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Introduction

The output of any amplifier contains the desired signal
and unwanted signals. Noise is one unwanted output that
is generated internally by the amplifier’s components or is
coupled in from external sources like the power supply or
nearby circuitry. Distortion is another unwanted output
that is generated when the amplifier’s transfer function is
non-linear.

In the formula of a straight line, y = b + mx, non-linearity
refers to any deviation the output (y) may have from a
constant multiple (m) of the input (x) plus any constant
offset (b).

Many high-speed op amps use bipolar transistors as the
basic active element to amplify the signal. In bipolar tran-
sistors, junction capacitances are a function of voltage,
current gain is a function of collector current, collector
current is influenced by collector-to-emitter voltage,
transconductances are typically exponential functions, and
so on. These all cause non-linear transfer functions.

When a transistor is driven into saturation or cut-off, it
exhibits strong non-linearity. In this article, it is assumed
that the devices are being operated below their saturation
limits in what is typically referred to as linear operation.

Power series expansion

Expanding the non-linear transfer functions of basic
transistor circuits into a power series is a typical way to
quantify distortion products.! For example: assume a
circuit has an exponential transfer function y = eX, where
x is the input and y is the output. Expanding e* into a
power series around X = 0 results in

. 2 X3 X4 X5 <1

e =1+x+—+—+—+—+--+—.
2 6 24 120 n!

Figure 1 shows the function y = e* along with estimates
that use progressively more terms of the power series.

Continued on next page

Figure 1. Function y = eX and its power series estimates
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The farther x is from 0, the more terms are required to
properly estimate the value of eX. If x < 0.25, then the
linear term, 1 + x, provides a close estimate of the actual
function; and the circuit is linear. As x becomes larger,
progressively more terms are required to properly estimate
eX and the output now contains second-order, third-order,
and higher distortion terms.

If the input to this circuit is a sinusoid, x = sin(mt), then
trigonometric identities* show that the quadratic, cubic, and
higher-order terms give rise to second-, third-, and higher-
order harmonic distortion. In a similar manner,? if the input
is comprised of two tones, then trigonometric identities
show that the quadratic and cubic terms give rise to
second-, third-, and higher-order intermodulation distortion.

Simplified op amp schematic

A simplified schematic of a high-speed op amp is shown
in Figure 2. A simple feedback network and load resistor
are included for completeness. A brief overview of its
operation is given first for those unfamiliar with op amp
circuit design.

1-cos(2mwt) 3sin(mt) — sin(3wt)

and sin® (ot) = 1

*sin?(wt) =

Figure 2. Simplified high-speed op amp schematic

Texas Instruments Incorporated

Veo+ is the positive power supply input, and Vgo— is the
negative power supply input. ViN+ and V- are the signal
input pins, and Voyr is the signal output. The op amp
amplifies the differential voltage across its input pins to
generate the output. By convention, the input voltage is
the difference voltage, Vip = (Vin+) — (ViN—). It is ampli-
fied by the open-loop gain of the amplifier to produce the
output voltage, Vout = AfVip, where A¢is the frequency-
dependent open-loop gain of the amplifier.

The input differential pair, Q1 and Q2, is balanced so
the collector currents, Ig; and Igg, are equal when the
input differential voltage is zero. Applying a voltage across
the input pins causes I¢1 # [go.

Q3 and Q4 fold the current from the input differential pair
into the Wilson current mirror formed by Q5, Q6, and Q7.
The mirror tries to maintain equal collector currents. Any
difference current, Ig1 — Ig2, develops a voltage at V.

The capacitor, C¢, shown from Vyp to ground, is really
multiple capacitors to the supply rails. It is used to stabi-
lize the amplifier via dominant pole compensation.

Vi is then buffered to the output via Q8 and Q10, or
via Q9 and Q11, depending on polarity.

In the following discussion, we will examine the distor-
tion mechanisms in each of these sub-circuits more closely.
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Intrinsic linearity
Intrinsic linearity refers to the linearity of each sub-circuit
without the effect of feedback.

The input stage

The transfer function of the input differential pair is given
in many texts.® 4 The input is the differential voltage,

Vip = (Vin+) — (ViN-), and the output is the difference
current, Ig; — Igo, which is proportional to

tanh| =D |
2% Vg

where V7 is the thermal voltage (V= 26 mV @ 25°C).
Substituting

_ Vb
2% VT

and expanding tanh(x) around x = 0 in a power series,
we find
3 5
X  2X
tanh(x)=x——+——---.

3 15
Since the power series contains no even-order terms, a
perfect differential pair will not generate even-order har-
monics. Figure 3 shows three estimates of y(x) = tanh(x),
each using progressively more terms in the power series.

Signal Conditioning: High-Speed Op Amps

If x < 0.25, which corresponds to Vip < 0.5 Vp, the func-
tion is approximately linear; i.e., y1(x) = x. Under that
condition, the input stage is very linear. With larger excur-
sions, third- and fifth-order terms are required for an
adequate approximation, and the input stage will distort
the signal.

A typical high-speed op amp, without degeneration,**
has a very large open-loop gain—on the order of 100 dB.
Very small input voltages are required to keep the output
from saturating. Vip is normally much less than V, and
the input stage is normally considered linear. For example:
Assume that the output voltage swing is 10 V, with 100 dB
of gain Vip = 0.1 mV, which is much less than 0.5 Vp = 13 mV
@ 25°C.

The intermediate stage
The difference current, Ig1 — I¢g, from the input stage is
the input to the intermediate stage; and the output is the
voltage at Vyp. The voltage swing at Vyp in conjunction
with the early voltages, Va, and collector capacitances, Cj,
of Q4 and Q7 causes non-linear behavior in the stage. The
other transistors in the intermediate stage see very small
voltage and current variations, and do not play a major
role in distortion.

Continued on next page

*#*Often emitter degeneration is used as part of the overall compensation
scheme, where resistors are placed in the emitter leads of Q1 and Q2. This
increases the linear input voltage range by reducing the gain.

Figure 3. Power series estimates of input pair transfer function
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Early voltage effects
V), appears in the formula for a transistor’s collector current:

Ip =1g xexp(@)(nhj,
Vr Va

where Vpg is the base emitter voltage, Vr is the thermal
voltage, Vo is the collector-to-emitter voltage, and Ig is
the saturation current.

I comprises the input to the intermediate stage, and
Vcg the output. Assuming that

Ig x exp(ﬂ)
Vr
is linear should be valid, considering the previous discus-
sion about the linearity of the input stage. As such, we can
write a generalized formula for the intermediate stage:
v = zx(1+ay), where y is Vyp, z is the impedance of the

stage, x is the input current, and o depends on Vj.
Rearranging gives us

ZX

v 1—zxo.

Figure 4. Non-linear effect of Vp
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Using conservative numbers such as z = 106 and o = 100,
the power series expansion around x = 0 is: 10%x + 10192
+1014x3 + 1018x% + 1022%5 ... Figure 4 shows three esti-
mates, each using progressively more terms in the power
series—linear, quadratic, and cubic.

It can be seen that with voltage swings up to 4 V at
Vumip, the linear term 10%x is a close approximation, and it
is expected that the transfer function is linear within these
limits. At higher excursions, between 4 V and 12 V, the
quadratic terms are required, resulting in second-order
distortion products. Above 12 V, the cubic terms are
required, giving rise to third-order distortion products.

Limiting voltage swings at Vyp reduces distortion due
to the non-linear effects of V.

Junction capacitance effects
A simple model of junction capacitance? is given by the
formula

Co

MJEI—E
\' W

where Cg is the zero-bias capacitance, Vj is the junction
voltage, Y is the built-in potential, and MJE is the grading
coefficient. The transfer function of the intermediate stage
is influenced by this non-linear capacitance at Vyp.
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Using I¢c1 — Igg = x and Vyp =y, we can write

y=x|ZIl ,
2><CO

MJE[] — y
Yo J |

where Z is the linear, non-frequency-dependent impedance
seen looking in the node Vyp; Cc is the dominant pole
capacitor, and o is the frequency in radians. At frequen-
cies above the dominant pole, this can be simplified to

X

| Co +

y:

o| Co 4 2%C0
MJE/l_y
Yo

With this equation, y cannot be solved for in closed form.
By looking at the impedance and taking y as the inde-
pendent variable, we can write

Zo(@) = 1

ZXCO

MJE/l_y
Yo
Figure 5. Non-linear C

(,OCC+
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Typical numbers for TIT’s high-speed BiCom 1 process
include: MJE = 3, yg = 0.6, Co = 200 pF, and C¢ = 5 pF.
Using these values and setting o = 108, we can draw the
plot shown in Figure 5. Again, power series estimates are
shown that use progressively more terms of the series—
linear, quadratic, and cubic.

With voltage swings of about 3 Vpp, the linear approxi-
mation is valid. At higher voltage swings, the quadratic
and cubic terms are required, resulting in second- and
third-order distortion products.

The effect of V4 is not frequency-dependent, but the
effect of Cyis. Below the dominant pole of the amplifier,
Vj dominates the non-linearity of the intermediate stage.
Above the dominant pole, the non-linearity is a combina-
tion of the two. In either case, limiting the voltage swing at
Vup (and thus Voyr) is the key to linear operation.

The output stage—Q8 through Q11

Q8 through Q11 form a double-buffered, class-AB output
stage. The voltage at Vyp is buffered via these transistors
to produce Voyt. Depending on polarity, the signal path is
either through Q8 and @10, or through Q9 and Q11. The
analysis is the same in either case. If we assume that the
polarity is positive,

Vour = VMip + VBEy, — VBE,,

ICS ICIU
=VMID+VTXIH — —VTXIH — |
Is, IS10

Continued on next page
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Q10 will see variations in collector current as it delivers
power to the output load. Variations in Q8’s collector cur-
rent are reduced by the beta of Q10, resulting in VBEQ]O
being the dominant non-linearity in the signal
path from Vyp to Vour-

Again, using a power series expansion helps to highlight
the nonlinear terms responsible for distortion. If we
substitute

Ig
Ig

and expand the natural log function around the point
X = a in a power series,

=X

x—a_(x—a)2 +(X—a)3

In(x)=In(a)+
2a” 3a3

.

Figure 6, which uses typical numbers for Vgg = 0.6 V,
shows three estimates that each use progressively more
terms in the power series—linear, quadratic, and cubic.

Variations of 20% or more in collector current cause
the output stage to become non-linear. Increasing the
amplifier’s load impedance reduces the current variations
in the output transistors and helps to reduce distortion in
the output stage.

Figure 6. Power series expansion of Vgg
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A typical scenario may be an output stage that is
designed for a quiescent bias current of 5 mA and can
deliver up to 100 mA to the load—a 1:20 ratio. Under
these circumstances, distortion in the output stage will
dominate the intrinsic distortion of the amplifier.

Power-supply bypass capacitors

Figure 7 illustrates power-supply bypassing for a high-
speed op amp. Current (Icc+) supplied to the op amp
from the power supply must pass through the distributed
impedance between the power supply and the op amp.
The distributed impedance is due to parasitic resistance
and inductance in series with the power supply, and to
stray capacitance to the ground plane. Due to the distrib-
uted impedance, bypass capacitors are required for high-
speed operation.

The voltage drop across the resistance is negligible
because the resistance is typically very small; but when
the amplifier is required to output a fast rising (or falling)
waveform, the series inductance can cause significant volt-
age drop:

V= Lg.
dt

So what does this have to do with distortion? The volt-
age drop between V+ and Vg + reduces the voltage across
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the op amp, and the transistor operation moves towards
saturation, causing significant distortion.

Bypass capacitors provide a local reservoir of energy
used to support fast-rising transients, avoid dips in Vo=,
and keep the transistors out of saturation. The strategy
shown uses bulk capacitors (typically 6.8 nF to 10 nF
tantalum) within 1 inch of the power pins, along with
high-frequency capacitors (0.01 pF to 0.1 pF ceramic)
within 0.1 inch of the power pins.

The bulk capacitors store more energy but tend to have
larger parasitic inductance and equivalent series resistance.
For this reason, they can only provide energy at low frequen-
cies. Due to the relaxed requirements for placement on the
board, they are typically shared between several devices.

The high-frequency capacitors have lower inductance
and equivalent series resistance, and are capable of sup-
plying very fast di/dt. They are located as close as physi-
cally possible to the op amp power pins.

Using differential amplification to reduce
even-order distortion

Differential signaling has been commonly used in audio,
data transmission, and telephone systems for many years
because of its inherent resistance to external noise
sources. Today, differential signaling is becoming popular
in high-speed data acquisition, where the analog-to-digital
converter’s (ADC’s) inputs are differential and a differen-
tial amplifier is needed to properly drive them.

Figure 7. Power-supply bypassing

Signal Conditioning: High-Speed Op Amps

Another attractive advantage to differential signaling is
that it significantly reduces even-order harmonics. This is
easy to see by using a generic power series expansion of
the output voltage.

A differential amplifier has two outputs that are ideally
180° out of phase: (VouTt+) = - (VouTr—). The output is the
differential voltage: Vout = (Vout+) — VouT—). If we
assume that the amplifier is perfectly balanced, the generic
expansion of each output is

(Vour+) =K1 (Vi) + Ka (V)2 + K3(Vin)? + K (Vi) * + K5 (Vi)
and

(our) =K1 (-ViN) + Ko (-Vin)? + K3 (Vi) + Ka (V) + Ks (V)P
where K; through Kg are constants that depend on the
characteristics of the amplifier. The odd-order terms
retain their original polarity, but the even-order terms are
always positive. Since Voyr is the difference, the even-
order terms cancel, but the odd-order terms increase by a
factor of two:

Vour=2K; ViN+2KsVIN® + 2Ks VN . ...

Balance is very important. Any imbalance in the two
amplification paths will compromise the cancellation of
even-order terms. Symmetrical layout and matched ampli-
fiers are required.

Continued on next page
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There are many ways to convert single-ended signals to
differential signals, as shown in Figure 8. Some employ the
use of transformers, multiple single-ended op amps, and
various passive components. Integrated fully differential op
amps are available that can provide a more elegant solution.

The curative effects of feedback

The curative effects of negative feedback refers to the
effectiveness of negative feedback in reducing distortion.
This effectiveness depends on the forward gain from the
point where distortion is generated and the loop gain of
the amplifier.

Figure 9 shows a block diagram of an op amp using
negative feedback. The input stage is Al, the intermediate
stage is A2, the output stage is the x1 buffer, and B is the
feedback factor. The open-loop gain or forward gain of the

Figure 8. Single-ended to differential—
alternative methods
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amplifier is Ap = A1A2; the loop gain is App = A1A2[3; and
el, e2, and e3 are generalized error sources. The following
discussion analyzes the output response that is due to the
individual error sources.

An error source at the input stage, el, is amplified by
the full open-loop gain of the amplifier. If there is no
feedback, setting all other sources to zero results in
Vout = elA1AZ; but with feedback,

—

el e
Vour=——"—7—=7%
Bt
AlA2
if A1A2 >> 1. This means that el will be amplified by the
closed-loop gain of the amplifier.
An error source at the intermediate stage, €2, is ampli-
fied only by A2. If there is no feedback, setting all other
sources to zero results in VouT = e2A2; but with feedback,

v e2 e2
oUr="— 7 " a
Ap+L Al
A2

if A2 >> 1. Error source e2 is attenuated by A1p.

An error source at the output stage, e3, is buffered by a
gain of +1 to the output. If there is no feedback, setting all
other sources to zero results in Voyr = e3; but with feedback,

e3 -0
1+ A1A2B

if A1A2B >> 1. Error source €3 is attenuated by the loop
gain, A1A2B = Arf.

Distortion in a high-speed op amp is attributed mainly
to the intermediate and output stages. Distortion is
reduced by taking advantage of the effect of loop gain in
negative feedback. However, be aware that, in a voltage-
feedback (VFB) op amp, loop gain decreases linearly with
frequency, and so does its effects on reducing distortion.

Vour =

Design guidelines for low distortion

How does one go about designing for low distortion with
high-speed op amps? The following are important design
considerations.

Op amp selection

1. Look for an amplifier with low intrinsic distortion, high
open-loop gain at the frequencies of operation, and high
slew rate.

2. For VFB op amps, gain bandwidth (GBW) products in
the gigahertz range may be required to provide enough
loop gain to reduce distortion significantly in the range
of 10 MHz to 100 MHz.

3. Current feedback (CFB) op amps have much higher slew
rates than VFB op amps. If the output cannot track the
input because of slew rate limitations, the effectiveness
of negative feedback is null and void. For this reason,
CFB op amps can provide lower distortion in high-
frequency applications.

4. For high-gain applications, use decompensated op
amps. Decompensated op amps sacrifice stability at
lower gain for higher GBW, higher slew rate, and lower
noise. They are easily spotted in data books and selec-
tion guides by their minimum gain requirements.
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5. CFB op amps allow you to optimize
loop gain by selecting the feedback
resistor value based on the closed-loop
gain of the amplifier. At higher gains,
lower-feedback resistors can be used
without sacrificing stability.?

Circuit design

1. Reduce loading on the amplifier output
as much as possible. A common prac-
tice when driving an ADC is to make a
simple RC filter by placing a small
series resistor and load capacitor to
ground (or differentially). At the pole
frequency, the impedance of the
capacitor equals the resistor and the

Figure 9. Model of op amp with negative feedback
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e1A1A2

e2A2 e3
ouT = + +
1+A1A23 1+A1A23 1+A1A23

amplifier sees a significant load. Avoid

loading the amplifier by using an active

filter topology (like MFB, Sallen-Key, or simply a capaci-
tor in parallel with the feedback resistor) to make the
amplifier’s gain roll off before the pole frequency of the
output RC.

2. Use power-supply bypass capacitors. Place bulk capaci-
tors in the range of 6.8 pF to 10 pF within 1 inch of the
power pins, and high-frequency capacitors in the range
of 0.01 pF to 0.1 pF within 0.1 inch of the power pins.
Bulk capacitors typically have been tantalum, but high-
value ceramics that may be viable are now available.
High-frequency bypass capacitors are normally ceramic.

3. Minimize output voltage swings.

. Minimize gains. Lower closed-loop gain = higher loop gain.

5. Fully differential architectures help reduce even-order
distortion products and are resistant to extraneous
common-mode noise sources. Most high-speed ADCs
now use differential inputs, and differential amplifica-
tion is commonly required. Integrated fully differential
amplifiers can provide a viable solution.

6. The feedback path is critical. High-speed op amps are
very susceptible to the effects of parasitic capacitance.
Remove ground plane(s) from under the input pins and
any traces leading to them, and use minimum-value
feedback resistors. The idea is to avoid creating RC
phase lags that decrease the amplifier’s phase margin.
The resulting peaking and group delay may cause
distortion of non-sinusoidal signals.

B

Conclusion

We have looked at each stage of a simplified high-speed
op amp and quantified the main distortion mechanisms.
Most of the distortion is produced by the intermediate
stage and the output stage due to their dynamic nature.
Reducing the voltage swings at the output and increas-
ing the impedance of external loads will increase the
intrinsic linearity of the amplifier. Higher loop gain
increases the curative effects of negative feedback.
As frequency increases, the effects of nonlinear parasitic
junction capacitance increase, and the curative effects of

Analog Applications Journal July 2001

\www.ti.com/sc/analogapps

loop gain diminish. These combine to make distortion
more problematic as frequency increases.

Choosing the right amplifier is key. High slew rate and
high GBW are two important parameters. CEB op amps can
provide for lower distortion, especially at high frequency.

Differential amplification reduces even-order harmonics
and is important in driving high-speed ADCs.

Power-supply bypass capacitors are very important at
high frequency due to the distributed impedance between
the power supply and the op amp.
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permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations,
and notices. Reproduction of this information with alteration is an
unfair and deceptive business practice. Tl is not responsible or
liable for such altered documentation.

Resale of Tl products or services with statements different from or
beyond the parameters stated by Tl for that product or service
voids all express and any implied warranties for the associated Tl
product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.

Following are URLs where you can obtain information on other
Texas Instruments products and application solutions:

Products
Amplifiers . amplifier.ti.com |
Data Converters :&:aﬁ_;é:é:lﬁl}ft?efﬁjcf)fn: !
DSP 1 dsp.ti.com |

Interface interface.ti.com |
Logic Tlogic.ti.com |
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' power.ti.com !

e el e el el e e -

1 - -
,microcontroller.ti.com :

Power Mgmt
Microcontrollers

Applications

Audio www.ti.com/audio!
Automotive parww.ti.com/automotive |
Broadband ‘www.ti.com/broadband ;
Digital control \www.ti.com/digitalcontrol 1
Military \www.ti.com/military '
Optical Networking  iwww.ti.com/opticalnetwork
Telephony www.ti.com/telephony |
Video & Imaging  www.ti.com/video; _
Wireless www.ti.com/wireless |

T Worldwide Technical Support

Internet
Tl Semiconductor Product Information Center Home Page

LSupportfi.com |

Tl Semiconductor KnowledgeBase Home Page
--------- 1

1

Product Information Centers

Americas
Phone +1(972) 644-5580 Fax +1(972) 927-6377
Internet/Email support.fi.com/sc/pic/americas. iim 1
Europe, Middle East, and Africa
Phone
Belgium (English) +32 (0) 27 45 54 32 Netherlands (English) +31 (0) 546 87 95 45
Finland (English)  +358 (0) 9 25173948 Russia +7 (0) 95 7850415
France +33(0)13070 1164 Spain +34 902 35 40 28
Germany +49 (0) 8161 80 33 11 Sweden (English) +46 (0) 8587 555 22
Israel (English) 1800 949 0107 United Kingdom +44 (0) 1604 66 33 99
Italy 800791137
Fax +49) (0) 8161 80 2045
Internet 1support.5i.com/sc/pic/edra:Htm
Japan
Fax
International +81-3-3344-5317 Domestic 0120-81-0036
Internet/Email
International 1'support.{7.com/sc/pic/japan.ftm !
Domestic L WWW.ij.C0.jp/pic 1
Asia
Phone
International +886-2-23786800
Domestic Toll-Free Number Toll-Free Number
Australia 1-800-999-084 New Zealand 0800-446-934
China 800-820-8682 Philippines 1-800-765-7404
Hong Kong 800-96-5941 Singapore 800-886-1028
Indonesia 001-803-8861-1006 Taiwan 0800-006800
Korea 080-551-2804 Thailand 001-800-886-0010
Malaysia 1-800-80-3973
Fax 886-2-2378-6808 Email tiasia@ti.com
Internet 1support.fi.com/sc/pic/asia.htm ti-china@ti.com
C011905

Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as Tl or its management “believes,” "“expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to Tl's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.

Trademarks: All trademarks are the property of their
respective owners.

Mailing Address: Texas Instruments

Post Office Box 655303
Dallas, Texas 75265

© 2005 Texas Instruments Incorporated
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