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With the advent of very highly linear ADC input stages,
parts like the ADS5424 can deliver >75-dBc spurious-free
dynamic range (SFDR) for two-tones at 170 MHz. The last-
stage interface to this converter then needs to be better
than 80-dBc two-tone SFDR to take full advantage of this
exceptional performance in the converter itself. Until
recently, the only amplifier solutions that have met this
demanding performance level have been very high-power
RF amplifiers, typically using >1.5 W to reach >80-dBc
SFDR levels. A much lower-power alternative has recently
emerged using the THS4509. This wideband fully differen-
tial amplifier, along with a number of external design tricks,
can support this last-stage interface requirement using
<200 mW of total power. This article steps through the
design, measurement techniques, and resulting performance
levels required to provide >80-dB SFDR at up to 170 MHz
in support of the ADS5424.

Converter two-tone undersampling performance

Numerous applications are asking high-speed ADCs to
deliver very high SFDR for narrowband applications at the
various intermediate frequencies (IFs) used in communi-
cations. These include applications at 44 MHz, 70 MHz,
140 MHz, and 170 MHz. Recent converter introductions
(such as the ADS5424) have done a very good job of meeting
>80-dBc SFDR at the lower IFs and even >75-dBc SFDR
at 170 MHz. Figure 1 shows a plot from the datasheet
(Reference 1) of a two-tone SFDR for the ADS5424 at
170-MHz center frequency.

In this test, the converter is sampling at 92.16 MHz on a
two-tone input at 169.6 MHz and 170.4 MHz. The input
frequencies are falling in the fourth Nyquist zone and are
folded to the difference between 4fs/2 and 170 MHz, giving
the 14-MHz fast Fourier transform (FFT) output shown in
Figure 1. Each tone here is at =7 dBFS so that the combined
two-tone envelope sums to a —1-dBF'S maximum. The full-
scale input voltage for the ADS5424 is a 2.2-V,,;, differential,
giving a —1-dBFS level of 1.96 V,, with each tone then at
0.98 Vpp. The converter plot report shows IMD3 = -82 dBFS,
where this is the absolute level below 0 dB in Figure 1. The
difference between each carrier level and the third-order
intermodulation spurious signal level is more commonly
used for amplifiers. To translate the converter specification
to something that is comparable to amplifier specifications,
subtract 7 dB from [IMD3I, just given, resulting in a 75-dBc
third-order SFDR for the converter. This exceptional per-
formance is the difference between the carrier level and
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Figure 1. Two-tone SFDR for the ADS5424 at
170-MHz +400-kHz input frequencies
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Figure 2. Simple characterization circuit
for the ADS5424
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the average spurious signal level at a 170-MHz center
frequency. The converter is also generating another cluster
of spurs near 42 MHz, but it is the close-in third-order
intermodulation terms that are of interest in developing
an amplifier interface compatible with this level of ADC
performance.

The test interface to get this plot for the converter is
quite specific and depends on very high-quality sources
(from a phase-noise standpoint) with moderate linearity.
Each source is heavily filtered before the power combiner
then drives the signal into a 1:1 transformer to get the
differential converter input signal. This simple interface is
shown in Figure 2 (from Reference 1), where the real
magic is in getting the element called “AC Signal Source.”
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The input signal during the converter test is so heavily
filtered that it is considered spurious-free.

One of the really nice features of the ADS5424 is that
the differential input provides its own common-mode ref-
erence voltage and resistive termination, which then drive
on-chip buffers prior to the sampling element. Figure 3
shows the analog input stage for the ADS5424. Vppp is
sitting at 2.4 V when the power supply is +5 V on the
analog portion of the ADS5424.

Figure 3. Differential analog input for
the ADS5424

AVpp
AINO 4 BUF TH
|
500 Q
BUF| O VREF
AVpp |
500 Q
AINO ® IBUF TH

Target distortion levels for the last-stage
interface to the ADS5424

Now we must estimate a target SFDR for the signal coming
into the converter to hit some level of system performance.
Imagine a two-tone input signal that has its own set of
close-in spurious tones being presented to the converter
input. The converter will process the fundamental tones to
generate the converter spurious power levels shown in
Figure 1. The spurious tones presented at the input are
also processed by the converter as a signal and passed on
to the FF'T output combined with the converter-generated
spurious signals at the same frequency. A worst-case
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assumption, which actually has been shown to hold true at
lower frequencies, is that these spurious tones add in phase.
For instance, the —-82-dBF'S close-in spurs of Figure 1
imply a spurious signal of 2.2 Vp, x 1078220 = 175 pV,p,. If
the input signal also has this same level of third-order
spurious tones (which would be falling at 170 MHz = 3 x
400 kHz), the final FF'T output would have 2 x 175 pVpp, =
350 nVpp in the FFT, or ~76-dBF'S worst-case. So, providing
an input signal with the same two-tone SFDR as the con-
verter results in a combined 6 dB worse than the converter
alone. This is normally not acceptable, suggesting that the
SEFDR for the signal coming into the converter must be
much higher than that of the converter itself to minimize
degradation in system performance. While this may be a
worst-case assumption, it will set a target for the amplifier
performance. Equation 1 shows the combined SFDR calcu-
lation when the spurious signal levels are adding in phase.

~SFDR

€Y

20 20

~SFDR
SFDRgygem = —2010g(10 +10 j

SFDR, a positive number, is the difference in dBc between
the carrier and the close-in spurs.

In Equation 1 we must enter the SFDR defined in the
same way. For instance, from Figure 1, the ADC has a
75-dBc SFDR. If the signal to the converter has an SFDR,
of 82 dBc, then the combined SFDRSystem will be 71.8 dBc.
This approximate 3-dB degradation requires an input signal
with an SFDR at least 7 dB better than that of the con-
verter. Equation 1 can also be solved for the required

SFDRAmp to hit a target SFDRSystem:

A
SFDRyy, = SFDRy i — 201og[102°— 1], (2)

where A is the desired drop in SFDR. With A defined as a
positive number, Equation 2 will add to the SFDR, . to get
the amplifier target. Note that this calculation is indepen-
dent of the starting level for SFDR, .. For instance, a 1-dB
drop requires the amplifier to be 18.3 dB better than the
converter regardless of the starting point for the converter.
An exact 3-dB drop would require the input signal to have
an SFDR 7.7 dB better than that of the converter itself.

Typical amplifier solutions

Since most designs are converting to differential in the last
stage, a typical design would use a very low-distortion RF
amplifier driving a transformer. This has worked reasonably
well in the past but typically requires in excess of 1.5 W in
the amplifier to suppress its spurious signals to the levels
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calculated earlier. A typical interface,
shown in Figure 4, bears a marked resem-
blance to the converter test circuit.

This design is encumbered by two issues

Figure 4. Single-ended amplifier driving a last-stage transformer

that require very high-power dissipation in
the amplifier to achieve the desired linearity.
The first issue is that the full-scale con-
verter input is required at the amplifier

VIN

Nyquist
Filter

output, since there is no further gain to the
converter input. Some step-up in the
transformer can be used to reduce this
swing, but high turns ratios run into a
band-limiting problem in the transformer.
The second issue is that the single-ended
output of the amplifier is not taking advan-
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tage of the even-order suppression available

in a differential design. It is much tougher

to get even-order suppression single-ended, again leading
to very high-power dissipation in the amplifier. While the
discussion thus far has focused on third-order intermodu-
lation, the second-order and higher harmonics have to be
dealt with at some point. Taking a single-ended signal path
to differential at low-power level, then providing the final
gain stage in a very balanced differential design, will go far
towards removing the even-order terms as a limit to
dynamic range. With the cost of one more transformer, all
these problems go away and a much lower-power, very
high-SFDR design can be delivered with the THS4509.

Low-power ADC interface with exceptional SFDR

Moving the transformer to the input of a balanced differen-
tial interface allows the final single-ended amplifier driving
that transformer to operate at a much lower power level.

Normally, every dB of reduction in fundamental power
level will reduce the even-order harmonics by 2x and the
third-order harmonics by 3x. For instance, if an arbitrary
single-ended amplifier is driving the full 2 V,,;, at its output
(10 dBm) and delivering —70-dBc second-order and —80-dBc
third-order harmonics, dropping its output level by 20 dB
to =10 dBm will drop the second-order harmonic down to
-90 dBc and the third-order to —120 dBc. This is why
moving the single-to-differential conversion upstream in
the signal path can move the SFDR limit to the final stage,
where running differentially has numerous advantages.
Figure 5 shows some earlier work in this topology where
a very wideband current feedback amplifier, the OPA695,
was used. This example was intended for the first Nyquist
zone and included a second-order low-pass filter at the
output to limit the noise-power bandwidth (see Reference 2).

Figure 5. Example input transformer-based circuit using the OPA695
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Adding a transformer to the input can improve dynamic
range (reduce noise and distortion at the converter input)
in at least three different ways.

1. The transformer provides a noiseless and distortionless
signal conversion from single-ended to differential. This
is very useful for ac-coupled signal requirements.

2. The signal gain from the transformer secondary is
greater than the gain for the amplifier’s voltage noise.
This has the effect of reducing the contribution at the
output for the amplifier’s input voltage noise, or, equiva-
lently, attenuating the amplifier input voltage noise con-
tribution to the total noise when it is input-referred to
the signal input at the transformer primary.

3. Similarly, if the amplifier is a voltage feedback device
(like the THS4509, but not the OPA695), this reduced
noise gain versus achieved signal gain also increases the
loop gain for the amplifier. Increased loop gain will, all
other things being equal, reduce harmonic distortion at
the output.

The transformer interface of Figure 5 used a 1:1 trans-
former where a 50-Q input match was desired. This was
achieved with 100 Q on the input side and two 50-Q resis-
tors on the secondary, where those reflect back to the
input side as their sum—again, 100 Q. A more general
low-noise development (shown in Figure 6) would let the
turns ratio be adjustable, eliminate the 100 © on the input
side, and simply set 2R to get the required input impedance.
The impedance looking out of the transformer secondary
is the sum of the two R resistors, since the inverting
amplifier inputs are assumed to be low-impedance points.

Then, with R, set, R, would be selected as needed to get
the desired gain. Figure 6 shows the simplified circuit used
to develop the noise figure (NF) equation (Equation 3) for
this inverting-input, transformer-coupled design.

Figure 7. Input noise figure vs. turns ratio with fixed total

gain for the circui
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Figure 6. Noise figure analysis circuit
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To get an input match, define o = Rf/Rg and set Rg =
1/2112RS, where 1 is the turns ratio and n? is the impedance
ratio. Then V. /V, =na = A, and R; will be (A /2)nR .

While not shown in Figure 6, all the resistor noise
terms are included in this analysis. Since Rg and R; are so
constrained by the input impedance and target gain
requirements, they drop out explicitly from the total NF
expression of Equation 3 but are effectively picked up by
the 2+4/0 term:

1,1

2
4 e“[ " J 1 2
NF = 10log| 2+ +24| ———= +§(ibnRs) +KTR, |. (3)

It is interesting to sweep the
turns ratio and recompute the
noise figure while holding a
fixed target gain. Figure 7 does
this for the OPA695, the

THS4509, and the lowest-noise

Texas Instruments op amp, the

OPA847. While the THS4509 is

a fully differential amplifier

and not strictly an op amp, the

analysis model in Figure 6
shows two equal voltage-noise

sources (e ) at the input that

are equal to the THS4509

specified voltage noise divided

by V2.
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All of these devices show a shallow minimum where
going from a 1:1 turns ratio to some higher input turns
ratio will improve NF. The OPA695 gets worse at higher
turns ratios due to the dominant output noise term coming
from its relatively large inverting current noise. That term
becomes dominant at low amplifier gains—which is what
happens in this analysis as the turns ratio increases for a

fixed target total gain.

Table 1 summarizes the noise terms used in Equation 3
to generate Figure 7 (with R, = 50 Q and kT = 4 x 10-21 J).
Recall that the THS4509 input noise used here is the actual
specification divided by 1.41 to share that single input
noise voltage in the two inputs used in the analysis model

of Figure 6.

Table 1. Noise terms used in Equation 3

to generate Figure 7*

DEVICE e, (V) iy (PA)
O0PA847 08 25
OPABY5 18 22
THS4509 14 22

*R, =50 Qand kT =4x10-21J

While this is an interesting mathematical exercise, it is
important to consider other constraints that come into play
over this turns ratio sweep. Specifically, as n>3 is used, the
transformer will start to limit the bandwidth for high-IF
applications. Also, letting R; be completely driven from the
target gain and required Rg value will quickly move it beyond
its useful range. For the OPA695, letting R, get too large will
limit the bandwidth of the design. For the THS4509, letting
R; get too low will load the output, increasing distortion.

Figure 8. Tested THS4509 circuit
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Tested design with the THS4509

Numerous efforts were made to find a working solution at
170 MHz that would not drop the ADS5424 two-tone per-
formance of 75 dBc more than 3 dB. This gave an 82.7-dBc
target for the amplifier SFDR with the analysis detailed
earlier. Figure 8 shows the final configuration for just the
amplifier portion of the circuit that has given the best

results. A total gain of 10 V/V, or 20 dB, was targeted in

these tests. Therefore, a —1-dBF'S input to the converter
requires a maximum input swing at Vi, of 200 mVpp.
Early tests with just the input transformer did not meet
the distortion targets. Reducing the amplifier gain by 1.4
and adding a 1:1.4 turns ratio output transformer helped

both to improve the loop gain and to lighten the output
swing requirement for the THS4509 so it can now meet

the target.

The output transformer does not run doubly terminated,

while the input transformer does provide a match to the
source. It was assumed that the source needs to see a
matched load for proper operation, while the output can
(thus far) drive into the converter input impedance with
no consideration of source matching. The output trans-
former provides 1.4-V/V gain that is removed from the
THS4509 gain setting to still hit the target gain of 10 V/V.
We intended to test only the THS4509 with this test

tation chosen.

circuit to see if we could extend the performance to meet

the SFDR target by using several design tricks:

1. This circuit runs completely differentially around ground.
It does not use the internal common-mode loop (in an
ac sense) in an effort to improve high-frequency linearity.
The common-mode loop still controls the output common-
mode voltage, but minimal dc, and hopefully no ac,
current signal is required to do this for the implemen-

250 Q
Mini-Circuits MW\ Mini-Circuits
A[?IT12:T 50 Q +V; (+2.5 V) 10 nF A[sz:T
ViN© VWA {1 AMA—oVout
‘ Vem % 953 Q
ET - I
0.1 pF 50 4 -V, (~2.5V) 10 nF
L L
) VW
250 Q +V,
A
0.1 yF
ageo apacitor, 2 M
(Y X2y C itor) ——22pF
LT L
— — = —— 22pF
v
-V,

Analog and Mixed-Signal Products

www.ti.com/aaj,

40 2005 Analog Applications Journal


http://www.ti.com/aaj

Texas Instruments Incorporated

2. Testing and design are simplified with +2.5-V supplies.
Putting both the input transformer centertap and the
Vi Pin at ground should eliminate common-mode
currents and signals.

3. The signal path is ac-coupled at both the input primary
and the outputs of the THS4509, eliminating dc currents.

4. While the THS4509 provides a gain of 5 for each side of
the differential input signal, its noise gain is somewhat
lower. Reflecting the 50-Q source through to the sec-
ondary as 50 Q on each side [50 x (+v2)2] and computing
the equivalent noninverting gain, we get 1 + 250/100 =
3.5 V/V. This is high enough to ensure stability in the
THS4509 but lower than the signal gain delivered, which
should improve loop gain and hence distortion by a
factor of 20log(5/3.5) = 3.1 dB over a simple noninvert-
ing stage gain of 5.

5. The final output drives out through a 953-Q resistor to
a 50-Q spectrum analyzer. This is intended to emulate
the 1-kQ input impedance of the ADS5424. Reflecting
that load through to the THS4509 outputs, we see what
looks like a 500-€2 load across the outputs. Each output

Figure 9. Test configuration for two-tone, third-order intermodulation testing
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then sees half of this in parallel with the feedback element
as a total load, or 125 Q in Figure 8.

6. To get 2 Vpp at the transformer secondary (the required
—1 dBFS for the ADS5424), 272 must be driven differen-
tially at the THS4509 outputs. Dividing the result by 4
gives +0.355 V on each output, which then drives 2.84 mA
peak in each direction into the total equivalent load of
125 Q.

The two-tone, third-order intermodulation test configu-
ration is shown in Figure 9.

Two very low-phase-noise synthesized signal sources are
used. One acts as the primary source and the other, along
with the spectrum analyzer, is phase-locked to the primary.
This allows very narrow frequency spans of where the
spur should be. Notice that no filters are used here. The
spectrum coming out of the mixer has numerous harmonics
we don’t care about—Dbut nothing where the third-order
intermodulation spurs should be. This test performed on a
converter would always use filters for the signal sources,
as the converter will fold the higher-order harmonics into
the Nyquist zone—possibly falling on top of the spurious
signal of interest.
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Figure 10. Measured third-order intermodulation spurious signal level
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Figure 10 sweeps the center frequency (f;) and reports
the measured level of the close-in third-order intermodu-
lation spurious signal. The SFDR is the negative of the
numbers plotted.

This data not only shows the main target of —-83 dBc at
170 MHz but also exceptional performance at lower fre-
quencies. To make these lower-frequency measurements,
a 4-Vpp output test was used, and the spurious level was
projected at 2 Vp, with an intercept model. Figure 11
shows that at 70 MHz the ADS5424 has a two-tone SFDR
of approximately 86 dBc. Again, to get SFDR in dBc, the
reported —93 dBFS is adjusted as ISFDRI - 7 dB.

If the —105-dBc SFDR for the THS4509 interface (from
Figure 10 at 70 MHz) were combined with the ADS5424
SFDR, the system performance would drop from 86-dBc to
85-dBc SFDR—extremely good performance, particularly
when the low 190-mW total power dissipation in the
THS4509 is considered (38 mA across a 5-V total supply).

Layout issues

To achieve this very low harmonic distortion, considerable
attention to layout symmetry is required. Every effort is
made to keep the signal current out of the ground plane and
purely differential (see Reference 3). Figures 12 through
15 show the four layers for the test board we developed
that resulted in the performance data reported here.
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Figure 11. Two-tone SFDR of the ADS5424
at 70 MHz
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Top layer

To limit trace length around the THS4509 QFN-16 package,
0402-size resistors and capacitors were used (see Figure
12). R2A/B and R3A/B are the gain and feedback resistors.
R4A/B are component placeholders that can be either
resistors or capacitors. In this case, these placeholders
have been populated with 10-nF' capacitors as shown in
Figure 8. T1 and T2 are transformers. To accommodate
different transformer pinouts, pin 2 and pin 5 of T1 are
connected together. Note that the transformers tested
have a centertap on the secondary winding and no center-
tap on the primary. The transformers this board can
accommodate used either pin 2 as the centertap with pin
5 as a no-connect, or pin 5 as the centertap with pin 2 as a
no-connect.

First inner layer (ground plane)
In the ground plane (Figure 13), note the window opening
around the device pins as well as the signal trace to the
transformers. This window minimizes parasitic capacitance
effects that could push the THS4509 into instability.

Used immediately underneath the top layer, this ground
plane can help shield traces from other layers. It can also
be used to create controlled-impedance traces.

Second inner layer (power plane)

The power planes (Figure 14) were set to avoid crossing
any top-layer signal trace and thus to limit parasitic capac-
itance. Each power plane is connected to the large bypass
capacitors C1 and C2 from the top layer. C1 and C2 can

Figure 13. First inner layer (ground plane)

Data Acquisition

Figure 12. Top layer, where most components
are loaded
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also be used as elements of a low-pass filter formed by the
combinations L1-C1 and L2-C2. The L1 and L2 components
are optional and intended to be lossy ferrite beads. They
were not used for the tests taken here and were replaced
with a short. Note in Figure 12 that C1 and C2 are con-
nected together and then connected to the ground plane.
This limits the return path traces and maximizes the self-
resonant frequency of each capacitor.

Figure 14. Second inner layer with
power connections
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Bottom layer

The key element on this layer (Figure 15) is C3, a very
high-quality, four-terminal capacitor from supply to supply.
This capacitor replaces three regular capacitors in this
circuit—two capacitors from each supply to ground and
one capacitor across the supplies—simplifying layout and
improving bypassing. For more information on this type of

capacitor, go towww.x2y.com!

Figure 15. Bottom layer
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Adapting the THS4509 test circuit to an IF
ADS5424 interface

The circuit and testing discussed here have shown that
the THS4509 has the intrinsic capability to support the
SFDR requirements of the ADS5424 over a wide range of
IF frequencies. Actual implementations must also consider
the out-of-band distortion terms, single-supply operation,
and noise-power bandwidth issues. Most implementations
will need to add at least a simple bandpass filter between
the amplifier and the converter to limit the noise-power
bandwidth and to attenuate the out-of-band distortion

Texas Instruments Incorporated

terms generated by the THS4509. Figure 16 shows an
example implementation.

This circuit ac couples in a few more places and adds a
passive bandpass filter at the input of the converter. This
will add some insertion loss to the channel that may require
a slightly higher gain in the amplifier to achieve 20-dB
total gain in the interface.

Summary

The THS4509 has been shown to provide adequate two-
tone, third-order intermodulation levels to support the
reported specifications for high-performance, 14-bit ADCs
such as the ADS5424. While other approaches have also
proven effective, the THS4509 is particularly attractive for
its low 190-mW total power dissipation. For specific IF
interface applications, an LC filter should be introduced
prior to the converter to limit the signal-to-noise ratio and
the SFDR degradation due to the broadband noise and
distortion at the THS4509 output.
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placing orders and should verify that such information is current
and complete. All products are sold subject to Tl's terms and
conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the
specifications applicable at the time of sale in accordance with Tl's
standard warranty. Testing and other quality control techniques are
used to the extent Tl deems necessary to support this warranty.
Except where mandated by government requirements, testing of
all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer
product design. Customers are responsible for their products and
applications using Tl components. To minimize the risks
associated with customer products and applications, customers
should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or
implied, is granted under any Tl patent right, copyright, mask work
right, or other Tl intellectual property right relating to any
combination, machine, or process in which Tl products or services
are used. Information published by Tl regarding third-party
products or services does not constitute a license from Tl to use
such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party
under the patents or other intellectual property of the third party, or a
license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is
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 anoplifier.fi.com

Data Converters dataconverter.fi.com:

DSP dsp.ti.com

Interface interface.ti.comi

Logic logic.ti.com!

Power Mgmt ‘power.ti.com
Microcontrollers microconiroller.ti.com!
Applications

Audio www.ti.com/audio
Automotive ‘www ti.com/automotive:
Broadband www.ti.com/broadband:
Digital control www ti.com/digitalcontrol.
Military www ti.com/military.
Optical Networking  ‘www .ti.com/opficalnetwork
Security www.fi.com/security
Telephony www.ti.com/telephony:
Video & Imaging www.fi.com/video!
Wireless www.t.com/wireless

T Worldwide Technical Support

Internet
Tl Semiconductor Product Information Center Home Page

Product Information Centers

Americas
Phone +1(972)644-5580 Fax __ +1(972) 927-6377
Internet/Email -'_sLlpgo_rt_.th_om/_sg/pig/_arygri_ca_s._hm:
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) 95 363 4824
France +33(0)130701164 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
eme upport i com s B AU
Japan
Fax
International +81-3-3344-5317 Domestic 0120-81-0036
Internet/Email
Internat_ional E@é@ﬁ_@ls}j: pic/iapan.htmi
Domestic WWW.i].C0.jp/piCs
Asia
Phone
International +886-2-23786800
Domestic Toll-Free Number Toll-Free Number
Australia 1-800-999-084 Malaysia 1-800-80-3973
China 800-820-8682 New Zealand 0800-446-934
Hong Kong 800-96-5941 Philippines 1-800-765-7404
India +91-80-51381665 (Toll) Singapore 800-886-1028
Indonesia 001-803-8861-1006 Taiwan 0800-006800
Korea 080-551-2804 Thailand 001-800-886-0010
Fax 886-2-2378-6808 Email tiasia@ti.com
Internet isupport.ti.com/sc/pic/asia. htm ti-china@ti.com
C091905

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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