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Introduction

The minimum feature size of the MOS transistor has been
greatly reduced since its invention just a few decades ago.
Reductions in gate oxide thickness, channel length and
width have been responsible for a revolutionary reduction in
overall circuit size and power consumption. As the gate
oxide thickness decreases the maximum allowable power
supply voltage decreases; channel length and width
reductions provide smaller and faster device performance.
These device enhancements have afforded the development
of high frequency CMQOS rail-to-rail I/O amplifiers in answer
to the modern system designers increasing demand for
analog circuits capable of operation at the same low supply
voltage as their digital counterparts.

This paper addresses the important issues uniquely related
to the new generation of CMOS rail-to-rail amplifiers.
Beginning with a general discussion and description of
classic voltage feedback and current feedback amplifier
circuit topologies and the most common causes of feedback

amplifier oscillation. Then the CMOS rail-to-rail amplifier
circuit is divided into 4 basic blocks for analysis and
discussion; input, intermediate gain, output and feedback
network stages. The frequency dependent gain and phase
shift of each stage will be presented, after which a complete
system simulation of all 4 basic circuit blocks will be
presented and discussed. The second section of this
appnote will present and discuss the mechanism, trade-offs
and benefits of 3 practical solutions to the amplifier
oscillation issue.

Voltage Feedback Amplifier

Figure 1 shows a simplified schematic of the EL5157, a very
popular high bandwidth voltage feedback amplifier. A classic
differential input stage drives the folded cascode second
stage, which converts the differential voltage of the input
stage into a current at the high impedance gain node where
it is realized as the high voltage gain of the amplifier.
Essentially, the output impedance of the second stage
current source becoming an output signal at the high
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FIGURE 1. VOLTAGE FEEDBACK AMPLIFIER
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impedance node multiplies any current difference occurring in
the signal-path transistors. The output stage is a push pull
class AB buffer and simply buffers the high voltage gain to the
single ended output of the amplifier.

Output Inductance

An inductor is an electrical component with frequency
dependent impedance characteristics; an inductor exhibits low
impedance at low frequencies increasing to higher impedance at
higher frequencies. While the "ideal" operational amplifier output
impedance characteristic is zero the output impedance of "real"
amplifiers is inductive and like the inductor increases with
increasing frequency. The output impedance of the EL5157 is
shown in Figure 2. A common challenge in applications using
operational amplifiers is driving a capacitive load. A challenge
because the inductive output of the op amp in conjunction with
the capacitive load creates an LC resonant tank topology where
the capacitive load reactance in conjunction with the inductive
drive impedance results in extra phase lag when feed back is
closed around the loop. Decreasing phase margin introduces
the possibility of amplifier oscillation. When oscillating, the
amplifier becomes very hot and can self-destruct. There are a
couple of very well known solutions to this challenge. 1) The
simplest solution is the addition of a resistor in series with the
output to force the feedback to come from the amplifier's direct
output while isolating the reactive load. The trade off of this
method is the sacrifice of a small amount of the output voltage
swing across the load. 2) Another straightforward solution is the
application of a "snubber network". The snubber is a resistor and
capacitor placed in parallel with the capacitive load providing
resistive impedance across the load to diminish the output

Current Feedback Amplifier

While current mode feedback operational amplifiers have been
around for a long time, their high slew rate, high bandwidth and
low distortion is responsible for their current popularity with ADSL
systems and HDTV application designers.

Figure 3 shows a simplified drawing of a current mode
feedback amplifier (CFA) EL5160. The +input is high
impedance and buffered directly to the -input through
transistors Qg & Q7 and Qqg & Q11. It is this very low
impedance of the -input stage that differentiates CFA and
voltage mode feedback topologies and provides the CFA with
unique advantages. Q7 and Q44 drive the current mirrors in the
signal path of the high impedance node at the base of Qg and
Q12. These current mirrors supply current on demand to the
high impedance node from the power supply providing the CFA
an extremely high slew rate. The voltage level at this high
impedance node is buffered to the output by emitter followers
Qg and Q3. Feedback connected from the output to the
negative input forces the -input current to zero. A feedback
resistor or resistor divider connected from output to the
negative input converters the error voltage (voltage difference
between Vot and V)p.) into an error current. The amount of
feedback is determined by the feedback resistor value. Every
current feedback amplifier specifies an optimal feedback
resistor value for highest bandwidth while maintaining stable
operation. If feedback resistor smaller than the specified
resistor is used, oscillation becomes a possibility. The CFA is
also called a transimpedance amplifier because any change in
the -input current results in change in output voltage.

V+o 9
phase shift; providing additional stability. R2 _L
100 v
Q2
/

z 10 — Q6

4 <

o 1 IN+ out

m 7 Q10

o '

= pd

0.1 7
7
0.01 Q14
0.001
1k 10k 100k 1M 10M 100M
FREQUENCY (Hz) Tvz
FIGURE 2. EL5157 OUTPUT IMPEDANCE V-0 R7 !
FIGURE 3. CURRENT FEEDBACK AMPLIFIER SIMPLIFIED
SCHEMATIC

AN1306 Rev 0.00 Page 2 of 6
September 17, 2007 u {EN ESNAS



Avoid Instability in Rail to Rail CMOS
Amplifiers

RAIL-TO-RAIL INPUT STAGE

INTERMEDIATE STAGE

RAIL-TO-RAIL OUPUT STAGE

VDD » : * » ' . *—
IB1<I> "N-: MSEI_‘_”:IW |35<1> IM13:
T VB1 1
lIN+ | ! —
: M5 || I:| M14, twm
1 M6 b |
M3 Mi4 : T : 10P )c=:1
1 1
I l_:lwiﬂzj ViNe | B3(¥) 1Ba(¥ ng|—¢- M1OIE“—| e toour
1 hd T ):
1 M4 [ 1
I 1= | | 1
1P+ I ”-1 VB2 i B6(3 ; —":MOZ
- !
m(? M1ljl I%mz M12 :
1
I
1
1

FIGURE 4. SIMPLIFIED SCHEMATIC OF A CMOS RAIL-TO-RAIL /0 AMPLIFIER

CMOS Rail-to-Rail Input/Output Amplifier

The simplified schematic of a CMOS rail-to-rail I/O amplifier,
EL5411 is depicted in Figure 4. Consists of 3 stages - rail-to-
rail input stage, intermediate gain stage and rail-to-rail output
stage. The input stage is differential voltage input and
differential current output. Its bandwidth extends to over
320MHz. The majority of the phase shift occurs over 100MHz
beyond the bandwidth of the amplifier translating into generous
phase margin The gate capacitance of the differential input
stage MOS transistors and package lead capacitance combine
for 2.5pF of amplifier input capacitance. Where as the
dominant pole of this topology is set by internal compensation
capacitors Cq and C». This stage converts differential current
into differential voltage at the output; so we have differential
voltage input and single ended output. To simplify analysis, we
assume the input stage is a differential voltage buffer with unity
gain and the voltage gain of the gain stage is 50dB with the
dominant pole occurring at 11kHz. The output stage is rail to
rail topology utilizing transistors connected in common source
configuration. Unlike source follower buffer output stages, the
large gain of the common source output stage changes with
the output-loading resistor while the bandwidth changes with
the output loading resistor and load capacitance. The complete
amplifier open loop frequency response shown above is a
combination of input, gain and output frequency responses.
The 150pF loading capacitance reduces the bandwidth of the
output stage resulting in an overall system bandwidth decrease
and phase margin reduction of 17°, a marginally stable
condition. When in unity gain configuration the buffer
configuration with Vout and Vin- directly shorted, the amplifier
can drive 150pF and 20002 load while remaining stable. The
trouble occurs when resistor is placed in the feedback path.

RI=200
Phase RL=200
CL=150p
FI=200
. 3 FL=200
Cat CL=150p
RLOAD CLoAD GBWP | PHASE MARGIN
2000 NO 35MHz 56°
2000 150pF 14MHz 17°

FIGURE 5. CMOS RAIL TO RAIL AMPLIFIER OPEN LOOP
RESPONSE

F is the feedback resistor, Rg is the gain resistor. If we select
reasonable component values -- R = 3k and Rg = 8.3k. the
feedback network combined with the 2.5pF capacitor at the
negative input forms a low pass network from the amplifier
output to the negative input. The frequency response of this
feedback network shows -45° phase shift at 30MHz. The
frequency response of the complete system including
feedback network is shown in Figure 6. The feedback network
reduces the overall system gain slightly because of the extra
pole introduced by the feedback network. The most negative
impact of this additional pole is that it reduces the phase by a
significant amount. Under 150pF and 2002 loading condition,
the system with Rp = 3k, Rg = 8. 3k feedback network has
11.5MHz gain bandwidth product and 0° phase margin and the
system oscillates.
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FIGURE 6. COMPLETE LOOP FREQUENCY RESPONSE
WITH 3K Rg AND 8.3k Rg FEEDBACK NETWORK

Reduce feedback resistor value to minimize the
impact of Cin

The phase shift and the loss of phase margin is caused by the
action of the Rg-Rg-C|N low pass filter. Reducing the Rg and
Rg values will shift this low pass filter pole to a higher
frequency (>30MHz). In the above example, as Rg and Rg
values decrease 3X the pole moves from 30MHz to around
90MHz. Figure 7 shows the complete system frequency
response with 3X smaller Rg and Rg values. This is a very
nice solution because the gain bandwidth product changes
very little while phase margin improves significantly. Under
200Q and 150pF condition, the phase margin increases to 14°
from 0°. The system is now stable. The minor trade-off with this
solution is the amplifier now drives a 1k feedback, resulting in
slightly increased power dissipation.

FIGURE 7. COMPLETE LOOP FREQUENCY RESPONSE
WITH LOWER Rg AND Rg VALUES

Place Ccomp in parallel with Rg

This solution introduces a small compensation capacitor
(Ccomp) in parallel with Rg without changing the values of R
and Rg. The Ccomp capacitor introduces a phase lead to
cancel out the phase lag caused by Cin. The complete system
frequency response with 5pF Ccomp capacitor is shown in
figure 8. The gain bandwidth product changes very little,
however, the phase margin improves significantly. Under 200Q
and 150pF condition, the phase margin increases to 19° from
0°. The system is now stable with an additional Ccomp
capacitor while maintain minimum power consumption.

e RI=200
------ ; RL=200
Phase CL=150p
G.a]_.n - RI=200
2 RI=200
CL=150p
RLoAD CLOAD GBWP PHASE MARGIN
200Q NO 25.7TMHz 47°
200Q 150pF 11.7MHz 14°

FIGURE 8. COMPLETE LOOP FREQUENCY RESPONSE

WITH 5pF Ccomp
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Increase close loop gain

The solution utilizes a large R and Rg ratio to increase closed
loop gain. We use 43k Rr and 8.3k Rg in our example. The
gain and phase curves of this Rr and Rg combination show a
pole at 9MHz with -16dB attenuation. The -16dB attenuation
reduces the overall system gain by 16dB. The complete
system frequency response with large close loop gain is in
Figure 9. The overall system open loop gain reduces by 16dB,
decreasing to 54dB from 70dB. As a result, the gain bandwidth
product decreases to around 5MHz. Therefore, the phase
margin improves significantly. Under 200Q and 150pF
condition, the phase margin increases to 20° from 0°. The
system is now stable by sacrificing bandwidth.

Unlike traditional amplifiers, the common source output stage
of the rail-to-rail /O amplifier has gain and bandwidth more
sensitive to resistive a capacitive loading. The bandwidth
variation along with the input capacitance significantly impacts
amplifier stability. This application note has presented circuit
designs of a rail-to-rail input and output CMOS amplifier where
3 possible solutions to the challenge of reducing amplifier
instability have been discussed

1. Feedback resistor value reduction to minimize the impact of
CIN-

2. Introduction of a Ccomp in parallel with RE.

3. An Increase of closed loop gain.

RLOAD CLOAD GBWP PHASE
s T (Q) (pF) (MHz) MARGIN
""" 200 No 6.7 52.3
...... . RL=200 200 150 4.5 20
Phase CL=150p
Ga]_Tl - RL=200
: RL=200
CL=150p
RLoAD CLoAD GBWP PHASE MARGIN
200Q NO 25.7MHz 47°
200Q 150pF 11.7MHz 14°
FIGURE 9. COMPLETE LOOP FREQUENCY RESPONSE
WITH LARGE CLOSE LOOP GAIN
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Notice

1. Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for
the incorporation or any other use of the circuits, software, and information in the design of your product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by
you or third parties arising from the use of these circuits, software, or information.

2. Renesas Electronics hereby expressly disclaims any warranties against and liability for infringement or any other claims involving patents, copyrights, or other intellectual property rights of third parties, by or
arising from the use of Renesas Electronics products or technical information described in this document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application
examples.

No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or others.

4. You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any and all liability for any losses or damages incurred by
you or third parties arising from such alteration, modification, copying or reverse engineering.

5. Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for each Renesas Electronics product depends on the
product's quality grade, as indicated below.

"Standard": Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools; personal electronic
equipment; industrial robots; etc.
"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); larg: le corr { i ; key financial terminal systems; safety control equipment; etc.

Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics products are
not intended or authorized for use in products or systems that may pose a direct threat to human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause
serious property damage (space system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics disclaims any and all
liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product that is inconsistent with any Renesas Electronics data sheet, user’'s manual or
other Renesas Electronics document.

6. When using Renesas Electronics products, refer to the latest product information (data sheets, user's manuals, application notes, “General Notes for Handling and Using Semiconductor Devices” in the
reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation
characteristics, installation, etc. Renesas Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such specified
ranges.

7. Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific characteristics, such as the occurrence of failure at a
certain rate and malfunctions under certain use conditions. Unless designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas
Electronics document, Renesas Electronics products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily injury, injury
or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as safety design for hardware and software, including but not limited to
redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult
and impractical, you are responsible for evaluating the safety of the final products or systems manufactured by you.

8. Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. You are responsible for carefully and

sufficiently investi i laws and ions that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive, and using Renesas Electronics
products in compliance with all these applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance with applicable
laws and regulations.

9. Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable domestic or foreign laws
or regulations. You shall comply with any applicable export control laws and regulations promulgated and administered by the governments of any countries asserting jurisdiction over the parties or

transactions.

o

. Itis the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who di

party in advance of the contents and conditions set forth in this document.
11. This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.

12. Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products.

(Note 1) “Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled subsidiaries.

(Note 2) “Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.

butes, disposes of, or of ise sells or transfers the product to a third party, to notify such third
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