. This serves as a reference to bias the



66

second stage, with the same overdrive voltage as in the first stage. Even with process off-

sets, node-1 will remain close to the reference Vi,

Looking at the output of the op-amp in Figure 3-1 (i.e. node-2), the current source
realized by the PMOS M6, fights with the current sink realized by the NMOS M7. Now, if
these two currents do not match precisely, the voltage at node-2 will float up or slide down
depending the whether M7 is stronger or weaker than M6. Thus in open loop configuration,
the voltage level of the output node will remain unknown. However, when the two-stage
op-amp is placed in a closed loop configuration node-2 attains a well defined voltage which

is set by the negative feedback.

Unknown Voltage level,

VDD V, VDD can move up or down.
b/asp
~Vblasp @2
VDD
/ M8 Current in this branch

is unknown

Vbiasn } }’7 }
M3L M3F§7 M?@ M9

Figure 3-2. Example of bad biasing of a three stage op-amp often found in literature.
Again, frequency compensation is not considered in this figure.

Now, if we try to use the two-stage topology seen in Figure 3-1 and attempt to real-

ize a three-stage op-amp by just cascading another common-source gain stage in series, we
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obtain the topology shown in Figure 3-2. Since the voltage level of node-2 here is
unknown, it doesn’t set the right value of current in the third stage. Thus the third stage
(device MS8) is not at all biased properly and the current flowing through that branch is
unknown. This implies that the overdrive voltage and the transconductance, g5, are
unknown for the third stage. This may potentially lead to a situation where a large current
flows through the third stage resulting in large power consumption and poor gain. Such
designs, as seen in Figure 3-2, will function properly in a closed-loop configuration but
with an offset which sets the bias currents. However, it must be noted that here we are trying
to set the voltage level at node-2 (which serves as the bias for the third stage) by matching
the output resistances of the PMOS current source and the NMOS current sink, which are
fighting each other. This may work in large channel processes where output resistances are
large. But when using the modern sub-100nm CMOS processes, which have low gains and
large mismatches, the bias voltage at node-2 will vary significantly from the ideal value and
thus will adversely affect the biasing of the third stage [1]. Examples of such topologies

with inadequate biasing will be illustrated in following sections in this chapter.

Consider the three-stage op-amp topology illustrated in Figure 3-3. Here diff-amps
are used for the first and second gain stages, both of which are biased with the same refer-
ence, Vy;asn- Here, the voltage levels of the nodes 1 and 2 are set to be approximately equal
t0 Viiasp, due to symmetry in each of the diff-amps. Thus the bias currents in all the three
gain stage branches are well defined, and their transconductances and gains are precisely

fixed and set by the bias reference Vy,;,¢,. A diff-amp is not used in the last stage due to its
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limited output swing. Also incorporation of diff-amps as inner gain stages leads to higher

common-mode rejection ratio (CMRR) in the resulting op-amp [1].

VDD VDD VDD VDD

Vb/‘asp Vblasp Vb/asp
M4~ M5 .y, VE M10 VDD
'asp Current flowing in

b ) .W e AP S

Ol
] [[M M2 }ﬁ L{ M6 le }J @,%
C.
Vblasn Vblasn A ]J } i
M3L M8L M8R M@

Figure 3-3. A three-stage class A op-amp design where currents flowing in every stage is
known and all the gain stages are biased properly with the desired overdrive voltage value.
Compensation network is not shown in this figure.

The topology, with a diff-amp as inner stage(s), will always bias up properly even
in the presence of large offsets. This topology for three stage can be generalized for design
of the N-stage class A op-amp as shown in Figure 3-4. For an N-stage op-amp the first (N-
1) stages should be realized using diff-amps and the last stage can be a common-source

stage or a class AB output buffer.
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VDD VDD VDD VDD VDD VDD
Vb/asp Vbrasp ~ Vbiasp VbIaSp Vbrasp VDD
Ej T d ~Vhiasp / ? I q Current flowing
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— 1 S e (D)e s 5t by Voip.
i Tl N L T v
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Vbiasn beasn Vbiasn i
e T A A
Stage 1 Stage 2 Stage (n-1) Stage n

Figure 3-4. N-stage class A op-amp topology where all the gain stages are biased properly
and bias currents are known. Frequency compensation has not been considered in this
figure.

Nested Miller Compensation Techniques

The Miller (or Direct) compensation technique can be extended to three or more
stage op-amp design by using nested compensation loops in the op-amp. A comprehensive
analysis and comparison of various multi-stage Miller compensation techniques is pro-
vided in [13]. The following sub-sections present a brief review on multi-stage nested
Miller compensation techniques. Note that in the discussion in this section doesn’t present
a design recipe for multi-stage op-amps based on a given phase margin, as often seen in
literature. Instead we have focused on design approaches to achieve best possible phase-

margin for the given power consumption.

Nested Miller Compensation

Nested Miller Compensation (NMC) topology is a straight-forward extension of the
Miller (or Direct) compensation technique used in the two-stage op-amps. A simplified

block diagram for the nested Miller compensation three-stage op-amp is shown in Figure 3-
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5. Before compensation, the three poles associated with the high impedance nodes 1,2 and
3 are located close to each other. These poles must be separated from each other or must be
arranged in such a way that the resulting op-amp is stable. In this technique, pole splitting
is achieved by connecting compensation capacitors, C.; and C,, between the output and
the internal nodes 1 and 2 respectively [6]. Here, the second stage should be non-inverting
and the third stage needs to be inverting in order to observe the nested Miller effect and

hence the dual pole-splitting.

V,
S Vout

@ @ ®

Figure 3-5. Block diagram of a Miller compensated three-stage op-amp.

=
1Ce2
I
@ @ ®
+ + +
Dui L Muer D) forw
Im1Vs R, |C;9m2v1 R, Im3V2 R;
4 N Y

Figure 3-6. Small signal model for nested Miller compensated three-stage op-amp.
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The small signal transfer function for the nested Milled compensation three-stage
op-amp, obtained by applying nodal analysis on the small signal model shown in Figure 3-

6, is given as [6]

sC,, s°C.,C,,
gm1R1gm2R2gm3R3(l _2e2 2 e c)
sC — SZC C .
(1+ ng3R3gm2R2R1CCI)(1 + Cz(gm3 gmz) + c2 3)

From Equation 3.1, we can infer that the small signal transfer function has two zeros

and three poles. For g5 » g ,, Equation 3.1 can be further simplified as

sC,, s’C.,C.,
gmlRIgm2R2gm3R3(l_ = C)
Vout ~ &m3 Em28m3 (3.2)

sC,, §%2C,Cy
(1+ng3R3gm2R2R1Ccl)(l+ =+ — )

Vin

gm2 gm2 gm3

Reference [13] uses the approximation g5 » g1, 8., to simplify the analysis and
neglect the effect of zeros on stability of the op-amp. However, this assumption implies that
a large value of bias current is used in the third stage, which leads to poor power utilization.
On the other hand the effect of zeros is considered in [6] and a complex non-dominant pole
approach is used as opposed to the separate pole approach suggested in [14]. Also [13] uses
topologies where common source stages are cascaded to realize gain stages which are

example of bad biasing as discussed earlier.

Here, the dominant pole is given as

1
P~
! gm3R38mRR 1 Cy

(3.3)
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and the unity gain frequency (or the gain bandwidth) of the op-amp is

gml
un~2,ncCl (3-4)

The zeros are estimated by factorizing the numerator which yields the following

roots
4g C
zlzz—gmz(li [ 4+ —Smd el (3.5)
’ 2Ccl gm2C02
Thus, there exists an LHP zero along with an RHP zero which are given as
ng 4gm3CC1
rR———| [1+———+1 3.6
“Lur 2Ccl( gm2cc2 ( )
gmz 4gm3ccl
r—— [1+——-1 3.7
“Rip 2C (4/ 8m2Ce2 G-D

Since |zpyp| < |z yp|» the RHP zero appears at a lower frequency than the LHP

zero and degrades the phase margin [6].

The non-dominant poles are estimated by factorizing the quadratic polynomial in

the denominator in Equation 3.1. The poles p, and p5 are real and widely spaced when the

4g -8.3C
condition C_, » __“12_91_35 is satisfied, and are given as
Em3 ~ gmz)
P, Zm28m3 and (3.9)

- _(gm3 - ng)CCZ ’

~_ (gm3 — ng)Cc2 ~ _(gm3 B gm2)
P3¥TCC oG, 7 Cy) G+ G5

(3.9)
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Figure 3-7. S-plane plot for a NMC three-stage op-amp with widely spaced poles. Here
large amount of power is consumed in the third stage to keep pole p; farther away from
pole p, and f,.

Now, in order to have pole p, and p; in LHP for op-amp stability, the condition
g3 ” gy must always be satisfied. The poles can be splitted apart by employing the

design criterion |p;| « |p,| «|ps

, which approximates a two-stage op-amp if |p3| is posi-
tioned far beyond f,;, (shown in Figure 3-7). However, this translates into a large value of
g3 coming at the cost of either large bias current in the last stage or a much reduced unity
gain frequency. A higher unity gain frequency (or lower power) can be achieved if poles p,
and p3 are complex conjugate, as shown in Figure 3-8. However, care must be taken to
avoid peaking and instability while using complex non-dominant poles by avoiding a low
damping factor. Since f,;, depends only upon C,; from Equation 3.4, and the poles, p, and
p3.depend upon C,, only (see Equations 3.8 and 3.9). Hence stable op-amp can theoreti-

cally be designed by using larger values of C_; and restricting the f,,, below p, and p5 [6].
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Figure 3-8. S-plane plot for a NMC three-stage op-amp with clustered or conjugate non-
dominant poles. Here lesser amount of power is consumed in the third stage, compared to
the case when the poles are widely spaced.

The frequency locations of the zeros, for this op-amp topology, are comparable to
that of the second pole p,. The RHP zero appearing will reduce the phase margin before

, and hence the overall phase margin of the op-amp. The effect of the RHP zero can be

|pz

eliminated by using zero nulling resistor, or a trioded device whose gate voltage may
exceed the supply voltage. Using a voltage buffer to block the feed-forward compensation
current will lower the output swing. Indirect feedback compensation is discussed later in
this chapter, which can be employed to move the RHP zero to LHP and achieves higher

phase margins and better stability [6].

Figure 3-8 shows the circuit implementation of the NMC technique with a zero null-
ing resistor [13]. Here, the second stage is made non-inverting by using a current mirror at
the cost of an additional delay in the forward path. The second stage current mirror also

biases the third stage.
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Figure 3-9. Schematic of a three-stage op-amp implemented using NMC and using a zero
nulling resistor [13]. Here, Vg_5 are the voltage references used to bias the op-amp.

A major limitation of the NMC topology is that a large amount of power is required
to achieve stability as g3 needs to be large. Further to that, the RHP zero reduces the phase
margin and affects the stability of the op-amp. Also, more power may be consumed in real-

izing the numerous bias references used in the NMC topology.

Nested Gm-C Compensation

A modified version of the Nested Miller Compensation technique called Nested
Gm-C Compensation (NGCC) has been proposed in [14]. Here feed-forward transconduc-

tances g,,,;.’s are employed to move the RHP zero to infinity as explained using the small
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signal analysis later [6]. The block diagram for a three stage NGCC op-amp is shown in

Figure 3-10.

i

Figure 3-10. Block diagram of a three-stage op-amp with NGCC [14].

The small signal transfer function for the NGCC three-stage op-amp is given as [14]

Vout - Em18m28m3 + ngl(gmf2 B gm2)cc2 + Sz(gmfl B gml)cclcc2

- 3
Vs (RiR,R3) T +sg he3C + 5283 T Emp — 8m2)Ce1Cep 757C3C Cy

(3.10)

It can be observed from Equation 3.10 that the zeros are eliminated if we force the
conditions g ¢, = g.,; and g = g_,. Also the expressions involving the poles of the
transfer function are simplified by these conditions. This leads to the simplified small signal

transfer function given as

Your 8m1R18maRo8m3Rs (3.11)

sC,, s2C,Cy
(1+ng3R3gm2R2R1Ccl)(1+ =+ — )

m2 m28m3
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It can be observed that the denominator of Equation 3.11 is same as the denominator
of Equation 3.2, only that we do not need the criterion g, » g, anymore. This can poten-
tially lead to lower power op-amp design when compared to the NMC op-amp topology

[14].
Since the zeros have been eliminated, only the locations of the poles are given as

1
gm3R38mRR1Cy

With the assumption that g_; » g, , we have the non-dominant poles given by [6]

P~ (3.12)

Py = _gm2/ccz , and (3.13)
P3~—gn3/Cs (3.14)
VDD VDD VDD vDD VDD
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Figure 3-11. Schematic of a three-stage op-amp implemented using NGCC [14]. Here,
Vg1 2 are the voltage references used to bias the op-amp.

Figure 3-11 shows a circuit implementation for a three-stage op-amp employing the

NGCC scheme, which corresponds to the block diagram seen in Figure 3-10. Here, the
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second gain stage is non-inverting and is realized using a current mirror, which in turn
biases the third stage. Additional devices are used to create the forward transconductances,

g1 and g..0, which intend to mirror the transconductances g,,; and g, respectively.

Although NGCC topology can lead to lower power op-amp designs compared to
NMC, but it has serious limitations. Firstly it is difficult to realize the feed-forward
transconductance (FTS) for the input stage, i.e. g,,¢;, as it consumes more power and it is
hard to have constant g, value for rail to rail inputs. Secondly, since for class AB operation
of the op-amp, g,,;» device is a power device which cancels the transconductance g, of
the output stage. Now since the value of g,/ changes by an order of magnitude while driv-
ing a large load, while g, will remain fixed. Thus the cancellation g, = g., will not
hold all times and the compensation may break down during large signal amplification.
Also extra bias current is required to realize FTS stages, which may not go well for low

power op-amp design [15].

Reverse Nested Miller Compensation

Another compensation technique called Reverse Nested Miller Compensation
(RNMC) is discussed in [18]. Here, when the third gain stage is non-inverting, the compen-
sation capacitors can be reverse nested as shown in the block diagram in Figure 3-12. Here,
the second and third stages need to be inverting and non-inverting respectively so as to
achieve overall negative feedback compensation loops and hence pole-splitting. RNMC
results in higher gain bandwidth for the op-amp as the output is not loaded by the inner
compensation capacitor [19]. The small signal model for the RNMC three-stage op-amp is

shown in Figure 3-13.
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Figure 3-12. Block diagram of a reverse nested Miller compensated (RNMC) three-stage

op-amp.
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Figure 3-13. Small signal diagram for the RNMC three-stage op-amp [18].

On performing nodal analysis on the model seen in Figure 3-13, and applying the

simplifying assumptions, we obtain the following small signal transfer function [18]

1_(&+ Ce Z)S—CCICCZSZ
gm2 gm2gm3R gm28m3

ERRR C.C. C. C C..C
s (1+i)[1+( cl 3___g+_<£)s+ cl 352}
Pi 8m3Cc2 8m2  8m3 8m28m3

(3.15)
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where the dc gain is givenas A, = g_R,g -R,g -R; and the dominant pole is

given as
by~ 1 (3.16)
" gmaRsgmRoR Coy
and the unity-gain frequency is
Emi
f = 3.17
' 2nC,, 3-17)

Note that the expressions for p; and f,;;, derived here are same as the expressions for
NMC, only the labeling of C.; and C,, has been swapped to allow systematic drawing of

the RNMC schematics.

The transfer function in Equation 3.15 also signifies presence of two zeros and two

non-dominant poles.

The location of zeros are given as

4 C.,C
(2 L) J” Bt CeiCo 618)
C, R)C (8m3R2Cy +Cp)
4 C..C
ZRHPz(@_" 1 ) /\/14‘ Em28m3tel 022_1 (3.19)
C, R)C (8m3R,C +Cp)

Also since |zpyp| <|z yp|, the RHP zero appears at a lower frequency than the

LHP zero and reduces the phase margin. Various methods have been reported to eliminate

or cancel the RHP zero and improve the performance of the op-amp.

We could use two separate resistors to eliminate both the zeros, but retaining the

LHP zero helps in improving the phase margin of the op-amp. A single resistor can be used
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to eliminate only the RHP zero using the block diagram shown in Figure 3-14. Also, here
a pole is cancelled with the LHP zero at —i—m ,forR, = gL and g _, = g, 5. Theresult-
c2 m2

ing op-amp small signal transfer function is given as

_ 1
Vin V(l _3)(1 s Cclc3z)
p gmBCc

However, this requires the transconductances g, and g3 to be greater than g ; by

(3.20)

an order of magnitude and hence this technique is impractical for lower power designs [18].

Vout

Figure 3-14. Elimination of RHP zero using a single zero nulling resistor [18].

Also, two voltage followers can be used to eliminate both the zeros, but it is advis-
able to use voltage follower only in the inner compensation loop to avoid reduction in
output swing. In Figure 3-15 the RHP zero is eliminated using a voltage buffer (VF). the
output resistance of the voltage follower is denoted as R... Another topology is shown in
Figure 3-16, where a current follower (CF) is used to eliminate the RHP zero and improve
the phase margin. The resistance looking into the current follower is denoted as R... In these

techniques R is chosen as R > XL , where y > 1. This will require the buffer transcon-

m3
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ductance to be a scaled mirror of g3, which will necessitate large current in the buffer

branch and thus increase power consumption [18].

Vs

Vout

Figure 3-15. Elimination of RHP zero using a voltage follower [18].

Op-amps with phase margins of around 60° can obtained by using the techniques

shown in Figures 3-15 and 3-16. A detailed derivation of pole-zero locations for the op-

amps and their design guidelines are presented in [18].

Vout

Figure 3-16. Elimination of RHP zero using a current follower [18].
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Figure 3-17 depicts a circuit implementation for a three-stage op-amp designed
using RNMC technique employing a voltage buffer for RHP zero cancellation [18]. Note
that the small signal models employed to analyze such RNMC topologies, do not account
for the extra forward-path delay arising due to the use of the current-mirror in the third
(non-inverting) stage. Thus, the small signal analysis of the RNMC topologies may not

accurately predict their stability.

VDD VDD VDD VDD
—d[_ %@ B

Cc1
| Vout
\
Ca b i@ }[ @ gcl_
gms3 |
|

[
|
Voltage
Buffer m2
N N N

Figure 3-17. Schematic of a three-stage op-amp implemented using RNMC with a voltage
follower [18].

Here, the third stage is non-inverting type and realized using a current mirror while
the second gain stage is an inverting common source stage. Here, the common source
second stage is used to bias the third gain stage. This method of biasing is not advisable for

practical op-amp design as explained earlier.
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RNMC with Pole-Zero Cancellation using Voltage Buffer and Resistor

An improved compensation method has been reported in [4], which employs a volt-
age buffer and resistor to achieve dual pole-zero cancellation. Again, as in RNMC, the third
stage should be a non-inverting one while the second stage should be inverting. The block
diagram of this topology is shown in Figure 3-18 and the schematic is illustrated in
Figure 3-19. The use of a voltage buffer around the first stage is analogous to indirect com-
pensation as discussed in chapter 2. A common gate stage can also be used to achieve sim-

ilar results.

Ce2;, Re2
Co1 L’Sw

Py

Figure 3-18. Block diagram of an op-amp employing RNMC using a voltage buffer and a
resistor [4].

Here, the output resistance of the voltage buffer is represented as R;; and an addi-
tional resistor R, is used in series with the compensation capacitor C,. The small signal
transfer function for this topology is given as [4]

2
Vo—mz—AV [1+(Rclcc1+R02Cc2)S+RCICCIRc2CCZS ] (3‘21)

Vs ( S)|: Ccl RcZCCICS 2
131+ [Cy+Coy(1+g ;R )]s+—s}[l+
Py gm3Cc2 } @ m3 el &m3

Ccl(Rcl + Rc2)sj|
ngRCZ
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By equating the coefficients of the second order polynomial in the numerator and

the denominator, double pole-zero cancellation can be achieved. This leads to the design

conditions
& d (3.22)
= , an )
! gm3 CCZ
C C
R, = ——ﬁL—(1+-—%Q (3.23)
= gm3C02 Cc

Thus, by using the design Equations 3.22 and 3.23, and neglecting the effect of the
parasitic poles, we obtain an almost 90° phase margin for a given load value C;. Also we
notice that the resistances R..; and R, values are purely a function of real circuit parameters
and independent of the parasitics. However, with process and temperature variations, exact
pole-zero cancellation may not be achieved and the collocated pole-zero pair may form a
doublet. Nevertheless if these pole-zero doublets are placed farther beyond the unity gain
frequency, close to 90° phase margin can be achieved [4]. This constraint leads to the fol-
lowing condition on the compensation capacitor values

2811 Ce1Cs

C.,>
c2 g 3

(3.24)
This condition also dictates the upper bound on the unity gain frequency of the op-

amp, which is given as [4]

1 2g.3

<« — |ZEm3 (3.25)
M 2m g C5C
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Figure 3-19. Schematic of a three-stage op-amp implemented using RNMC with a voltage
buffer and a resistor [4].

This compensation technique promises an excellent phase margin of 90° for a
RNMC topology. The limitations of this topology are that the third stage should always be
non-inverting and additional bias current is required in the voltage buffer branch. Also the
biasing scheme involving a common source second stage is not practical as discussed ear-

lier.

Feedforward RNMC

A feed-forward variant of NMC has been proposed for RNMC topology in [19] and
its termed as nested feedforward RNMC (shown in Figure 3-20). Here the conditions
gnfl = &m1 and g~ = g 1 —g > should be satisfied to cancel the RHP zeros. Again
this topology ends up consuming more power in the feedforward transconductance stages

and the compensation breaks down when g, 3 varies by order of magnitude. Another topol-
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ogy called crossed feedforward RNMC is proposed in [19], which also suffers from the

same limitations.

ﬁ. ﬂ

Figure 3-20. Block Diagram or an op-amp employing crossed feedforward RNMC [19].

Active-Feedback Compensation

Another multi-stage op-amp compensation scheme, called active feedback com-
pensation, has been proposed in [22] and expounded upon in [23]. The block diagram for
this compensation scheme is shown in Figure 3-21 and its circuit implementation is
depicted in Figure 3-22. This technique essentially is a variant of NMC and uses Miller
compensation between node-2 and node-3. A form of indirect compensation is used here to
feedback the compensation current from node-3 to node-1. Also there is a feedforward
transconductance, g, connected from node-1 to node-3. In the block diagram, the high-
gain block (HGB) is the cascade of additional gain-stages while the high-speed block
(HSB) implements the compensation at high frequencies. Detailed expressions and design
constraints for design of low-power op-amps using this technique can be found in [23].

However, the design constraints for this technique are complex and the resulting topology
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consumes more power for realizing g,,¢ and g,,,. Moreover, the bias circuit used to realize

the references used in the schematic shown in Figure 3-22 (bias circuit not shown here)

consumes large amount of static power and occupies large layout area.

High-Gain Block (HGB)

Input Block

-A3 Vout

Ay 5 +A, @ %ﬁ

High-Speed Block (HSB)

Figure 3-21. Block diagram of a three-stage opamp with active-compensation [23].

HGB HSB
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Figure 3-22. Schematic of an active-compensated three-stage op-amp [23]. The biasing
circuit is not shown here.



89

A generalized indirect feedback compensation scheme is proposed and analyzed in
the next section which can result in very low-power low-voltage multi-stage op-amps with
improved stability.

Indirect Feedback Compensation

Three Stage Class A Op-Amp Design

The theory of indirect feedback compensation, developed in chapter 2, can be
applied to three-stage op-amp design. As we know that, in the case of reversed nested com-
pensation topologies, the output is not loaded by both of the compensation capacitors which
leads to a larger unity gain frequency. Thus we start with an indirect compensated reverse-
nested op-amp topology in order to develop low-power and low-voltage three-stage op-
amp design techniques. Figure 3-23 shows the reverse nested indirect compensated class A
three-stage op-amp. In this topology an NMOS diff-amp is cascaded with a PMOS diff-amp
which are followed by a PMOS common-gate stage. The PMOS diff-pair in second stage
employes wider devices! to increase the input common-mode range (CMR) of the second
stage, so that it can incorporate the output range of the first stage. Split length diff-pairs are
used for indirect compensation in order to achieve higher power supply rejection ratio
(PSRR). Split length load topologies can also be used interchangeably if PSRR is not a con-
cern. Further ideas on indirect compensation of three-stage op-amps are developed in this

section by systematically analyzing this topology.

A wider diff-pair for the same bias current will have smaller overdrive voltage and

hence wider input common range for the diff-amp stage [1].
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A diff-amp is used in the second stage to ensure that the third (common source)
stage is properly biased. The compensation capacitor Ccl is used to indirectly feedback the
compensation current (i.;) from the output of the second stage (node-2) to the output of the
first stage (node-1). Similarly, capacitor C,, is used to indirectly feedback current i, from

node-3 to node-1.

VDD oD VDD oD

M9

@—d[ ]b Yoo

20/2 0/2 M2T 66/2 66/2
M5 M6

20/2 20/2
Cc1

fbH

Vb/asn @
M7L M7R

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-23. A low-power and low-VDD three-stage class A op-amp employing reversed
nested indirect compensation.

Figure 3-24 illustrates the feedback compensation currents and the movement of the
nodes when a positive input is applied. The feedback currents, i.; and 15, are fed back in
such a way that the respective loops have an overall ‘negative feedback’. In other terms,
analogous to the miller compensation case, an inversion is maintained between the node

pair involved in the compensation. For example in Figure 3-24 the voltages at node-1 and
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node-2 decrease together. Now if the feedback current i, is fed from node-2 to node /br’,
it will lead to positive feedback and the involved nodes may hit the power supply rails,
causing the op-amp topology to fail. Instead the compensation current i is fed back to
node ‘fb/’. This inverts the sign of the current indirectly fed back to node-1 and creates an
overall negative feedback loop. Following the same logic, as there is a small signal voltage
inversion from node-1 to node-3, the compensation current i, from node-3 is indirectly fed

back to node-1 through the low impedance node ‘fbr’.

As a rule of thumb, the compensation capacitance must be connected across two
nodes which are moving in opposite direction i.e. have arrows of opposite direction (up or
down) in Figure 3-24. This scheme leads to an overall negative feedback in the loops in the
circuit, which is a prerequisite for stability. Figure 3-23 displays a block diagram for the
presented op-amp, which further clarifies on how feedback compensation currents are fed

back to node-1.

VDD VDD VDD VDD VDD

P S IR = dg

aC th” @ -
i

fbl Ce

Ces or=3

) - o 4@
=

Figure 3-24. Three stage op-amp from Figure 3-23 with labelling showing feedback
compensation currents and node movements. The circuit diagram is displayed in lighter
shade so that the labels and arrows are clearly visible.
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An obvious advantage of employing indirect feedback compensation is that, unlike
in the reverse nested Miller compensation, the third stage need not always be non-inverting
and also the second stage need not be always inverting. Indirect compensation can be easily
achieved with a non-inverting second stage and an inverting third (output) stage by choos-
ing appropriate signs of the feedback compensation currents as shown for i,; and i;, in the
present topology. In fact, indirect compensation allows any permutation of the signs of the
gains of the op-amp stages. Also the forward-path delay is minimized in the topology seen

in Figure 3-23.

Vout

Figure 3-25. Block diagram for the indirect compensated three-stage op-amp shown in
Figure 3-23.

The small signal model for the three-stage op-amp introduced in Figure 3-23 can be
derived using the simple model, obtained for the two-stage split-length diff-pair topology
in sub-section (see Figure 2-39). The small signal model for a generalized three-stage
topology is shown in Figure 3-25. For the present topology, g,.1 and g.,., are the transcon-
ductances of transistor M2T and MIT respectively and are both equal to f2gml .R¢q and

R, are the resistances attached to the nodes fbr and fbl respectively which are both approx-
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imately equal to 1/ /2 g1 2. Also, the feedback compensation currents i.; and i, are given

\%
A% . out
asj = _— 2  andi, =
C

= = respectively.
1 1/sC, + R, 1/5Ce, TRy

. V2
@'~ sCer R,

@ ®
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Figure 3-26. A generalized small signal model for the three-stage op-amp employing
reverse nested indirect compensation.

Now, applying nodal analysis on the small signal model presented in Figure 3-26,

we get the following three equations for each of the nodes.

Va2 _ Vout -0 (3 26)
1/sC., +R,; 1/sC_,+R,, ‘

v
1
miVs T I—{—l tvysCy+

IAEA ¥2 +v,5C, = 0 3.27

ViR TG, TR, 28 T (3.27)
A% A%

3 out VyusC3 = 0 (3.28)

g Vot =—F—o-o--—+
m3"2 R, 1/sC,, + R,

2. L y(p. L ): 1
gmp A/igmp ﬁgmp
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Simultaneously solving Equations 3.26-3.28, we get the following small signal

transfer function.

\ b, + bs+b,s?
out _ Av( 0 2 | : 2 J (3.29)
Vs agta;s+a,s +as’ +aystt+agsd
where the transfer function coefficients are given as

Ay = €miR12maRy2m3R;3 (3.30)
b = 1 (3.31)
b, = R;;C; +R,Coy (3.32)
b, = R CR,Con (3.33)
ag = 1 (3.34)
a; = gHRyg3R3R,Cpy + 2, ROR, C +R,C +R3C (3.35)

+RCy T R,HC, +RIC+R,C, + R3C,

3 = 8maRognsR3RICHRCoy + 2 ROR C(R3C5 + R C o +R5C ) (3.36)
+R3C5(R;,C +R,Cpp + R Cy + R, G, +R,C )

+RyCH(RCpp +R,HC o + RICy+R5C )

+RC (R Gy +R,HC o +RCy +R5C )

+ R Co1(RpCrp +R3C ) + RyCCn (R, + Ry)

a3 = gmRoR C R Coy + R3CSR C i (R Gy +R,C, + R, C, +RC ) (3.37)
+R3C3R ,Cor (R C) +R,CR,C ) + R3C5R,CHR Cy

+RHCRC (R Cy+R,Cp T R3C ) +RLCR CREC

+RIC (R C 1 (RpCop T R3C ;) + RyCR3C, + RC R C )

ay = RyC3(RyC (R Cor (R €y +R,C,) + R G R, Cy)) (3.38)
T R3C5 (R CHR G (RyCy + Ry Cy))
FRYGRICIRC (R Cop 7 R3C )
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a5 = RjCiR,CHR3C5R C R, C (3.39)
In order to simplify the above complex expressions we can conveniently apply the

approximations g R, » 1,k = 1,2,3;C;~C;C_,C_,, C3 » C;,C,, and obtain the

cl»

following modified coefficients given as

by = 1 (3.40)
b, = R,C.; +R,C,, (3.41)
b2 = RclcclRCZCc2 (3.42)
ag = 1 (3.43)
a; ~gHR,83R3RC (3.44)

ay~ goRy 83 RIRICHLR G Cy + g0 ROR C(R3C5 + R, C, +REC ) (3.45)

a3~ g RyR CR,CHR5Cy (3.46)
2y ® R3C3(Re 1 Co R Con (R G Ry Cy) + R C R G R, C ) (3.47)
as = R{C,R,C,R;C5R,C R ,C ) (3.48)

The numerator of the small signal transfer function in Equation 3.29 is a polynomial

of second order with positive coefficients which implies the presence of two LHP zeros.

The locations of the LHP zeros are simply evaluated as

I
. 4

“1 RCICCI (3 9)

2, = ——1 (3.50)

Rc2cc2
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Also, the denominator of the small signal transfer function is a polynomial of fifth

order with positive coefficients which implies the presence of five LHP poles.

With the assumption that |p,| » |p,|, k=2 to 5, the dominant real pole is given as

a, 1
e (3.51)
P a) gm3R38,,RoR C,

The unity gain frequency of the op-amp can be estimated as

_ ‘pl‘AVN mi
u 2n " 2mC,,

(3.52)
Here, the unity gain frequency is only dependent upon the compensation capaci-

tance C, as output node is only loaded by C,, besides the load C;.
Now, we can use the condition
— = (=, — (3.53)
which implies the parasitic poles p4 and ps arising due to the contribution from the

inner low impedance nodes, used for indirect compensation, are far away from the non-

dominant poles p, and p3, 1.e. ‘pz

P3| «|pyl> |Ps| - It can easily be shown that the inequality

5 5

3.53 holds when C5 » C, , where Cy stands for all the internal parasitic capacitances. This
is true for all the modern deep-submicron CMOS processes, which we intend to use for the

multi-stage op-amp design.

The parasitic poles p4 and p5 lie close to the mirror poles arising due to the f lim-
itation of the devices used in the op-amp. Thus, the denominator, D(s), of the small signal

transfer function can be approximated as

a a a a a
D(s)z(l +—°s)(1 +—2s+—352)(1 +—45+—552) (3.54)
a, a; a a;  a,
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Now we have two conditions for determining the non-dominant pole locations

which are explained in the following sub-sections.

Design with Pole-Zero Cancellation

The two LHP zeros can be used to cancel the non dominant poles p, and ps. This

can be achieved by equating the respective quadratic terms as shown below

a a
1+bys+bys? = 1+ 2s+ =52 (3.55)
a2

Thus the conditions b, = a,/a; and b, = a;/a; must be satisfied in order to

achieve pole-zero cancellation. The first condition b, = a,/a, leads to

C ./R:.C,+(R;+R_,)C
R,Coy = C—Cl( S = 2 °2) (3.56)
c2 Em3R3
or
Ry = 2CCI (C3+Cp) (3.57)
Cc2gm3
And the second condition b, = a;/a,, results in the following equation
R S (3.58)
! gm3cc2 ‘

The values of resistances R.; and R, are estimated using Equations 3.58 and 3.56
respectively. These resistance values can realized by using additional resistance in series
. . . P 1
with the compensation capacitors C. Thus we also have the limitation that R j; > ——,
A/igml
as the value of R can’t be less than the series resistance offered by the internal nodes fb/

or fbr.
The poles p, and p5 are real and spaced apart with the locations at

Py ~Z ~— 1 _ _gm3C02
2 : Rclccl C3C

(3.59)

cl
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1 ng’CcZ
Pz~ . (3.60)
37727 R,Co Co(C5+Cy)

Also, we can observe that for a large load capacitance when C;» C_, we have
p, ® Z; ® p3 ® Z,, which implies that the non-dominant pole-zero doublets appear close
together in the frequency domain. This arrangement of the non-dominant poles and zeros
shown in Figure 3-27 is the optimal pole-zero constellation for a multi-stage op-amp for

low power consumption.

jo
A
Non-dominant pole
Zero doublets
X : S plane
/4 Pa,iz J |
£ g X >o
\ /‘ | P1
X p21 Z1 i
o,

Figure 3-27. S-plane plot for the indirect-compensated three-stage op-amp designed with
pole-zero cancellation method.

The parasitic poles p4 and ps are real when the condition a7 > 4a,as is satisfied.
C
This translates into the criterion that R R, > gmzR%C—2 . Then the parasitic poles p, and
1

p5 can be approximated as
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a3 gmlRy
N SO 3.61
Pa 0. T TR,C, (3-61)
ay 1 1 1
ps— = —|: + + :| (3.62)
37 ag R,C, R,C, R_C,

C,
IfR, R, < gm2R2 , then the conjugate poles p4 and ps are located at
gmoR g 3C2 2m2R,C
Re(py 5)~ - [ RCR.C- G Jecc. (3.63)
cl™~1 " c2™2 2 cl

The conjugate poles py 5 can peak the frequency magnitude response, when using

processes with large parasitics, and can cause instability in the designed op-amps. As a rule
of thumb, the op-amp will be stable if the peak power due to conjugate poles is less than -

10 dB.

It is important to realize that perfect pole-zero cancellation is impossible to achieve
as numerous approximations have been made to arrive at Equations 3.55 and 3.56. Besides,
with process and temperature variations the locations of poles and zeros are likely to vary.
But even with these variations the pole-zero pairs remain ‘collocated’ and form pole-zero
doublets. The frequency response of a pole-zero doublet is very close to that of the can-
celled pole by a zero. Even so, the pole-zero doublets have been reported to degrade time
domain settling of the op-amp, if the doublet is located at a frequency less than the unity

gain frequency [4]. Thus, the pole-zero doublets should be placed at a frequency higher
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than the unity gain frequency (f,,) of the op-amp. This leads to another constraint for

unconditional time-domain stability given as

gmi
Pys 2y, P32y > = (3.64)
Cc2

which translates into the following lower bound on the capacitor C,,, given as

C.,> /@Qcc1 (3.65)
Em3

This lower bound on C, can be satisfied even with low values of C;. This also sets

an upper limit on the unity gain frequency of the op-amp, which is given as
1 gm3
f <= |— (3.66)
2ma gy GG,

The small signal transfer function after pole-zero cancellation is given as

“A —A
out » Y ~ *— for f« f; (3.67)

A\ a a
) (l—i)(l+js+—ssz) (1—1)
p a, ay P

The phase margin (@) for the pole-zero cancelled three-stage op-amp is given as

2nf
f,, .Q
® = 90° —arctan p“—4’52 (3.68)
. 2nfun)
fp4,5
where the quality factor Q4 5 is defined as
/aja

Qs = 2 (3.69)

_ &Ry 1
) FL N (ST By (&
Rl C2 RZ Cl
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Thus, the resulting small signal transfer function looks like a single dominant pole

response with almost 90° phase margin, and an R-C circuit like settling in the time domain.

A three-stage op-amp was designed using the topology shown in Figure 3-23, by
using the pole-zero cancellation method. Using the compensation capacitor values
C.1=1pF and C,=2pF, yields the values R ,; = 7.65KQ and R, = 4.08KCQ. The values
of R;; and R, are obtained by connecting series resistors with the capacitors C.; and C,,.

Figure 3-28 shows the modified pole-zero cancelled topology employing resistors. Here the

1

additional resistors are estimated as R, . = R, — ,k=1,2.
A/igml
VDD VDD VDD
ﬂ—d b Voieo Jd| 2202

M1T Vour |

M2T ' I
20/2 0/2 66/2 66/2 mCL
Ce |
2012 20/2 s 5 isopF

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-28. Modified three-stage op-amp achieving pole-zero cancellation by using
series resistors with compensation capacitors.

Although this pole-zero cancellation approach results in excellent phase margin, its
major limitation is that the pole-zero cancellation can only be achieved for a particular

value of load capacitance C; = C; . Large variations in value of load may render the three-
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stage op-amp unstable. However, this limitation applies to all the multi-stage op-amp
design techniques discussed so far. This approach is suitable for scenarios where the load
capacitance is known and the variations in load are bounded, which is the case in many on-

chip op-amps.

Figure 3-29 shows the numerically simulated response of the three-stage op-amp
using MATLAB and employing the model shown in Figure 3-26. The MATLAB code for

numerical simulation of the designed three-stage op-amps is provided in appendix A.

Bode Diagram
100

a
o o

&
<

Magnitude (dB)

-100

-150

-90

Phase (deg)

-180

-270

o
N

Frequency (Hz)

Figure 3-29. Numerically simulated frequency response of the pole-zero cancelled three-
stage op-amp using the model shown in Figure 3-26. Here the op-amp unity gain
frequency, f,,=30MHz and the phase margin, PM=90°.

Figures 3-30 and 3-31 demonstrate the pol-zero cancellation (or rather collocation)

on a pole-zero plot for the op-amp small signal transfer function.
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Figure 3-30. pole-zero plot of the three-stage opamp in Figure 3-28. Here the conjugate
poles py 5 are the parasitic poles which lie close to the mirror poles.
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Figure 3-31. Magnified view of the pole-zero plot showing the non-dominant pole-zero
cancellation.

Figure 3-29 displays the SPICE simulated frequency response of the three-stage op-

amp shown in Figure 3-28. The numerical and SPICE simulated open loop DC gains
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(=90dB) and unity gain frequencies (=22MHz) are in close conformity with each other. The

op-amp phase margin here is close to 90°.

12048 Y[wvout] 40°
100dB— - 0"
80dB-| : - -40°
60dB-| - -g0°
40dB —-120°
20dB- —-160°
0dB-| —-200°
-20dB- —-240°
-40dB| --280°
-60dB-| —-320°
-80dB- : —-360°
-100dB i n —-400°
-1 20d B e -4 40°
100Hz 1KHz 10KHz 1MHz 10MHz 1GHz 10GHz

Figure 3-32. SPICE simulated frequency response for the op-amp seen in Figure 3-28.
Here, f,,=30MHz and the phase margin, PM=89°, which are very close to the values
obtained by the numerical simulations.

Figure 3-29 shows the transient small step input response for the three-stage op-
amp. The simulated settling time is around 60ns. Even though the phase margin is close to
90°, the small step input response shows an overshoot, which is attributed to the presence
of conjugate poles py4 5 a decade later in the frequency domain. These effects should be less

prominent in the modern sub-100nm CMOS processes with smaller parasitics.
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Figure 3-33. Small step transient response for the three-stage op-amp seen in Figure 3-28.
Here the settling time, t;=70ns.

The pole-zero cancellation technique has been observed through simulations to be
highly robust to as much as 50% process variations in compensation resistances and capac-
itances, and the load capacitance and with wide variations in temperature. Monte-Carlo
simulations can be performed for heuristic verification of the op-amp sensitivity to process,

voltage and temperature variations.

Design without Pole-Zero Cancellation

If pole-zero cancellation is not employed, we can estimate the independent loca-
tions of the poles. Since, the locations of the poles and zeros are functions of circuits param-
eters and are intertwined, its hard to define the location of a pole or zero without affecting
the other. The availability of more degrees of freedom makes the task of designing a three-

stage op-amp without pole-zero cancellation difficult.
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In order to find the locations of non-dominant poles p2 and p3, we need to estimate
a a
the roots of the expression (1 +2s+ —3s2) . The poles are real and spaced wide apart if
a4
a3 » 4a,a;, which translates into the following condition

Emy 4Ry
C3 Rg 1 Ccl
This implies that larger amount of power is burnt in the third stage to keep g3 high.

(3.70)

The widely spaced poles locations for this case are given as

a 1 R, (C3+Cpy)
pyr—— = — , Wwhere o, = ———————— (3.71)
7 a,  RyC(l+ay) ! gm3Rer
p 2 o —[g“ﬁR"l SR S (1 + Efgﬂ (3.72)
> ay CiRy,  RyCy RyGy R;
gm3 4R, . . . .
For — < 5 , the location of conjugate non-dominant poles p; 3 is given as
C3 Rcl Ccl
a g3
Re(p, 3) = —F = - |— (3.73)
’ a3 C3R,C

The locations of the parasitic poles p4 and ps is given using Equations 3.61-3.63.
From Equation 3.71, we can deduce that p, ~ T?—oc—l , which implies that the pole p, moves
along with zero z; and appears earlier in frequency, and form a loosely coupled pole-zero
doublet. If this p,-z; doublet is allowed inside the unity gain frequency (f,,), at the risk of
poor transient settling, it can degrade the phase margin of the op-amp. Also g,,,3 should be

large enough to keep the pole p; away from f .



107

Figure 3-34 shows another three-stage indirect compensation op-amp topology
using cascade of two NMOS type diff-amps followed by a PMOS common source stage.
Design for variable load capacitance has been applied to this topology. The unity gain fre-
quency is set lower at I0MHz to allow larger movement of p5 and to keep p, out of f;,,. The
compensation capacitance values are set as C,1=0.5pF and C_,=3pF. Here, resistors are not
used in series with the compensation capacitors although they can be used to move the zero

to lower frequency if needed.

vop oD oD vop
VDD
M4 M5 M8 M9 N
M10
s
: | 2202
Cc1 :

M2T bl i
20/2 20/2 = Voo |
) out |

M5 M6 5 o
20/2 20/2 Cor ;

| Vbiasn | A % | A |
\ \ \ 100/2
M3L M3Rj7 J M7L M7Rj7 M11

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-34. A three-stage indirect compensated op-amp topology designed without pole-
zero cancellation.
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Figure 3-35. SPICE simulated frequency response for the op-amp seen in Figure 3-28.
Here the op-amp unity gain frequency, f,,=30MHz and the phase margin, PM=60°.

Figure 3-32 displays the SPICE simulated frequency response of the three-stage op-
amp shown in Figure 3-34. The op-amp phase margin is close to 60°. The small step tran-
sient response in Figure 3-36 shows characteristic settling for the phase margin of 60°, but
the settling time is still fast at 80ns.

2.63v Vivin)

2.61v¥—

2.59v¥—
2.57V¥—
2.55Y¥—
2.53V¥—

2.51V—

2.49V—

2. 47 T T T T
0.0ps 0.2ps 0.4pus 0.6ps 0.8p1s

Figure 3-36. Small step transient response for the three-stage op-amp seen in Figure 3-28.
Here the settling time, t;=80ns
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Three Stage Class AB Op-Amp Design

The theory developed in the last section can easily be extended to the design of
Class AB three-stage indirect compensated op-amps. An extremely low-power pseudo
class AB op-amp displayed Figure 3-37 in can be derived from the class A three-stage op-
amp seen in Figure 3-24. The output of the first stage can be used to drive the gate of the
PMOS M10. Now, the gate of M10 is biased around Vi, and the gate of M11 is biased
at Vy;,sn> and they move almost together emulating a bias battery for the output stage. We
can observe that there are two gain paths for the signal, first A{A,A5 and another A A3,
where Ay is the gain for the k-th stage. There is a crossover distortion for large signals when
the gain paths are swapped by shutting either of the M10 or M11 devices. However, the
large forward gain helps in reducing the distortion. The block diagram for this op-amp is

shown in Figure 3-38. Here A3, is the gain due to the PMOS M10 and A3, is the gain con-

tribution from NMOS M11.
VDD VDD VbD vbD
M4 M5 M8 oy M9
B oY o[
M1T @

M2T
v 20/2 20/2 Vo
fbl fbr 0—d M5 M6
20/2 20/2
M2B

m
Cc
M1B o %P"
o 4
Vi
biasn
EM(%L M3R M7L M7R

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-37. A three-stage indirect compensated Class AB op-amp.
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+A2 'A3p e Vout

-A 3n

Figure 3-38. Block diagram for the three stage class AB op-amp seen in Figure 3-37.

We assume that the devices M 10 and M 11 are biased for the same transconductance

defined as g;,3. The small signal model the present class AB op-amp is shown in Figure 3-

39.
@' I/S‘C:ﬁ @ @
' A/ i J—C” LCCZ ¥
Dv: +O D Dve L er B D) G v
Grm1Vs Ri |Cq |ier ik 9m2V1 Ry <R Gm3aV1| GmsV2 R; <R

2 7 1/sC,y+R,,

Figure 3-39. Small signal model for the three-stage class AB op-amp seen in Figure 3-37.

Now, applying nodal analysis on the small signal model presented in Figure 3-39,
we get the following three equations for each of the nodes.

v, v, v
CmiVs T 5= TVysCy

out
R, 0 (3.74)

1/sC, +R,, 1/sC,+R,,
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Vi Vo

gVt 22 et vysC, = 0 3.75
Sm2V1TR T T/5C, R, 22 (3.75)

'3 out
m m3"2 R, 1/sC, +R,,

VoutSCy = 0 (3.76)
Simultaneously solving Equations 3.26-3.28, we get the following small signal
transfer function.

\'%

b,+b,s+b,s2 + b,s>
0ot Db 2 3 5} (3.77)

where the approximate transfer function coefficients, subjected to the simplifying

conditions g Ry » 1,k = 1,2,3;C;=C;;C_,, C,, C3 » C,, C,, are given as

cl»

A, = g Ri(goRy + 1)gsR; (3.78)
by = 1 (3.79)
bl ~ Rclccl + Rc2cc2 (3-80)
b, #R.C 1 R,Cy (3.81)
R.C.,R,C,R,C
b3 _ cl™~cl M e2™~c2 22 (3.82)
gmzR2 +1
ag = 1 (3.83)
a; ~gHR,g3R3R C (3.84)

ay~ 2Ry 83 RIRIC LR C 8 hRORCH(R,HC o, T R3(C, +C5)) (3.85)
T 8m3R3RCH(R G +RH(C +Cy))
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a3~ (8m2R2C3 T 8m3RC)RRR5C, C (3.86)

a4~ R3C5[R 1 C 1 {RC (R €y R, C5) R C R, Gy ] (3.87)
FRICGRHCHR I CRY(Cyy +Cy)

as = R{C,R,C,R;C5R,C R ,C ) (3.88)

Again, the locations of the zeros are simply evaluated as

1
= — d 3.89
“ Rchcl A ( )
2, = ——1 (3.90)
2 RCZCCZ .

Also, a third parasitic zero exists at the location

z, = ——=2 (3.91)

The location of the dominant pole is given by

a, 1
pr a2 = (3.92)
! a) gm3R38,,RRC

and the unity gain frequency is

_ ‘pl‘sz Em1
wm o on T 2nC,,

(3.93)

Again, the denominator, D(s), of the small signal transfer function can be approxi-

mated as

a a a a a
D(s)z(1+—0 )(1 +—2s+—352)(1 +—45+—552) (3.94)
a; a4 a; a3
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Now, we can either employ pole-zero cancellation or individually locate poles and

zeros to design the op-amp.

Design with Pole-Zero Cancellation

The two LHP zeros, z; and z,, can be used to cancel the non dominant poles p, and

p3. The pole-zero cancellation results in the following relations

R,,~ —————2C°1 (Cy+Cyy) + RG (3.95)
cng3 gm2R2Cc2
C C,+C
R, 3 2 el (3.96)

gm3cc2 gm2cc1

The Equations 3.95 and 3.96 can be further simplified to eliminate the parasitic
terms. This results in R and R, values independent of Ry, C; and C,, as shown below.

However, the accuracy of pole-zero cancellation is compromised by making these approx-

imations.
R Ca C,+C
25— (C3+C,) (3.97)
c2gm3
Cs 1
ol R - — (3.98)

gm3C02 Em2

The pole-zero cancellation results in the op-amp topology shown in Figure 3-40 and
achieved a phase margin close to 90°. Here C.;=1pF, C,,=2pF, R, , = 124Q and
R,. = 1.14KQ. This topology is henceforth referred as Reversed Nested Indirect Com-

pensation (RNIC) in this treatise.



114

VDD
M9
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M1T M2T
20/2 0/2
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M5 M6
20/2 20/2
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ol r— 1 for-nin—|
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Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-40. Three-stage Class AB op-amp topology employing pole-zero cancellation
(RNIC-1).

Again, the pole-zero doublet locations are estimated as

1 1
~7 3.99
p2 “ RCICCI C C3 _& ( )
Cc2gm3 gm2
C
pyx 7y = w2 (3.100)

R,C,  C(C3+Cyy)

The parasitic poles p4 and ps are real when the condition a7 » 4a;as is satisfied.

;6
This loosely translates into the criterion R R, » g,,,R3 c. . Then
1

a; (8maRe2Cs t 83R 1 C))
r——rx— 101
P4 2 C, R2 .G, ,and (3.101)
R RCZ(R C ) + C 2C 5 +R02Cl
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~_a4—_[1 I SIS S J (3.102)
as R,C; R)C, R,C, R,G

C
If the condition R R, < gmzR%’C—2 is satisfied, then the conjugate poles are
1

located at

a ngRCZ grnZRcZ
Re(p )z—/\/gz—/\/ + (3.103)
+3 as CiCR, CCR

Now, for unconditional stability the pole-zero doublets should be at higher fre-

quency than the unity gain frequency. This leads to the condition that

Pys 2y, Py 7y > 22 (3.104)
Cc2

which translates into the following lower limit on the capacitor C_,

C 4g2 C
ccz>gml “J Em2>3 L4 (3.105)
2gm2 gmlgm3ccl

which can be satisfied with much lower values of C,;. The resulting transfer func-

tion after pole-zero cancellation is given as

A
out o v ~——— for f« fy (3.106)

Thus, the resulting small signal transfer function looks like a single dominant pole

response with almost 90° phase margin, and R-C circuit like settling in time domain.

Figures 3-41 and 3-42 present the numerically simulated frequency response and

pole-zero plot for the op-amp seen in Figure 3-40.
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Bode Diagram
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Figure 3-41. Numerically simulated frequency response for the class AB three-stage op-
amp using the model shown in Figure 3-39. Here f,,=30MHz and PM=90°.
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Figure 3-42. pole-zero plot for the class AB three-stage op-amp showing pole-zero
cancellation of second and third poles.

Figures 3-43 shows the SPICE simulated frequency response for the op-amp shown

in Figure 3-40. The SPICE simulated results are close to the numerically simulated values.
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Figure 3-43. SPICE simulated frequency response of the class AB three-stage op-amp.
Here f,,=30MHz and PM is close to 90°.

2 61V Vivin]

2.60V+
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2.57v+
2.56¥+
2.55V+
2.54V—
2.53V+
2.52V+
2.51V+
2.50V
0.0ps 0.2us 0.4js 0.6ps 0.8ps

Figure 3-44. Small step transient response for the Class AB three-stage op-amp. The
settling time here is close to 70ns.

Design without pole-zero cancellation

A three stage class AB op-amp can also be designed without employing pole-zero

cancellation. The design equations can be derived as shown earlier. Figures 3-46 and 3-47
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show the frequency and small step transient responses respectively for a class AB three
stage op-amp designed using the topology seen in Figure 3-40 without the resistors R, and

R,., and with the capacitors C.;=C_,=1.5pF (see Figure 3-45).

VDD VDD VDD VDD
M8 M9
—E e M2 g —E Vbiasp
MAT @
M2T
Vin 2012 Vp 66/2 66/2
for. 0—d
M5 M6
M1B M2B Ce
fol—| |-
1 1.5pF

Vbia sn

M3L M3R

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-45. An indirect compensated, three-stage, class AB op-amp without the pole-zero

cancellation.
120dB— Vivouy 20°
100dB- . oo
80dB- R I 11
60dB-] - -40°
10dB - -60°
20dB-] - -80°
0dB- --100°
-20dB] --120°
-40dB] --140°
-60dB-] --160°
-80dB-] -180°
-100dB i +—-200°

R O O O I D DR R D
100Hz 1KHz 10KH=z 1MHz 100MHz 10GHz

Figure 3-46. SPICE simulated frequency response of the three-stage Class AB designed
without using pole -zero cancellation. ere f;;=25MHz and PM is close to 75°.
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Figure 3-47. Small step transient response of the three-stage Class AB designed for pole -
zero cancellation. Here, the settling time, t; = 70ns.

The class AB three-stage op-amp topology seen in Figure 3-40, is a very low power
topology but has two gain paths causing crossover distortion. For applications which
require higher THD, a single gain path version of the op-amp can be realized using a float-
ing current buffer as shown in Figure 3-48. The references V., and Vi,g, shown in
Figure 3-49, are used to bias the floating current source and implement the following equa-

tions

Vieas = 2V6s (3.107)
Voeas = Vop—2Vss (3.108)

pcas

Detailed description of operation and analysis of the floating current source is pro-

vided in [1].
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VDD VDD

C.

100/2 | 30pF

Vbiasn

M3L M3R

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-48. A Single gain path, three-stage class AB op-amp using floating current
source buffer.

VDD VDD

Vb/‘asp:
VI’ICaS

Vpcas

vbiasn

Figure 3-49. Circuits to generate Vpcas and Vncas references used in Figure 3-48.

Performance Comparison

The performance of the proposed three-stage op-amp topologies is compared with
the ones reported in the literature. A set of figure of merits (FoMs) have been defined in [29]
to compare various multistage topologies. We have adopted the same metrics as in [29] to

compare the op-amp performances. The FoMs are defined as
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£ .C
FoMg = 2L (3.109)
VDD'IDD
FoM, — — CL 3.110
? L VDD'IDD ( ‘ )

where fun is the gain-bandwidth, and SR is the average slew-rate of the op-

amps[29]. The worst case slew rate (SR) limitation for the RNIC topologies is given as

| |

SR = min( ssl SSI) (3.111)
Cer Cc

where I is the tail bias current in the first stage diff-amp, which is double the bias

current in the first stage.

FoMg is used to compare the small signal performances of the op-amps while FoM
acts as a comparison metric for the large signal performance. Another set of FoMs are used
in order to desensitize the performance comparison to the supply voltage value. These
FoM’s, which use the total quiescent DC current pulled from the supply (Ipp) as an inde-

pendent variable instead of power, are given as [29]:

oMg = oL .
IFoMq = — 3.112
IDD
SR-C
IFoM, = L (3.113)
IDD

These four FoM’s, given by Equations 3.109-3.113, serve as a fair set of perfor-

mance metrics for the comparison of the op-amps under consideration. Since in [29], a large
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load capacitance is used to enhance the reported FoM values, a set of indirect-compensated
op-amps have been designed to drive the same 500pF off-chip load, in order to facilitate a
reasonable comparison. Figure 3-50 shows a low-power, indirect compensated, three-stage
op-amp designed to drive S00pF load. This topology is henceforth referred to as Reversed
nested Indirect Compensation (RNIC-2) op-amp in this thesis. Also Figure 3-51 shows the
schematic of a high-performance variant of RNIC driving 500pF load and has faster set-

tling. Again this high-performance topology is named as RNIC-3.

-l

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-50. A low-power, indirect compensated, three-stage op-amp to drive S00pF off-
chip load (RNIC-2).

Figure 3.48 shows a single gain path implementation of the low power, class AB,
three stage op-amp seen in Figure 3.46. This topology achieves better THD performance

compared to the dual gain path one.
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VDD VDD VDD
—E 97 —E Vblasp e
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T P L
Vbiasn
M3L M3R57 j M7L M7R57

Unlabeled NMOS are 50/2.
Unlabeled PMOS are 110/2.

Figure 3-51. A high-performance, indirect compensated, three-stage op-amp to drive
500pF off-chip load (RNIC-3).

Toal e

d VDD

M10
1
V2T y 110/2
20/2fbl fbr20/2 Vp [ 365/2 66’\;26 j y ﬁ{j MFCF’f 1.18K 5pF Vout
ncas| [T 22/4 @ | c
99.1K 0.2pF |

M2B oI~ A~ 50/2 [ 500pF

M11 i
Vbiasn I
M3L M3R £M7L M7R57

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 3-52. A low power, indirect compensated, three-stage op-amp with single gain
path, to drive S00pF off-chip load (RNIC-4).

Table 3-1 presents a comprehensive comparison of the multistage op-amp topolo-

gies reported in literature using the FoM’s described earlier. The indirect compensated

three-stage op-amps (RNIC) designed in this thesis perform well up to a supply voltage as
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low as 1.25V. The performance metrics of these op-amps operating at 2V supply are also
shown in the comparison Table 3-1. However, there is a proportional reduction in gain-
bandwidth of the op-amps operating at 2V supply, due to the Vg voltage dependence of
the device transconductances given as g, = B(Vgg— Vrgn)(1 +AVhg). A decrease in
VDD results in reduction in Vpg, resulting in reduced g;,’s, and hence relatively slower

amplifiers. The op-amps operating at 2V supply are referred with a suffix ‘A’ in Table 3-1.

As it can be seen Table 3-1, the indirect-compensated three-stage op-amps outper-
form all other op-amps reported in literature by over 200%. These op-amps exhibit compa-
rable performance even at a lower supply voltage of 2V. The performance comparison

tabulated in Table 3-1 is pictorially illustrated in Figure 3-53.



Table 3-1. Comparison of Three-Stage Op-amp Topologies [29]
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Topology C. | Vbp | Ipp | Power fun Avg. | C1 Cer FoMg FoMy, IFoMg IFoM
®F) | (V) | (mA) | (mW) [ (MHz) SR (pF) (MHz.pF/mW) | (V/us.pF/mW) | (MHz.pF/mA) | (V/us.pF/mA)
(V/us)
MNMC [17] 100 8 9.5 76 100 35 -- 132 46 1053 368
NGCC [14] 20 2 0.34 0.68 0.61 2.5 -- 18 74 36 147
NMCFNR [20] | 100 2 0.2 0.4 1.8 0.79 30,5.3 450 198 900 395
DFCFC [21] 1000 2 0.2 0.4 1 0.36 55,3 2500 900 5000 1800
AFFC [23] 100 1.5 0.17 | 0.255 5.5 0.36 54,4 2157 141 3235 212
ACBCF [24] 500 2 0.162 | 0.324 1.9 1 10,3 2932 1543 5864 3086
TCEC [25] 150 1.5 0.03 | 0.045 2.85 1.035 1.1, 9500 3450 14250 5175
92
DPZCF [26] 500 1.5 0.15 | 0.225 14 2 30, 20 3111 4444 4667 6667
RNMC VB NR 15 3 0.48 1.44 19.46 13.8 3,07 203 144 608 431
[27]
SMFEC [28] 120 2 0.21 0.42 9 34 4 2571 971 5143 1943
RNMCFBNR 500 3 0.085 | 0.255 24 1.8 11.5, 4706 3529 14118 10588
[29] 0.35
RAFFC [29] 500 3 0.105 | 0.315 24 1.95 11.5, 3810 3095 11429 9286
0.35
RAFFC Low- 500 3 0.035 | 0.105 1.1 1.29 11.5, 5238 6143 15714 18429
Power [29] 0.35
RNIC-1 30 3 0.28 0.84 30 20 1,2 1071 714 3214 2143
(This work)
RNIC-2 500 3 0.18 0.54 12 8 5,02 11111 7407 33333 22222
(This work)
RNIC-3 500 3 0.5 1.5 35 20 10, 0.2 11667 6667 35000 20000
(This work)
RNIC-1A 30 2 0.28 0.56 15 20 1,2 804 1071 1607 2143
(This work)
RNIC-2A 500 2 0.18 0.36 6 20 5,0.2 8333 27778 16667 55556
(This work)
RNIC-3A 500 2 0.5 1 17 20 10, 0.2 8500 10000 17000 20000
(This work)
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Figure 3-53. Bar chart showing the performance comparison of the various multistage op-
amps tabulated in Table 3-1. It can be observed that the topologies proposed in this thesis
exhibit significantly higher performance indexes.

However, one can observe that the proposed op-amps have been designed with
higher power consumption when compared to the latest reported op-amp topologies in [29].
This has been intentionally done in order to obtain fast settling times which are comparable
to the corresponding two-stage op-amps. A comparison of the settling times for a step input

of 1% of VDD is listed in Table 3-2.

Table 3-3 shows the comparison between the RNIC-1 op-amp with the correspond-
ing two-stage op-amps, seen in chapter 2, to drive a 30pF load. Here, we observe that by
employing the RNIC three-stage topology, we can obtain an increase in the open-loop DC

gain by 23 to 29 dB for the same unity-gain frequency (i.e. the same speed) at a lower
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supply voltage, just by consuming 20% more power and by occupying almost the same
layout area. The layout area remains almost equal as for the two-stage op-amp as the bias

circuit is simplified and we no longer employ cascoding.

Table 3-2. Comparison of the proposed op-amps with the latest reported topologies.

Op-amp Topology VDD | C, |Power| f,, |Avg.SR|PM tg Area
V) | (@F)| (mW) | (MHz) | (V/us) (ns) (mm?)

RNMCFBNR [29] 3 500 | 0.255 | 24 1.8 58¢ 810 0.025
RAFFC [29] 3 500 | 0315 | 24 1.95 |58° 560 0.025
RAFFC Low-Power [29] | 3 500 | 0.105 1.1 1.29 |56° 1000 0.024
RNIC-1 (This work) 3 30 | 0.84 30 20 89° 70 0.018
RNIC-2 (This work) 3 500 | 0.54 12 8 88° 250 0.022
RNIC-3 (This work) 3 500 | 1.5 35 20 72° 100 0.031
RNIC-1A (This work) 2 30 | 0.56 15 20 89° 920 0.018
RNIC-2A (This work) 2 500 | 0.36 6 20 88° 350 0.022
RNIC-3A (This work) 2 500 1 17 20 72° 150 0.031

Table 3-3. Comparison between the proposed two-stage and three-stage topologies for
CL:3OPF

Op-amp Topology VDD | C;, | Gain | Power | f,, |PM tg Area

V) | (pF) | (dB) | (mW) | (MHz) (ns) (mm?)

Indirect SLCL (two-stage) 5 30 | 66 0.7 20 | 58° 60 0.015
Indirect SLDP (two-stage) 5 30 | 60 0.7 35 | 56° 75 0.015
RNIC-1 (three-stage) 3 30 | &9 0.84 30 |89 70 0.018
RNIC-1A (three-stage) 2 30 | 87 0.56 15 |89¢e 90 0.018

In this section we have demonstrated a methodology for achieving higher perfor-
mance and simpler three-stage op-amp topologies by employing indirect compensation.
However, yet higher performance can be achieved by optimizing the g,’s and hence the
bias currents in each of the gain stages for a given load. A flowchart outlining the design

procedure for the pole-zero cancelled RNIC op-amps is shown in Figure 3-54.
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The design equations for the pole-zero cancelled three-stage op-amps developed in

this chapter are summarized in Table 3-4.

Table 3-4. Design equations for the pole-zero cancelled three-stage op-amps

The indirect compensation resistance values are calculated as

Cp
gm3C02
A and single-gain-path Class AB Op-amps

R

le —R,, for the Class

CL_l

gm3cc2

R

lc

-R for the
gmz

. | dual-gain-path Class AB Op-amp.

R2c

(Cp +C)-R,, where R

> is the impedance attached
CCng3 2gm1
to the internal low impedance node A.
The pole-zero locations are given as:
C
f, = - ! f, =1, = Em3>e2
b gmsRegRR Gy ? b2 Gy
» e T R(C CoCy, P
£ = ‘pl‘AV ~ €mi £ _ gm3cc2 gmszccz
un 2n 2nC,, Pas 2nC; \ C,C,C,
The phase margin of the op-amp is given by:
-1 2nf,,
= 90° — tan & gmsz
® % ‘ 1_(2nfun)2 * 02 1 F F
fp4.s C2 R2 Cl
Design constraints: Design bound:

fpz, fp3 >f,,and R|,R, . =0.

<i gm3
o 2m ngCLCcl
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Av, and SR.
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v
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and transistor gain gm"ro.

v
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v
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v

A
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v
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No
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Yes

End
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Figure 3-54. Flowchart showing the design procedure for a pole-zero cancelled, indirect
compensated three-stage op-amp.
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N-Stage Indirect Feedback Compensated Op-Amp Theory

The three-stage indirect compensation theory for op-amps, developed in earlier in

this chapter, can be extended to encompass a generalized N-stage op-amp. 3-55 shows the
block diagram for a N-stage indirect compensated op-amp. This op-amp is a cascade of N
amplifying stages, where the first (N-1) stages have to be diff-amps for precise biasing of
each gain stage. The N-stage op-amp is compensated using (N-1) compensation capacitors,
denoted as C o for k=1 to (N-1). The compensation currents are indirectly fed-back to
node-1 in such as way, that we have all negative feedback loops. The resistances associated

with each indirect feedback compensation paths are denoted as Rck, for k=1 to (N-1).

@.....% =

Figure 3-55. Block diagram for a generalized N-stage indirect compensated op-amp

A simplified model for N-stage (cascaded) op-amp employing indirect feedback

compensation is shown in Figure 3-56.
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Gm1Vs Vi Z;

Figure 3-56. Small signal model for an N-stage indirect compensated op-amp.

The nodal analysis equations for the model shown in Figure 3-56 are given as

+V1+n 1y = 0 3.114
€m1Vs Zl Z (_ )Zcri1 - ( . )
r=2
Vi
BV 1t = 0 K23 (1), (3.115)
k
Vn
grnnVn—l_’__ =0 (3116)
n
_ 1 _ 1 for ke
where Z, = R, || S—(Z( and Z,, = Rck+s , for k=2,.... N.
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The set of linear equations can be represented by the following matrix equation

LI B Dk o2 et
Zl €y Zc: Cr1 ch— ch—l _ _
1 A% M 1
gm2 Z_ 0 0 0 0 0 1 21V
2 Va
| 0
0 Em3 7 0 0 0 0 V3 0
3
0 = (3.117)
|
0 0 0 -ty 7 0 0 vy
0
0 0 0 ! o | .
Z, L Vn | L 0]
0 0 0 g 1
| mn Zn ]

Now, the output voltage, v, (<v,), can be evaluated using Cramer’s rule as shown

below.

= _ % 3.118
Vou = Vo T R (3.118)

out n

where the determinants A and A are given as

.1. _.1.. .1“ g,lzk—l g,lzn—z (712“’1
Zl ch Zc: ZCk,I chfz chfl
1
g — 0 0 0 0 0
m2 Z2
0 g L 0 0 0 0
m3 Z3
A<l 0 (3.119)
1
0 0 0 e g — 0 0
m(k—1) Zk
0
1
0 0 0 0
Zn—l
1
0 0 0 Emn Z_n

and



DI B e con?
Zl Zc, Zcz ch 1 ch 2
1
Zm2 7 0 0 0 0
2
1
0 Em3 2_3 0 0 0
A, = 0
0 0 0 Em(k-1) Z, 0
0
1
0 0 0
Zn—l
0 0 0 Emn
Now we have,
Ly 0 0 g, 0 0 0 1
Z . 1 - 7
1 0 =— ... 0 O
: 8m3 7 0 0 . Z, 1 0 gun3 -
A== =1 0 0 0 |tz
Zl 0 Em4 0 0 ch Em4 ZC7 0 0
1 " o . 1 0 o
0 0 &mn 7~ "z,
Zl’l
gm2 0 0
{ 0 g3 ... O
+ +Zc_ 0 0 0
n-1
0 0 0 gun
or
n n n n
1 8m2 1, 8m28m3 1 1
= =+ 2+ S T =+ —
A z, z. 11z " 77, 1_[2r 7, [Tem
1 r 2 n-1
i=1 r=3 r=4 r=2

n

T
1 1
e 11 7,
p=2

n n
B 1
AfHZJrZ Z

i=1 r=2

c
q=r+1
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(3.120)

(3.121)

(3.122)

(3.123)
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Also,
1
g — 0 0
m2 Z2
1 n
0 g3 > ... 0
Ay = gmiVs ™ Zy = V[ em (3.124)
0 0 0 0 =1
0 0 0 g

Using Equations 3.121 and 3.124, we obtain the small signal transfer function for

the N-stage op-amp, which is given as

n
IT8m:

— e (3.125)
vy n n r n
1, ! 1
[I+X2 7 [Tem [1 7
Z; ¢ Zq
i=1 r=2 Tp=2 q=r+1

For N=2, the Equation 3.125 is reduced to Equation 2.39 which is the two-stage
indirect compensated op-amp case. Also for N=3, Equation 3.125 transforms into Equation

3.29 which corresponds to the three-stage indirect compensated op-amp.

In an attempt to further simplify Equation 3.125, we look at the denominator D(s)

: oy 5 [Tem TT 045 TTR,

1 )

ps) = [T LTT‘”[HRJZ SR Er A (3.126)
k=1 Zr=2 o

i=1
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or

n—1

n n—1 n 2 n r n r
H(1+sri)H(1+sl’cjl)+[HRkJ [SCCHHng H (1+srq)1_[Ru H (1+srcH)
p=2

D(S):i:l j=1 k=1 r=2 : q=r+1 u=1_j=1j#r-1 (3127)
[IRIT0 5w )
k=1 j=1
where the time constants in the Equation 3.127 are given as 1, = R, C, and
Tk = RCkCCk.
Now, the small signal transfer function can be rewritten as
n n—1
[H gmkRk]H(l +Stci,,)
Vout _ k=1 j=1 3.128
Vs n n-1 n 2 n c r n n-1 ( )
sC,,_,
H(1+Sti)H(1+STC,ww)+[HRk] Z P~ HgmpRp H (1+57y) H (1+s7, )
i=1 j=1 k=1 r=2 p=1 q=r+1 j=1
jEr—1
We can easily discern that the open loop dc gain is equal to A, = []ewRs, 88
k=1
expected.

The N-stage op-amp has (N-1) LHP zeros, whose location can easily be observed

to be equal to

11
Te, RCkCCk’

The dominant pole location is estimated as

Z, k=1,..,n-1 (3.129)

P~ (3.130)

n

[T &mcRi|RIC,
k=2

-1
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Thus the unity gain frequency is given by

Avp 1

= Sm1 (3.131)
21

f =~
2nC, ,

un

As it can be observed, it is unwieldy to obtain closed form formulae for the locations
of non-dominant poles for the generalized case of N stages. However, the denominator of
Equation 3.128 can be simplified for a given value of N, and the non-dominant pole loca-
tions can be obtained and also pole-zero cancellation can be achieved using the methodol-

ogy presented in this chapter.

Summary

We have proposed indirect feedback compensation techniques for design of three-
stage, low-power, low-voltage and high-speed op-amps. A systematic method of analysis
of indirect compensated, three-stage op-amps has been developed which can be applied to
the various topologies employing indirect compensation. A pole-zero cancellation method
is proposed for design of three-stage op-amps, which leads to substantial improvement in
performance over contemporary design techniques. The pole-zero cancelled, indirect com-
pensated op-amps are fairly robust to process and device variations and can be unhesitat-
ingly be applied in design of integrated systems. Indirect feedback compensation alleviates
the compulsion on using a non-inverting topology in reverse nested op-amp topologies.
Also since the proposed topologies do not require many voltage references for biasing, lot

considerable amount of static power is saved by avoiding complex biasing circuits.
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Low power Class AB op-amps can be designed using dual-gain path topologies.
However a single gain path implementation, employing a floating current source output-
buffer results in an op-amp with better THD performance. The novel Reversed Nested Indi-
rect compensated (RNIC) op-amp topology designed with AMI’s 0.5um CMOS process,
proposed in this chapter, drives a 500pF load with a unity gain bandwidth of 35MHz, con-
sumes only 1.5mW power at 3V supply, with 70ns transient settling and 89dB gain. This is
an improvement by more than over 200% upon the state-of-the-art reported in [29]. Also
the proposed three-stage topology leads to around 26dB higher gain with almost the same
unity-gain frequency by consuming only 20% more power while operating at 40% of the
supply voltage, and occupying the same layout area as the corresponding two-stage op-

amp.

The three-stage indirect compensation analysis has been successfully extended for
a generic N-stage op-amp. The proposed N-stage indirect compensation theory can be used

for design of op-amps with four or more gain stages.
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FULLY DIFFERENTIAL MULTI-STAGE OP-AMP
DESIGN USING INDIRECT FEEDBACK
COMPENSATION

FULLY-DIFFERENTIAL analog circuits have been exhaustively used in analog
signal processing, as they reduce the non-linearities arising due to imperfections in the
switches [1]. Fully-differential circuits also provide a larger (almost double) output voltage
swing and cancel the common mode noise and even order non-linearities [6]. This chapters
presents the design of indirect-compensated fully differential multi-stage op-amps, which

are the engines of fully differential analog signal processing circuits.

A fully-differential op-amp requires two symmetrical differential gain paths for the
positive and negative outputs and an additional common-mode feedback (CMFB) loop to
control the output common-mode level [1]. The common-mode feedback can either be
implemented as continuous time or using switched capacitors. However the switched
capacitor design will become difficult in sub-100nm processes, due to small overlap of low
PMOS and NMOS switch resistance regions [33]. On other hand, low power fully differ-
ential op-amp realizations can be achieved by using continuous time CMFB approach.

Thus only continuous-time CMFB topologies have been considered in this chapter.

Figure 4-1 shows a high-level block diagram of a fully-differential amplifier. Here,

the CMFB block implements the common-mode feedback by sensing the average of the op-

(Vop + Vom)

amp outputs and comparing their average, 3

, with the common-mode reference
(Vewm)- The output, Veygg, of the CMFEB circuit controls the current(s) in the differential

path to set the desired output common-mode level.
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VCMFB

Figure 4-1. A high-level block diagram of a fully-differential op-amp with common-mode
feedback [1].

Two-Stage Fully Differential Op-Amp Design

The common-mode feedback can be implemented in fully-differential amplifiers
using numerous techniques which are detailed for two-stage op-amp designs in [1] and [6].
Figure 4-2 shows an example design of the CMFB amplifier using a three input diff-amp
and Figure 4-3 illustrates the use of CMFB amplifier to set the common-mode level of the
output. When the average of the differential outputs (i.e. the output common mode level)
exceeds V), the CMFB output voltage V- rp increases which in turn pulls the op-amp’s
differential outputs down. This negative feedback keeps the output common-mode level
close to the require common-mode level V. Here the diff-pair gain devices are made
larger in size to increase the input common-mode range of the CMFB amplifier. But this
topology fails for wide swing differential outputs as then the common-mode balancing

breaks down.
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Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 4-2. An example implementation of the three-input CMFB amplifier [1].

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 4-3. Use of a CMFB amplifier in setting the common-mode level of the output [1].

The CMFB loop also needs to be stabilized by employing appropriate frequency
compensation. The compensation can be achieved by adding capacitors at the output of the
CMFB amplifier, but it is convenient if the CMFB loop is compensated by the op-amp load
itself as shown in Figure 4-1. It can be shown that the unity gain frequency of the CMFB

loop can be given as [1]
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AcMEmd
fun,CM = 27IC:1 (4-1)

where g4 is the combined gm of the transistors M1L and MI1R in Figure 4-3, and
A s the gain of the CMFB amplifier. For the CMFB loop to be stabilized with the output
load Cy, we should have A, <1, which implies that the gain of the CMFB amplifier

should always less than or equal to unity [1].

A diode-connected load can be used instead of the current mirror load in the CMFB
amplifier but then the output swing of such amplifier will be limited around Vy;,g,,. Such a
topology may not be desirable if the required common-mode level, V), 1s not close to Vy;._
aspl 1]. A better approach to achieve low CMFB gain is to reduce the g4 associated with

the common load loop. This leads to the condition

md

g < — (4.2)
md, CM ACM

where g4 o\ 18 the g, associated with the common-mode loop [1].

Figure 4-4 shows a low-voltage, two-stage, fully-differential op-amp employing
split-length diff-pair indirect compensation. Here a PMOS diff-amp is used as the CMFB
amplifier. The CMFB amplifier controls the output common-mode level by varying the
bias current in the first stage. A simplified block diagram for this CMFB topology is shown
in Figure 4-9. The second stage is implemented as a class AB output buffer using the criss-
crossed biasing discussed in [1]. A trioded NMOS device is used in the output branches of
the topology. This trioded device lets the op-amp outputs swing freely without consuming

large additional current. A pair of 30KQ resistors are used to track the average of the dif-
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ferential outputs which is compared with V), using a two input CMFB amplifier. Two
100fF capacitors are added in parallel to the 30K Q resistors for high-speed averaging. The
two 30K Q averaging resistors load the output-stage and may degrade the overall gain, and
must be accounted for while designing the op-amp [1]. Figures 4-6 and 4-8 demonstrate the
DC and step input response respectively for the two-stage op-amp. The DC gain (in Figure

4-9) is reduced and has dual peaks due to the CMFB affecting the bias for the second stage.

VDD ) VDD
VDD VDD
o e d
1102_|0 oD op Al 11012
Vo 2pF v 2pF v
: ol o] Wort for—| om

CerpD v 202 20/2 20/2 y vDD Ce
j }j P ol M fbr- m t{ [
20/2 20/2
50/2 ‘ Voner Q | | 50/2
\ 10 ,$ \ \

10 /:E Vemrs

30K 30K

T o T
100f Viiasp 100f

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 4-4. A fully-differential indirect compensated two-stage op-amp. The output
common-mode level is maintained by controlling the current in the first stage [1].
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The DC behavior of this op-amp topology, obtained by the simulation setup shown
in Figure 4-5, is illustrated in Figure 4-6.

Vop

. L=

Vom
VCM@ Vi, FD Op-amp
N

Figure 4-5. Simulation setup for ascertaining the DC behavior of the designed fully-
differential (FD) Op-amp.

5.0V ¥[wom] AOLDC d[¥[wop)-¥[wom)])
4.5v- Vop 1404
4.0V 120+
3.5V

100+
3.0V
2.5V 80
2.0V 60+
1.5V A0-
1.0V
0.5¥+ Vom 20
0.o0v 0

T | T | T T T T
2.40v 2,44y 2.48Y 252V 2.56Y 260V 240y 244y 2.48Y 252V 2.5BY  2.60V

Figure 4-6. Simulated DC behavior and gain of the two-stage op-amp seen in Figure 4-4.

The stability of the fully-differential op-amps is generally shown by placing them

in a Y-feedback topology with a gain of -1, as depicted in Figure 4-7 [1].
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Figure 4-7. Simulation setup for obtaining the step input response of the designed fully-
differential (FD) Op-amp.
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Figure 4-8. Simulated small and large step input response for the two-stage op-amp seen
in Figure 4-4.

The gain of the CMFB amplifier (designed with AMI C5N process) used in fig 4-4
has a gain of 26, and thus it is difficult keep Ac) less than unity. Here the gy, o 1s weak-

ened by effective using one-sixth of g 4.
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Figure 4-9. Block diagram for the op-amp topology shown in Figure 4-4. Here the output
common-mode level is controlled by varying the current in the first stage.

Instead of incorporating a CMFB loop around the first and second stages as shown
in Figures 4-4 and 4-9, we can maintain the output common-mode level by controlling the
current only in the second stage, which is the output buffer in this case. The block diagram

in Figure 4-10 shows the CMFB amplifier controlling the current in the second stage.

Ce
\ 4
Vp _ A1 _ Ag Vop
Vemes—> 4 Vem
— A S B A2 S G
Vm ‘1‘ @ @ Vom
Ce

Figure 4-10. Block diagram of a fully-differential op-amp where the output common-
mode level is maintained by controlling the current in the second stage (output-buffer).
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Figure 4-11 shows a two-stage, fully-differential op-amp where CMFB is employed
only in the output stage. This is accomplished by using trioded devices in the source of the
NMOS pull-down device in the output buffer. The bottom 100/2 NMOS devices in the
output buffer are sized up and biased such that they are always in triode region. The trioded
devices provide the required relatively weaker control in adjusting the output common-

mode level, without affecting the swing of the output buffer [1].

VDD VDD VDD

VDD VDD
E _ 9
o d
1102_|0 oD op Al 1102
2pF Vom1e *Vop1 2pF

Yoo |—or o—
Cc

for—| |-+
v 2072 202 ||, c
P for m ¢
502 ] 2072 2072 [ sor2

V iasn L‘
| b J | : 57 [ 10012

30K 30K

T

VCM

100/2 || Vors [ 10012
Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Figure 4-11. A fully-differential indirect compensated two-stage op-amp. The output
common-mode level is maintained by controlling the currents in the output-stage alone

[1].
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Figures 4-12 and 4-13 show the DC behavior and the step input response respec-
tively for the two-stage op-amp seen in Figure 4-11. The dc gain in Figure 4-12 is higher
(800 here compared to 150 in Figure 4-6) when CMFB is used only in the output stage. This
is due to the fact that the CMFB loop doesn’t interfere in second stage biasing, and allows

it to achieve the intended differential gain.

Aorpc X
5.0V Y[vop] VY[vom] 800 d[¥[vop]-¥[vom]]
Vom
4.0% 640+
3.0%+ 480+
2.0%— 320+
1.0%+ 160+
VOp
0.0¥ l i i l 0 i T T i
240V 2,44y 248V 2.652Y  2.h56Y  2.60V 2,40V 244y 2.48Y  2.652V 266V 260V

Figure 4-12. Simulated DC behavior and gain of the two-stage op-amp seen in Figure 4-

11.
20mV V[vop])-¥[vom) V[vip)}¥[vim) 1.0v VY[vop]-¥[vom] V[vip])-¥[vim)
16mYy— 0.8V
12mVy— 0.6Y¥—
8my— 0.4y
Amvy- 0.2+
Omvy- 0.0v+
-Amv- 0.2V
-BmV- '3-33'
12my7 0.8V
16mY 1.0V
-20mv o

I [ T I
I [ I
I].dl.ls I]BI.IS 12'-15 1E|.IS 2[“15 I]l]|.ls I]4|.ls l].BI.lS 1.2'.'.3 15'.[3

Figure 4-13. Simulated small and large step input response for the two-stage op-amp seen
in Figure 4-11.
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Although the op-amp topology seen in Figure 4-11 displays good performance, it is
advisable to employ CMFB circuits around both the op-amp stages in presence of large off-
sets [1]. In reference [1], switched capacitor CMFB is used to maintain the output common
mode levels of both the stages. This idea is demonstrated in the block diagram shown in
Figure 4-14. This topology is easier to implement using switched capacitor feedback, but it
may not be suitable for low-voltage designs in sub 100nm processes. Here, we can use a
three input CMFB amplifier for the first stage so that averaging resistors do not “kill” the
open loop DC gain. Also since in feedback configuration the first stage output swing will
be small, the three input CMFB amplifier will not require a wide input common-mode
range. A resistor averaging two-input CMFB amplifier can be used around the second

stage.

Vem

Figure 4-14. Block diagram of a fully-differential op-amp CMFB is used around both the
stages.
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Three-Stage Fully Differential Op-Amp Design

We can begin by extending the two-stage fully-differential op-amp design tech-
niques to design a three-stage fully-differential op-amp. The first topology in the logical
sequence is the one with a single CMFB loop around all the three stages as depicted in
Figure 4-15. Topologies based upon this block diagram have been proposed in [30],[31]
and [32]. Also [32] uses the RNMC compensation which is marked by the limitations dis-
cussed in Chapter 3 earlier. However, it can be observed through simulations that the
CMEFB loops disturbs the biasing of the second and third stages as the common mode level
at node-1 and node-2 varies widely. This may affect the stability of the three stage opamp
as g» and g3 keep varying with V- pg and it may also introduce distortion due to vari-
ation of g, ’s in the internal gain stage. Also when pole-zero cancellation is employed to
stabilize the op-amp, variation in g,,’s may lead to the breakdown of the compensation

scheme.

Thus instead of using a CMFB loop across all the gain stages, it can be employed
in the last two stages or just in the last gain stage. As the third stage (output buffer here)
consists of power devices whose transconductance, g3, varies by order of magnitude
while driving the load, variation in g3 due to CMFB is not much of a concern. This design

approach is demonstrated through the block diagram in Figure 4-16.
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Figure 4-15. Block diagram of a three-stage fully-differential op-amp topology employing
indirect compensation. This topology doesn’t work well as the CMFB disturbs the biasing
of second stage.

Vop
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Figure 4-16. Block diagram of a three-stage fully-differential op-amp topology employing

indirect compensation. The CMFB loop is wrapped around the last two stages so that the
critical biasing is not affected.
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Again, as implemented for the two-stage op-amp in Figure 4-11, the output
common-mode level can be adjusted by controlling the current only in the output buffer.
This design approach, depicted in Figure 4-17, is simple to implement and consumes lowest

power of all the topologies.

[
I
l HCc1
I
Vp _ A, ) @) Vop

Vem

Vm

@ Vom

Figure 4-17. Block diagram of a three-stage fully-differential op-amp topology employing
indirect compensation. CMFB loop is used around the third stage buffer and it doesn’t
affect the biasing of the internal stages.

Figure 4-18 illustrates the circuit implementation of the block diagram shown in
Figure 4-17. This topology is been obtained by converting a Class A, singly-ended, three-
stage op-amp, as seen in Figure 3-28, into its fully differential version by symmetrically
laying out the gain stages. Then, the averaging resistors (30KQ here) are accounted for in
the third stage nodal resistance R, for estimating the open-loop dc gain and the small signal

frequency response of the op-amp. The compensation network capacitors and resistors
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values are updated for the new topology by applying the pole-zero cancellation equations
3.56 and 3.58. The compensation network values used in the circuit seen in Figure 4-18 are
C., = C,, = 4pF,R,, = 450Q2 and R, = 950Q. The differential open loop DC gain
(ApLpc) of this op-amp is around 12k or 81.6dB. Figure 4-20 demonstrates the simulated

small and large step input response for this fully differential op-amp.
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! 110072 Unlabeled PMOS are 22/2.
Output Buffer

(Third Stage)

Figure 4-18. A fully-differential, indirect compensated three-stage op-amp implementing
the block diagram shown in Figure 4-17. The output common-mode level is maintained by
controlling the currents in the output-stage alone. Here, the circuit parameters for the
compensation networks are C,; = C_, = 4pF, R, = 450Q2 and R, = 950Q2.



153

¥[vop] Vlvom] AQLDC __ d[V[vap}¥ivom))

13K

0.5v- Vom
I]-["" | I I | UK [ | | I
2.490V 2.494y 2.498V 2.502V 2.506Y 2.510V 2.490V 2.494V 2.498V 2.502V 2506V 2.510V

Figure 4-19. Simulated DC behavior and gain of the three-stage op-amp seen in Figure 4-

18.
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Figure 4-20. Simulated small and large step input response for the three-stage op-amp
seen in Figure 4-18.

The most robust fully-differential amplifier design will be the one in which every
stage has its own individual CMFB loop as shown in Figure 4-21. This topology consumes
maximum power amongst all related topologies but performs best in presence of large oft-
sets. Again, here the internal CMFB amplifiers should be three-input diff-amps so that they
do not load the internal gain stages. The CMFB amplifier used for the output buffer should

use a two-input diff-amp with averaging resistors for larger input range of CMFB amplifier.
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The block diagram in Figure 4-21 is shown for the case when the first and second stages
are NMOS diff-amps, and the third or output stage is a class AB buffer. The respective
CMFB loops set the outputs of the first, second and third stages to the required levels Vy;.
asp> Vbiasp ald Ve respectively. This arrangement may vary with the choice of gain stage

topologies.

Vop

Vem

Vom

Figure 4-21. An example block diagram of a three-stage fully-differential op-amp
topology employing indirect compensation. Three CMFB loops are used across each stage
for robust operation in presence of large offsets.

Figure 4-22 illustrates the circuit implementation of the block diagram seen in
Figure 4-21. The schematic in Figure 4-22 employs two NMOS diff-amps for the internal
stages. The center sticks in each of the diff-amps are employed to set the bias for the next
stages. Also CMFB loops are thrown around each of the stages for robust output common-

mode level control. This topology is a fully-differential version of the single stage topology
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presented in Figure 3-28. This widths of the devices in the output buffer have been

increased to adjust for the loading by the averaging resistors.

VDD VDD VDD VDD VDD VDD VDD
I~ I o
o P g g o Beet- g
% ! V. I
om1 op1 C C
Yomz, | RS o ol aVor2
20/2 20/2 20/2 v )
Vm b Vew fbr Vp ‘ﬂ{ [ Vblasp [ }ﬁm1
20/2 20/2 20/2
| Vbiasn | Vemrsi } j EVbMi |
Vop1 Vop2
Vbiasp VCMFB1 Vbiasp VCMFBZ
Vom1 Vom2.
PMOS PMOS
VDD First Stage VDD Second Stage
Vomz2 Vop2 Vv,
7D d[ 11012 %
Rec Ce2 V, %
fbr y 2 @
| 5002
¥
v &
e[ 40072
Vom
Veurss Unlabeled NMOS are 10/2.
10072 ] ! 5;0’2 Unlabeled PMOS are 22/2.
Output Buffer

(Third Stage)

Figure 4-22. Implementation of the three-stage, pol-zero cancelled, fully-differential op-

amp with the block diagram shown in Figure 4-21. Here three separate CMFB loops are

used across each stage. Here, the circuit parameters for the compensation networks are,
C., = C,, = 4pF, R, = 450Q and R, . = 950Q.
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The schematic here displays the different gain stages separately, but in the layout
the gain stages devices must be laid out symmetrically about the vertical line passing
through the first stage. The net power consumed in this op-amp topology, including the bias

circuit, is given as 22 - Vypy - I, .

Figure 4-23 presents another circuit implementation of the block diagram seen in
Figure 4-17. The circuit is fully-differential version of the low power class AB three stage
topology presented in Figure 3-37. The only difference between this circuit topology and
the topology seen in Figure 4-11 is that instead of using the single-gain path criss-cross
class AB buffer, the outputs of the first stage are used to obtain the class AB action in the
output stage. However due to the use to two gain-paths the total harmonic distortion (THD)
may be higher for this op-amp topology. The net power consumption in this topology is
given as 17 - V- 1., o, which is the lowest amongst all the three-stage op-amp topolo-

gies presented to drive the requisite 30 pF load.

The schematic depicted in Figure 4-23 is drawn in a true to layout fashion. The gain
stages are splitted around the first stage and laid out symmetrically to perfectly cancel the
common-mode noise in the op-amp. Figures 4-24 and 4-25 demonstrate the DC and step

input response respectively for this op-amp.



157

VDD VDD VDD VDD VDD VDD
—E e —E o —E e— Er e EF
DD I VDD
66/2 Vom, Vop1 66/2
102_|P —b o d[ 1102
Cer 2072 2072 2012 Ry, Ce
Vv, 2 Vv, Vv, 2 V,
org 4 CATbr Vbiasp . [ m b1 Vem for (3 for M op
2012 2072 2012
Vom2 G Ca Vop2
so;2_|F——2"2 ¢l L Veesn | ol -+Y%2{[ 5012
2pF ! h ! 2pF
j | j | i

| Vewrs |
1005 ‘ | 520/2

20K 20K

T o T
10f Voo 10f

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2. bvw

Figure 4-23. A low-power implementation of a three-stage, indirect compensated, pole-
zero cancelled, fully-differential op-amp using two gain paths. The CMFB is implemented
in the output buffer. The schematic is drawn symmetrically and can be directly translated
into layout with same device placements.
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Figure 4-24. Simulated DC behavior and gain of the three-stage op-amp seen in Figure 4-
23.
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Figure 4-25. Simulated small and large step input response for the three-stage op-amp
seen in Figure 4-23.

Another robust fully-differential three-stage op-amp topology is presented in Figure
4-26. Here, two single-ended differential amplifiers are used symmetrically to construct the
second gain stage. One of the inputs of the second stage diff-amps are connected to the
PMOS bias generated by the first stage, which should be same as Vy,,. The other inputs
are connected to the differential outputs of the first stage. Because of the symmetry in the
diffamps, the bias levels for second and third gain stages are precisely set. This scheme
works well even in the presence of large offsets. Here, CMFB is implemented only for the

output buffer.
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Figure 4-26. Another novel implementation of the three-stage, indirect compensated, pole-
zero cancelled, fully-differential op-amp. Here the op-amp is designed so as to ensure that
the second and third stages bias up correctly. The CMFB is employed only in the output
buffer. This topology is also robust in presence of large offsets. Here, the circuit
parameters for the compensation networks are C,; = C_, = 4pF, R, . = 450Q and
R,. = 950Q2. This topology is henceforth referred to as RNIC-1-FD.

Figures 4-27 and 4-28 demonstrate the DC and step input responses respectively for
the op-amp seen in Figure 4-26. This op-amp achieves an open loop differential gain of

around 12k or 82dB in the 0.5um CMOS process used. The small and large step input
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responses also look clean with an approximate settling time of 200ns, which is considerably
fast for a fully-differential op-amp driving 30pF capacitive load along with the 20kQ feed-
back resistors. The total power consumption in this op-amp topology is 20 - V- 1. o,
which is lesser than in the topology in Figure 4-22, where CMFB is used for all the three
stages. This topology provides simple and robust fully-differential implementation with

only one CMFB loop in the output stage.

Vivop) Vivom) AoLDC _d[¥ivop)-Vivem))

h.0v 13K

VO
4.0V P

3.0V
2.0V

1.0v- Vorn

0.0v : . . ! 0K
2.490V 2.494V 2.498Y 2.502V 2506V 2510V 5 g0y 2.494V 2498V 2502V 2506V 2510V

TK—

Figure 4-27. Simulated DC behavior and gain of the three-stage op-amp seen in Figure 4-

26.
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Figure 4-28. Simulated small and large step input response for the three-stage op-amp
seen in Figure 4-26.
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Performance Comparison

Again as in Chapter 3, a fully-differential indirect compensated opamp has been
designed to drive the 500pF symmetric load for performance comparison. This topology is
shown in Figure 4-29 and its frequency response is presented in Figure 4-30. The DC

behavior of the opamp is displayed in Figure 4-31 which shows an open loop DC gain of

82.2dB.
Second Gain Stage
VDD VDD VDD VDD VDD VDD VDD
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Figure 4-29. A three-stage, indirect compensated, pole-zero cancelled, fully-differential
op-amp to drive S00pF load. Here, the CMFB is employed only in the output buffer. This
topology is henceforth referred to as RNIC-2-FD.
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The step input response of the designed op-amp is shown in Figure 4-32. The gain

bandwidth of the op-amp is 20MHz and its settling time is around 370ns.

100dB Vivom) 180°
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-60dB --300°
-80dB --360°
=100 B~ -420°
100Hz1KHz 100KHz ~ 10MHz 1GHz

Figure 4-30. Frequency response for the fully-differential three stage op-amp seen in
Figure 4-29. Here, the unity gain frequency, f,;, is 20MHz.
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Figure 4-31. Simulated DC behavior and gain of the three-stage op-amp seen in Figure 4-
29. Here, the open loop DC gain is 12K, or 82dB.
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Figure 4-32. Simulated small and large step input response for the two-stage op-amp seen
in Figure 4-29. Here, the settling time is 370ns.

Table 4-1 compares the fully-differential op-amp topologies presented in this chap-
ter with the only practically demonstrated three-stage fully-differential op-amp found in lit-

erature i.e. the buffered RNMC topology in [32].

Table 4-1. Comparison of fully differential three-stage op-amp topologies [32]

Topology Cp Vpp Ipp Power fun Avg. SR Ce1,Ce2 | ts(ns) FoMg FoM
(pF) V) (mA) (mW) (MHz) (V/us) (pF) (MHz.pF/mW) (V/us.pF/mW)
Buffered RNMC [32] 100 1.2 0.285 0.342 8.9 5.5 2,0.65 2400 2602 1608
RNIC-1-FD 30 3 0.4 1.2 12 10 4,4 275 300 250
(This work)
RNIC-2-FD 500 3 0.4 1.2 20 8 5,0.2 370 8333 3333
(This work)

The topologies presented in this chapter are a significant advancement in low-volt-
age analog circuit design. Among all the fully-differential op-amp topologies reported in
chapter, the op-amp topology seen in Figure 4-26 (or 4-29) is most suitable for application

in high-speed, low-voltage, low-power data converter and analog filter design. Figure 4-33
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shows a flowchart describing the procedure to design a fully-differential three-stage op-

amp employing RNIC topology.

Start with the initial

specifications on f,,, Ci,
Av, and SR.

v

Design a singly-ended pole-zero cancelled
three-stage op-amp for the given <
specifications.

v

Convert the singly-ended op-amp into a fully
differential one by mirroring it. Use a pair of
diff-pairs for the second stage for robust
biasing.

Add a CMFB circuit in the output buffer.

Update the value of gms corresponding to the
output buffer and recalculate R ¢ and Ryc.

y

Simulate the design.

Does the design meet
specifications?

Figure 4-33. Flowchart illustrating the design procedure for a pole-zero cancelled, three-
stage, fully-differential op-amp.
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N-Stage Fully Differential Op-Amp Design
The design techniques developed for there-stage fully-differential op-amps, devel-
oped in the last section, can be easily applied to the generic n-stage op-amp scenario. Figure
4-34 shows a n-stage fully-differential op-amp topology where a CMFB loop is used in the
output buffer (i.e. the n-th stage) to set the output common-mode level. Its recommended
)th

to employ diff-amps for inner gain stages, i.e. from first to (n-1)"" stage, as in the op-amp

topology seen in Figure 4-26 for robust biasing and low-power operation.

Az Sde e e — A -A, , Voo

®
@
°

L

Vem

Ay Pttt 7}1/ -An | Vom

Figure 4-34. A simple implementation of N-stage, indirect compensated, fully-differential
op-amp. The CMFB loop is used only around the last stage i.e. the output buffer.
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Summary

A set of methodologies for the design of fully-differential three-stage op-amps have

been presented. The three-stage fully-differential op-amp design uses the compensation
schemes introduced in chapter 3 for singly-ended op-amps. In addition to the conversion of
the singly ended op-amp topology to a fully differential one by mirroring, we need a
common mode feedback (CMFB) circuit to set the output common mode level of the op-
amp to a known voltage. This can be accomplished by inserting a CMFB circuits around
the fully-differential gain path in many ways. Also the biasing of the intermediate gain
stages is important in order to design the op-amp which is robust against large process oft-
sets. A fully-differential topology has been proposed which employs diff-amps as inner
gain stages for robust biasing, and uses CMFB only in the output stage. This op-amp,
designed in AMI’s 0.5 um process, achieves a simulated gain-bandwidth of 20MHz, a gain
of 82dB, exhibits 370ns settling time for an step input for a fully differential loads of 5S00pF
each, and consumes only 1.2mW power for a supply of 3V. This is a more than three times

improvement in performance over the state-of-the-art.

Finally, a scheme for constructing N-stage fully-differential op-amps has been

introduced, which will enable design of op-amps with four or more gain stages.
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CHIP DESIGN AND TESTING

A set of test chips have been designed to demonstrate the novel op-amp topologies
illustrated in Chapters 2,3 and 4. As mentioned earlier in chapter 2, the test chips are
designed in AMI’s C5N 0.5pum process using the MOSIS fabrication service. The first test
chip consists of the Miller and indirect compensated two-stage topologies along with a
class AB three-stage op-amp. The first chip has been fabricated and successfully tested.
The second test chip consists of six three-stage op-amp topologies has been fabricated and
is presently getting packaged. Further to that, the third test chip consisting of fully-differ-
ential op-amp topologies discussed in Chapter 4 is in fabrication. Considering the enormity
of material presented in this thesis, the test results for the second and third test chips are not
covered in this dissertation. The results of the second and further test chips will be pre-

sented in the papers scheduled to be published, based upon this work.

Test Chip Layout
The test chips have been laid out using the Electric CAD system [34]. The Electric

layout of the first chip is shown in Figure 5-1, and the chip micrograph is shown in Figure
5-2. All the three test chips have a die size of 1500um by 1500um and use a 40-pin pad-

frame.
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Figure 5-1. Layout view of the first test chip, showing the constituent circuits.

The test circuits included in the first chip are described in Table 5-1.

Table 5-1. Test circuit structures in chip 1.

1D Circuit Description Schematic
1F | Wide-swing cascoding bias circuit test structure. Figure 2-7
1C | Miller compensated, two-stage op-amp to drive 30pF off-chip load. Figure 2-5

1E | Miller compensated, two-stage op-amp with a zero-nulling resistor, to drive 30pF | Figure 2-11
off-chip load

1D | Split-length load indirect-compensated (SLCL), two-stage op-amp to drive 30pF | Figure 2-28
off-chip load




Table 5-1. Test circuit structures in chip 1.
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ID

Circuit Description

Schematic

1A

Split-length diff-pair indirect-compensated (SLDP), two-stage op-amp to drive | Figure 2-34

30pF off-chip load

1B

Indirect-compensated, three-stage op-amp to drive 30pF off-chip load

Figure 3-45

Figure 5-2. Micrograph of the first test chip, containing two-stage op-amps.

The individual circuits on the first test chip are illustrated in Figures 5-3 to 5-8.
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Figure 5-3. Micrograph of the bias circuit Figure 5-4. Micrograph of the Miller
(1F). compensated, two-stage op-amp (1C).

Figure 5-5. Micrograph of the Miller Figure 5-6. Micrograph of the split-L load
compensated, two-stage op-amp with zero-  indirect compensated, two-stage op-amp
nulling R (1E). (1D).



Figure 5-7. Micrograph of the split-L diff-
pair indirect compensated, two-stage op-

amp (1A).
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Figure 5-8. Micrograph of the indirect
compensated, three-stage op-amp (1B).

The layout of the second test chip is shown in Figure 5-9. The test circuits to be fab-

ricated on the second chip are described in Table 5-2.

Table 5-2. Test circuit structures in chip 2.

zero cancellation, with two gain paths, driving S00pF load.

1D Circuit Description Schematic

2A | Indirect compensated, class AB, three stage op-amp with pole-zero cancellation, | Figure 3-37
driving 30pF load.

2B | Indirect compensated, class A, three stage op-amp with pole-zero cancellation, | Figure 3-23
driving 30pF load.

2C | Indirect compensated, class A, three stage op-amp without pole-zero cancellation, | Figure 3-34
driving 30pF load.

2D | Low power, indirect compensated, class AB, three stage op-amp with pole-zero | Figure 3-50
cancellation, with two gain paths, driving S00pF load.

2E | Low power, indirect compensated, class AB, three stage op-amp with pole-zero | Figure 3-51
cancellation, with single gain path, driving 500pF load.

2F | High performance, indirect compensated, class AB, three stage op-amp with pole- | Figure 3-51
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Figure 5-9. Layout view of the second test chip, showing the designed three-stage op-

amps.

The test circuits on chip 3 are shown in Figure 5-10 and described in Table 5-3.

Table 5-3. Test circuit structures in chip 3.

ID Circuit Description Schematic

3A | Two stage, fully differential op-amp with CMFB across both the stages driving a | Figure 4-11
30pF symmetric load.

3B | Two stage, fully differential op-amp with CMFB only in the output buffer driving a | Figure 4-11

30pF symmetric load.
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ID Circuit Description Schematic

3C | Three stage, fully differential op-amp with CMFB only in the output buffer driving | Figure 4-18
a 30pF symmetric load.

3D | Three stage, fully differential op-amp with CMFB only in the output buffer (third | Figure 4-23
stage) driving a 30pF symmetric load.

3E | Three stage, fully differential op-amp with CMFB only in the output buffer (third | Figure 4-29

stage) driving a 500pF symmetric load.

Figure 5-10. Layout view of the third test chip, showing the designed fully-differential two

and three stage op-amps.
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Chip Testing
The fabricated op-amp circuits are tested for their functionality by performing a
step input response in follower (unity gain feedback) configuration. The simulated fre-
quency and time domain responses for the designed op-amps have already been illustrated
in Chapters 2 and 3. Figure 5-11 illustrated the test setup used for the op-amp step input

response testing. A photograph of the physical test setup is shown in Figure 5-12.

VDD=5V

N

Vin ’\/
m + Vout
i o R
L g \ Digital Scope

Function Generator
Test Op-amp in
follower mode Load offered by
scope probe ~ 25pF

Figure 5-11. Block diagram showing test setup for step input response testing of the op-
amps.

Figure 5-12. Test setup for testing of designed op-amp chip. The test-setup involves the
device under test (DUT), a digital scope, DC power supplies and a function generator.
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Figure 5-13 shows the fabricated chip under test. The chip has been bonded into a

40-DIP package and is breadboarded for testing.

Figure 5-13. The test chip is bonded into a 40-pin DIP package which is bread-boarded for
testing.

A function generator is used to generate a 100KHz square pulse train varying from
1.5V t02.5V. A supply of 5V is used for the op-amp. A digital scope is use to view the input

and outputs superimposed in the time domain.

The cascoding bias circuit (1F) was tested first and the output bias voltages were
found to be in accordance with the simulated values in Figure 2-8. Figures 5-14 to 5-18
show the screen capture of the digital scope showing the op-amp settling times for the unity

gain configuration. Since, the indirect compensated op-amps have settling times compara-
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ble to the settling time of the input pulse, the observed settling times for the indirect-com-

pensated op-amps are approximated.

V:
TN

2> '\V( ut Vin\A /,
/ / '\Vout

Figure 5-14. Large input step input Figure 5-15. Large input step input
response for the op-amp 1A (SLDP). Grid response for the op-amp 1B (3-stage). Grid
size is 50ns by 500mV. Measured settling ~ size is 50ns by 500mV. Measured settling

time (t,) is around 75ns. time (t,) is around 60ns.

..f"r—._.-
Vi / Vin_i’/\/

Figure 5-16. Large input step input Figure 5-17. Large input step input
response for the op-amp 1C (Miller). Grid response for the op-amp 1D (SLCL). Grid
size is 200ns by 500mV. Measured settling  size is 50ns by 500mV. Measured settling

time (tg) is around 270ns. time (tg) is around 55ns.



Yout

Figure 5-18. Large input step input
response for the op-amp 1E (Miller with

Rz). Grid size is 200ns by 500mV.
Measured settling time (t) is around 250ns.
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The test results for the op-amps on the first chip are tabulated in Table 5-4.

Table 5-4. Comparison of op-amp topologies in chip 1, designed to drive 30pF off-chip

load.
Op-amp Topology DCGain | GBW Cc Phase Settling | Power Layout
(dB) (MHz) (pF) Margin | time (ns) | (mW) Area
(mm?)
Miller compensated 57 2.5 10 74° 270 1.2 0.031
1c)
Miller compensated 57 2.64 10 89° 250 1.2 0.034
with zero nulling R (1E)
Split-L load indirect 66 20 2 75° 60 0.7 0.015
compensated (1D)
Split-L diff-pair indirect 60 35 2 62° 75 0.7 0.015
compensated (1A)
Indirect compensated 88.6 19 1.5,1.5 76° 60 1.4 0.017
three-stage op-amp (1B)

The test results re-affirm that Indirect Compensation can be used to obtain much

faster op-amps with significantly lower power consumption and layout area, when com-
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pared to the Miller compensated op-amps. Also, the test results are in close accordance with
the simulations as expected for the fabrication process employed. Again, we re-iterate that
the indirect-compensated two-stage op-amps exhibit ten times improvement in the gain-
bandwidth and four times faster transient settling when compared to the Miller compen-
sated op-amps. Also the indirect compensation results in 40% reduction in power and 50%
reduction in the layout area of the op-amps. The encouraging test results for the indirect-
compensated three-stage op-amp pre-validate the efficacy of the three-stage topologies by

matching well with the simulated performance.
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CONCLUSIONS

THE indirect feedback compensation technique, discussed in this dissertation, is a
practical and superior technique for compensation of op-amps, and results in faster and low
power op-amp topologies with significantly smaller layout area. The indirect feedback
compensation technique can also be extended to op-amps with three or more gain stages.
The two-stage op-amps employing split-length indirect feedback compensation and fabri-
cated using 0.5 pm CMOS technology demonstrate a ten times enhancement in gain-band-
width and four times faster transient settling when compared to the Miller compensated op-
amps. Also these op-amps consume 40% less power and occupy only 50% the layout area.

Further, these op-amps perform reasonably well at 25% of the nominal supply voltage.

The three-stage op-amps utilizing indirect compensation and pole-zero cancellation
can achieve excellent phase margins and stability. The three-stage op-amps, designed using
pole-zero cancellation method, are fairly robust to large process variations in transistor
devices, resistors and capacitors. The proposed compensation method alleviates many lim-
itations of the conventional methods of designing multi-stage op-amps. The novel
Reversed Nested Indirect compensated (RNIC) op-amp topology designed with the 0.5um
CMOS process drives a 5S00pF load with a unity gain bandwidth of 35MHz, consumes only
1.5mW power at 3V supply, with 70ns transient settling and 89dB gain. This is an over two
times improvement in performance over the state-of-the-art. Also the proposed three-stage

topology result in around 26dB higher gain with the same unity-gain frequency by consum-
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ing only 20% more power and occupying the same layout area as the corresponding two-

stage op-amp.

The compensation method developed for the singly-ended op-amps has been suc-
cessfully extended to realize multi-stage fully-differential op-amp topologies. The fully-
differential multi-stage op-amp design necessitates improvisation in common-mode feed-
back circuit. It was observed that the common-mode feedback, when used in multi-stage
op-amp topologies, affects the open loop gain and the stability of the op-amp by varying
the common-mode output level of the inner gain stages. This was overcome by using a
topology which uses diff-amps as inner gain stages for robust biasing and by using
common-mode feedback only in the output stage. This op-amp, again designed in 0.5um
CMOS process, achieves a simulated gain-bandwidth of 20MHz, a gain of 82dB, exhibits
370ns transient settling for fully differential loads of 500pF each, and consumes only
1.2mW power on a 3V supply. This is a more than three times enhancement in performance
over the latest reported three-stage fully-differential op-amp. This performance demon-
strated by the proposed three-stage fully-differential op-amp is suitable for design of data-
converters and other signal processing circuits in low-voltage and low-gain sub-100nm

CMOS processes.

The low-voltage, low-power op-amp design techniques, presented in this thesis can
be used to construct high performance data converter, analog filters, and other signal pro-
cessing circuits in the modern CMOS processes with low supply voltage and lower device
gains. The techniques presented in this thesis should facilitate the integration of analog cir-

cuits in the modern low-voltage digital CMOS processes.
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APPENDIX A

Matlab script for simulation of indirect-compensated, pole-zero cancelled, class AB

three-stage op-amp shown in Figure 3-40.

%%%6%%%%%%%6%%0%%0%6%%%%%%%6%0%0%0%%6%6%%%%%%6%:%%%%%%%%
% Indirect Feedback Reverse Nested Compensation for

% Class AB Three Stage Opamp

% Vishal Saxena

% Boise State University

% Copyright 2007
%%0%6%%%%%%%%%0%0%0%6%6%%%%%%6%0%0%0%%6%6%%%%%%6%:%%%%%%%%

clear all; clc;

% Define the circuit symbols here

syms s vs vl v2 vo s R1 R2 R3 Rcl Re2 gml gm2 gm3 C1 C2 Ccl Cc2;

% Nodal Analysis Equations

eql ='gml*vs + vIl/R1 + vI1*s*C1 + v2/(1/(s*Cc1)+Rcl)- vo/(1/(s*Cc2)+Rc2)=0'
eq2 ='-gm2*vl + v2/R2 + v2/(1/(s*Ccl)+Rcl) + v2*s*C2=0'

eq3 ='gm3*v2 + gm3*vl + vo/R3 + vo/(1/(s*Cc2)+Rc2) + vo*s*C3=0'
[vl,v2,vo]=solve(eql,eq2,eq3,v1,v2,vo);

% Define DC gain
Av = gm1*R1*(gm2*R2+1)*gm3*R3;

% Get Num and Den
[n,d]=numden(vo/vs);

Y%pretty(sort(n)/sort(d));

% Extract the coefficients from Num and Den
nl=expand(n/Av);

b = sym2polys(nl,s);
pretty(b)

a = sym2polys(d,s);
pretty(a')

% Define SPICE circuit constants



gm1=170e-6; gm2=218e-6;gm3=1960e-6;
R1=160e3;R2=160e3;R3=19.5¢3;
C1=10e-15;C2=17.2e-15;C3=30e-12;
Ccl=1le-12;Cc2=2e-12;

% Resistance attached to the low-Z nodes used for
% indirect compensation.
Rc0=1/(sqrt(2)*gml);

% Apply pole-zero cancellation criterion
Rec2 = (Ccl/Cc272)*((C3+Cc2)/gm3);
Recl =C3/(gm3*Cc2) - 1/gm2;

format short e

% Substitute the constants
b_num=subs(b);
a_num=subs(a);
Av_num=subs(Av);

% Find pole and zero locations
z =roots(b_num)
p = roots(a_num)

% Define AC transfer function
HI=tf(Av_num*b_num,a num);

% Plot Spectrum

figure(1)

h1=pzplot(H1);
setoptions(h1,'FreqUnits','Hz");

% Pole zero plot

figure(2)

h2=bodeplot(H1);
setoptions(h2,'FreqUnits','HZ');

% Calculate the values of resistors in series with
% the compensation capacitors

Rlc =Rcl1-Rc0

R2c¢c =Rc2-Rc0

182
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% Display the unity gain frequency
fun=gm1/(2*pi*Cc2)

% End of file
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