Introduction

Note: This application note is
designed for electronic design/
test engineers and managers who
plan to manufacture products
using Bluetooth wireless technol-
ogy. It is addressed to a wide
audience whose technical skills
and knowledge may vary and
therefore assumes no special
knowledge of radio frequency
(RF) techniques. For those who
wish to explore the topics covered
herein further, additional refer-
ences are given in the Appendices.

Bluetooth is an exciting new tech-
nology that offers wireless connec-
tivity to an expanding array of elec-
tronic devices—computers, laptops,
personal digital assistants (PDAs),
digital cameras, cell phones, pagers,
and wireless headsets. The use of
Bluetooth technology has even
been envisioned for home appli-
ances like refrigerators and central
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air/heating systems. Cables and
their connectors may soon be a
thing of the past—for the first time,
personal area networks can be cre-
ated on an ad hoc or semi-perma-
nent basis with no cables or con-
nectors and only minimal network
administration efforts.

Bluetooth frequencies occupy the
2.4 GHz ISM (Industrial, Scientific,
and Medical) band, an unlicensed
portion of the radio spectrum which
is increasingly being filled by micro-
wave ovens and other RF technolo-
gies, the most well-known being
HomeRF and IEEE 802.11b. As the
ISM band becomes more widely
used, radio interference will no
doubt increase. To counter this,
Bluetooth technology uses several
innovative techniques to provide
stable linkages, among them cyclical
redundancy encoding, re-transmis-
sion of data packets, and frequency
hopping at up to 1600 times per
second.

Originally created as a simple
cable replacement, Bluetooth has
become much more—users are
increasingly seeking wireless capa-
bility in their workplaces and
homes. Bluetooth is expected to be
installed in nearly a billion appli-
ances by the year 2005—it is
unquestionably here to stay!

Building a test system for Bluetooth
enabled products rolling down a
manufacturing line would be easy
if there were no design or test
restrictions on the engineer. In the
real world, however, we must deal
with issues such as product size,
throughput (which affects time-to-
market), and cost. Addressing
these issues and knowing the spe-
cific business strategies your com-
pany adopts will help you create a
test system and plan that is effi-
cient and cost-effective for your
application.
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This application note will introduce
you to the Bluetooth manufacturing
environment, cite the many good
reasons to test, discuss high-level
business considerations, show you
step-by-step how a Bluetooth test
plan is created, and finally, profile
other important manufacturing
issues, such as yields, single- or
multi-site testing, and test line
limits (TLLs). The Appendices will
give you detailed information on
test methods and conditions, impli-
cations of Bluetooth radio design,
important manufacturing issues,

and descriptions of Agilent products
for Bluetooth testing. By learning
the principles and procedures here-
in and customizing them to your
use, you will be able to create a test
plan that is best suited to your
company, product, and target market.

To help you in product develop-
ment and testing, the Bluetooth
Special Interest Group (SIG) main-
tains an official Bluetooth website,
www.bluetooth.com, which is
regularly updated with new and
helpful information. Agilent’s own

Bluetooth website can be found at
www.agilent.com/find/bluetooth,
offering both technical information
and product descriptions. A wide
range of articles, press releases,
application notes, and other infor-
mation is also available on the
website—and constantly growing.

We wish you the best of success
in your Bluetooth efforts!
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1. BLUETOOTH MANUFACTURING
OVERVIEW

Bluetooth technology presents a
major challenge to manufacturers.
As a wireless medium, it contains
RF complexities and problems
which wired systems do not. It
comes in many implementations,
from wireless peripherals to local
area networks to cellular phones.
Moreover, market realities dictate
that most Bluetooth devices must
be manufactured at both high
volume and low cost. All of these
factors will clearly influence the
approach engineers take not only
to manufacturing, but also to test.

1.1
The Manufacturing Environment

Several methods for adding
Bluetooth technology to a product
are currently available: 1) creating
the entire design, including
Bluetooth capability, from the
ground up, 2) buying Bluetooth
ICs and designing them into the
product, 3) installing pre-manufac-
tured, pre-tested Bluetooth mod-
ules from other vendors, and

4) buying hardware which con-
tains the Bluetooth capability and
complementing your own design.

In terms of testing, much overlap
occurs in these approaches.
Whether you are manufacturing
Bluetooth modules, larger sub-
assemblies with Bluetooth capabil-
ity, or fully-functional products for
the end user, many of the same
test issues will apply, including

upstream verification and design/
performance expectations. It is
impossible to state simply which
alternative you should choose—
that will depend on many factors,
such as economies of scale, avail-
ability of outside products, proba-
bility and type of process errors,
and the level of RF expertise in
your company.

1.2
High-volume Testing

For high-volume products, you
should strongly consider automat-
ing your Bluetooth testing. This
usually involves developing custom
fixtures and a sophisticated materi-
als-handling system, so that test
connections can be made automati-
cally. The primary enabler of high
volume is short test time (i.e., high
throughput), a reasonable goal
being less than 10 seconds per
manufactured unit. For low-volume
products, you may be better served
by choosing manual connection
(with or without automated test-
ing), where results come in a
minute or two rather than a few
seconds.

Another decision in high-volume
operation is whether to test prod-
ucts in a single-site (one at a time)
or multi-site (several at a time)
fashion. If multi-site, the issue
then arises of whether to test

in sequence or in parallel. High-
volume products are almost always
tested in a multi-site fashion, with
several devices under test (DUTSs)
being presented to the test station
simultaneously. These could be
tested in parallel, which calls for
more complex fixtures, or sequen-
tially, which reduces the test
resources required but also means
greater calibration and switching
complexity. Yet another considera-
tion is the type and diversity of

products and fixtures the test sta-
tion will encounter: Will different
types and complexities of products
be coming out in the future, putting
more stress on the test environ-
ment, or will products remain
largely the same?

In short, if the test system and
test suite meet your time require-
ments and support your quality
and profit goals, they can be con-
sidered successful.

13
Low Cost Orientation

In order to make a product, you
need both materials and processes
to put the product together (and
ultimately to package it). Bluetooth
products also incorporate a non-
material content (bits) that govern
the product’s behavior.

The objective of making a product
must be coordinated with that of
making a profit. To do this, you
should strive for an optimum effi-
ciency at which per-product manu-
facturing cost falls well below the
price of the product. Profit must
take into account the costs of mate-
rials, manufacturing processes, tests,
and customer support (returns,
repairs, warranties, etc.).

A design or test engineer can do
little about most of these, but
minimizing manufacturing cost
by minimizing test cost is a con-
stant and primary goal—balanced,
of course, by confidence in the
product’s quality.

4 Section One: Bluetooth Manufacturing Overview



14
Reasons to Test

Among the many compelling rea-
sons to test Bluetooth products are
the following:

1.4.1
Completing Product Functionality

Bluetooth products are sophisticat-
ed RF communication devices with
complex software that drives their
operation. One element of software
is the ‘protocol stack,” which is
usually downloaded during manu-
facturing. Other ‘soft’ components
may also be required for complete
functionality—e.g., the unique
Bluetooth identifier for each product.
These need to be installed during
the manufacturing process at a
time when they are most support-
ive of the overall test approach.

14.2
Component or Subsystem Alignment

Bluetooth and other communica-
tion systems usually require some
kind of component or subsystem
alignment before operating as a
complete unit—e.g., crystal tuning
for output frequency accuracy, out-
put power adjustment for battery
longevity, power step accuracy to
meet specifications and received
signal strength calibration. All of
these are part of dynamically
adjusting the total RF link charac-
teristics, without which proper unit
operation in the field is impossible.

14.3
Performance Verification

At some point, Bluetooth system
designs must be measured for com-
pliance to the Bluetooth specifica-
tion, although not every product
will undergo this regimen in manu-
facturing (or perhaps only on a

sample basis). Whenever it is done,
however, Bluetooth specification
testing should create a high level
of confidence that the design will
meet the Bluetooth standards.
Among the parameters to measure
are modulation accuracy, sensitivity,
power output, and various spec-
trum measurements. Together with
confidence in the overall quality
(processes and materials), testing
will help guarantee that the prod-
uct is reliable, has the proper
operating range, and will satisfy
the customer.

144
Primary Use Case

Verifying that an electronic product
operates at least approximately the
way the customer will use it—i.e.,
the ‘primary use case’'—may be
critical to the ultimate success of
the product. In the case of a
Bluetooth enabled product, this
means that it must join a piconet
(2 to 8 Bluetooth devices linked
together) in its normal role of mas-
ter unit, slave unit, or both. It also
means that it will be fully function-
al within that context, performing
as expected. Only full functionality
tests (many of which are non-
Bluetooth) will be able to verify
total performance.

145
Material Defect and
Process Error Screening

Material defect and process error
screening involves the identifica-
tion of device failures due to aber-
rant performance because of shifts,
long term drift in components, or
process tolerance failures. While
originating with the supplier of the
components (and its particular
process deviations), such defects
are still the responsibility of the
manufacturing test engineer—they
must be addressed and eliminated.

1.4.6
Quality Assurance

Quality assurance testing is
directed toward:

* Integrity and improvement
of the manufacturing process,
including data gathering and
statistical process control

Continued verification of
correlated performances to
confirm test plan assumptions
or derive new correlations

Ongoing verification of
product conformance to
the Bluetooth standard or
FCC/ETSI regulations

The final four reasons for testing —
performance verification, product
functionality, material and process
defects, and quality assurance—are
drivers of the cost minimization
process discussed above. The first
two, completing product function-
ality and product alignment, are
considered “test” processes in that
they add value similar to that of
material assembly processes. For
example, defect screens should
always be regarded as temporary
because they represent material
or processes which can be moved
to a higher quality level. Quality
assurance may take several forms,
one being full sample testing, either
on or off the production line, to
ensure that all processes, materials,
and designs are under control.

Section One: Bluetooth Manufacturing Overview 5



2. THE TEST PROCESS

21
Business Strategy and Approach
Considerations

Strategic and business goals will
affect everything done “down-
stream,” so a thorough under-
standing of one’s business envi-
ronment and goals is prerequisite
to creating a test system and
processes. Each business environ-
ment is unique, so no attempt will
be made to cover them in detail.

However, most design and test
engineers will consider several
common factors: product type, target
market, material automation, test
time, test budget, product volume,
floor space, data handling for deci-
sion support, data handling for
customer service, operator require-
ments (user interface, ergonomics,
safety, etc.), company infrastructure,
and business goals and objectives.

Each of these will place constraints
on the test environment and pro-
cesses—not to mention the test
engineer! For example, if your com-
pany markets a popular consumer
device for which high volume is
necessary, test speed will be para-
mount. If equipment cost is critical,
functionality vs. cost-of-test will be
key. If credibility or reliable per-
formance under stress is critical
(as in government or military con-
tracts), demonstrable performance
under test will be the goal. The most
common and important of these
objectives will be speed and cost.

22
The Manufacturing Test Process

221
Overview

Figure 1 depicts the flow of the man-
ufacturing test process at a very
high level. It provides an excellent
starting point to work through the
complexities of the test process
and move into more detail.

The illustration shows what hap-
pens at the factory level—material
flows in, is connected, tested, veri-
fied (compared to a benchmark),
then shipped out after test results
are stored to a database. When we
approach the test process this way,
we have to consider not only the
test plan and test station design—
the initial goal—but also product
delivery to the station, the method
of interconnection to the station
(not shown), spec comparison (test
verdict), data storage, and product
exit. In the diagram, the test plan
is further expanded into product
turn-on, alignment, and verifi-
cation. Product alignment and
measurement issues will be the
chief drivers of overall test system
design. Not shown but implied are
test environment issues, such as
test station design, software drivers,
and fixtures.

222
Product Connection to Test System
(Fixturing)

Since the test system contains the
stimulus-and-response instrument(s)
and support—cables, interfaces,
switches, etc.—a mechanism is
required to connect the DUT to the
system. This is the test fixture.
Depending on product complexity
and functionality, a fixture can be
very simple or as sophisticated as
the test system itself! Two factors
will dictate design of the fixture.

The first is input/output (10). IO
connections are needed for power,
control (e.g., digital interfaces),
audio (if necessary) and RF signals
(radiated or direct). The second
factor is throughput, where the
decision to test in multi-up fashion
or not is key. Issues affecting this
decision include whether switching
is located in the test station or the
fixture, speed of the connection,
automatic vs. manual feed, isola-
tion between IO lines, and fixture
maintenance.

23
The Bluetooth Test Plan

As shown in Figure 1, the test plan
consists of three main constituent
parts. We also add result (spec)
comparison below, since it is inti-
mately connected with each test:

231
Turn-on and Product Initialization/
General Aliveness Checks

The point of the operation at which
testing begins must be chosen at
the outset, but may change over
time depending on a product’s per-
formance. Typical concerns are
passive power consumption, effica-
cy of control through the test inter-
face, integrity of output lines for
connectivity or activity, and mini-
mal boot function to report results
of a query. For example, each
Bluetooth appliance/device will

Product Product TEST Data Product
Delivery Connection PLAN Storage Exit
Turn-On Product Product Spec
Checks Alignment Verification Compare

Figure 1: Overview of manufacturing test process.
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have its own unique identifier,
which will be needed somewhere
in the manufacturing process (to
simplify the test code, it is best
to keep the identifier generic for
as long as possible).

The protocol for a Bluetooth radio
is usually downloaded during man-
ufacture but may change over time
for a given product or from one
product to the next. The firmware
may be monolithic (one file), or it
may be split into baseband/link
manager firmware and protocol
stack, which have to do with the
specific application. Verifying the
protocol stack is not a manufactur-
ing objective per se, but it must be
loaded, and loaded correctly.

2.3.2 Product Alignment

Alignment is necessary for many
devices, but varies from one vendor
to the next. These differences need
to be taken into account. Examples
of alignment are crystal frequency
adjustment, output power adjust-
ment, received signal strength read-
ing, IQ gain, quadrature and offset,
and modulation index. Some of
these may be tested at the integrat-
ed circuit (IC) level, but most of
them cannot.

233
Product Verification

Product verification is the single
most important aspect of the test
suite —it will be your focus in
whatever testing you undertake.
Verification includes any paramet-
ric measurement which is critical
to establishing and maintaining a
link so that information can be

transferred. Factors you should
consider are which functional
blocks in the Bluetooth radio are
key to performance, mechanisms of
possible failure, tests needed for
confidence in the design, where in
the frequency band or level they
should be made, and which algo-
rithms are best suited for manufac-
turing. When Bluetooth is merged
into another design (e.g., a mobile
phone), this list will expand.

234
Result Comparison

A test verdict is given when the
numerical result of each test is
compared to a pre-determined test
line limit (TLL)—PASS or FAIL. The
TLL is considered part of the test
plan. It is established through an
independent process, so it is dis-
cussed separately (Appendix D).
The process of setting a TLL takes
into account production statistics,
desired yield, measurement uncer-
tainties, and characteristics of
design such as variation over tem-
perature or humidity.

3. CREATING THE BLUETOOTH
TEST PLAN

Customers will judge the perform-
ance of Bluetooth products based
on factors such as range, transfer
speed, and reliability of operation.
“Just enough” test in manufactur-
ing will ensure that their expecta-
tions are met. This section will
identify a range of potential tests
which can be used during manu-
facture, evaluate their importance,
and discuss the optimum condi-
tions for using them. Many of
these tests can be implemented
using Bluetooth’s “test mode,”
which gives an engineer or opera-
tor the ability to initialize and
control a DUT over the RF or host
controller interface (HCI).

31
Factors in Creating a Test Plan

Until now, we have had primarily
a factory perspective in describing
the test process, but testing is only
the culmination of a long develop-
ment process which includes all
aspects of the value chain. Figure 2
depicts the factors which influ-
ence the creation and implemen-
tation of an effective test plan.

Manufacturing
Philosophy

Design
Topology

Testin the
Supply Chain

Design
Characterization

— N 7

TEST PLAN

Maintenance

Test Environment
Test Station
Data Storage  Test Fixturing

Test Design
Calibration

Figure 2: Factors in creating and implementing a Bluetooth test plan.

Section Three: Creating the Bluetooth Test Plan 7




Figure 2 shows that the test plan
is based on broad manufacturing
philosophies and strategies, design
topology, capabilities, limits, and
idiosyncrasies of components, and
correlations between parameters
to be tested and test coverage fur-
ther up the supply chain. When
examined in detail, any product
and test environment will reveal
potential trade-offs in yield, meas-
urement uncertainty, and through-
put which support an overall
desired result. Certain factors in
the test environment—such as

infrastructure, approach to fixtur-
ing, whether or not multiple DUT
testing is used, and sampling
rigor—will also affect the test plan.
There may have to be some itera-
tive experimentation to gain
enough information to make deci-
sions in these areas.

32
Identifying Tests for Bluetooth

STEP 1:
Survey Bluetooth SIG Tests

The Bluetooth Special Interest
Group (SIG) has identified a large

test suite (16 tests) to be used for
qualification of Bluetooth prod-
ucts and devices (see Bluetooth
RF Test Specifications in Appen-
dix F). These are intended for
qualification and are not pre-
scribed for manufacturing test;
however, many of them will be
useful in manufacturing.

The SIG tests are listed in detail
below. For each one, a priority
(need to test) and a brief rationale
are given. The priorities may be
expanded into MUST test, SAMPLE
test, and NEVER test if needed.

Bluetooth SIG Tests

TEST MFG. PRIORITY INSTRUMENTS
INTEST

TRM/CA/01/C. OUTPUT POWER HIGH Spectrum Analyzer

RATIONALE: Key parameter because of link budget, battery life, and incidence of failure. Alignment may occur at the or Power Meter

same time, or in place of, measurement. Note: Spectrum Analyzer is used, but Power Meter or Test Set can suffice. or Test Set

TRM/CA/02/C: POWER DENSITY Low Spectrum Analyzer

RATIONALE: Good characterization test to identify power output vs.frequency (channel number), but test time is high

TRM/CA/03/C: POWER CONTROL HIGH Spectrum Analyzer

RATIONALE: Useful in designs or cases where battery life is maximized through dynamic level control. Standard specifies or Power Meter

performance attributes. Although chip used may support this, the actual product may not have this as a requirement. or Test Set

Alignment may occur at the same time, or in place of, measurement. Note: Spectrum Analyzer is used

but Power Meter or Test Set can suffice.

TRM/CA/04/C. OUTPUT SPECTRUM (FREQUENCY RANGE) Low Spectrum Analyzer

RATIONALE: As described in standard, this is ~10 seconds of test time. Mechanisms for failure might be common

to failing items for -20 dB Spectrum Test as well as Modulation Index.

TRM/CA/05/C: OUTPUT SPECTRUM (20 dB Bandwidth) HIGH/MED Spectrum Analyzer

RATIONALE: Output radiated spectrum is an issue of regulatory compliance. May be adequately covered by chip testing.

As described, ~10 seconds of test time. Correlation with modulation characteristics is possible. Good for quality control.

TRM/CA/06/C: OUTPUT SPECTRUM (Adj Ch Power) Low Spectrum Analyzer

RATIONALE: Test time is very long. Spot checks may be done instead. Good for quality control.

TRM/CA/07/C: MODULATION CHARACTERISTICS (Index) HIGH Spectrum Analyzer

RATIONALE: Verifies waveform quality, in particular the fm index (beta), and is a critical information transfer parameter. or Test Set

Can be included in the alignment section in some designs. Too low modulation index may result in poor sensitivity;

too high indicates excessive spectrum spread.

TRM/CA/08/C: INITIAL CARRIER FREQ TOLERANCE (Accuracy) HIGH Spectrum Analyzer

RATIONALE: A parameter which confirms transmit burst function and synthesizer settling. Some designs are more susceptible or Test Set

to failure than others because of design topology. Could be used as coarse check for crystal accuracy.

TRM/CA/09/C: CARRIER FREQUENCY DRIFT HIGH Spectrum Analyzer

RATIONALE: Some designs are more susceptible to failure than others because of design topology. or Test Set

Demodulation variability can lead to interoperability problems.

8  Section Three: Creating the Bluetooth Test Plan



STEP 2:
Prioritize SIG Tests for
Manufacturing

The previous list includes priority
ranking and a rationale for each
test in its importance to manufac-
turing. Table 1 (pg.10) summarizes
and highlights the priorities and
various types of equipment which
can be used in the tests. By examin-
ing all of them, we’ll note that high-
priority tests can all be covered by
a Bluetooth RF test set, such as
the Agilent E1852B. A primary goal
of low cost would commend a
Bluetooth test set as the major com-
ponent of the test system.

Bluetooth SIG Tests (cont.)

fe=ii M odulation

1
L
o) R |t B R L

1
ST S
1
|
1

P e e [y oy

Modulation

285 300 309 30 35
Time

320 325
[us]

Figure 3: Agilent E1852B display, showing a modulation analysis (Frequency vs. Time)

from SIG Test TRM/CA/07/C.

TEST MFG. PRIORITY INSTRUMENTS
INTEST
TRC/CA/01/C: OUT OF BAND SPURIOUS EMISSIONS Low Spectrum Analyzer
RATIONALE: Obvious large test time involved. Spot check suspect areas such as for upconversion spurs or subharmonics.
Should be considered a design issue, not a manufacturing one.
RCV/CA/01/C: SENSITIVITY (SINGLE SLOT PACKETS) HIGH Special Setups
RATIONALE: Key parameter for information transfer, i.e., the link budget. Limited by noise in the environment (silicon fab and or Test Set
adjacent circuits). Impairment checking is excessive in production testing and probably not good for process control unless
only one impairment is selected. Characterization required to find appropriate sensitivity level at which to test. Select the
number of bits appropriate and impairment mode if design so warrants.
RCV/CA/02/C: SENSITIVITY (MULTI-SLOT PACKETS) HIGH Special Setups
RATIONALE: Key parameter for information transfer, i.e., the link budget. Determine if there is significant performance or Test Set
difference from single-slot sensitivity. If not, do one or the other. Multi-slot can be the worst of the two.
RCV/CA/03/C: CARRIER/INTERFERENCE PERFORMANCE MEDIUM Interfering Sig. Source
RATIONALE: Try to keep out of manufacturing if possible because complexity and cost rise due to summing network and and Test Set
extra equipment. Margin may be hard to achieve with tight specification (14 dB). Similar measurement as in sensitivity test.
RCV/CA/04/C: BLOCKING PERFORMANCE Low Interfering Sig. Source
RATIONALE: Performance is likely guaranteed by design or characterized and shown to be within acceptable limits. and Test Set
Complexity and cost rise due to summing network and extra equipment. Similar measurement as in sensitivity test.
RCV/CA/05/C: INTERMODULATION CHARACTERISTICS Low Interfering Sig. Source
RATIONALE: Performance is likely guaranteed by design or characterized and shown to be within acceptable limits. and Test Set
Complexity and cost rise due to summing network and extra equipment. Similar measurement as in sensitivity test.
RCV/CA/06/C: MAXIMUM USABLE LEVEL MEDIUM Test Set
RATIONALE: Design may be insensitive to overloading. ‘Primary use case’ of product may never present an
overload problem. However, some radios do not function properly if too close to each other.
OPTIONAL TEST: RECEIVED SIGNAL STRENGTH INDICATOR HIGH Test Set

RATIONALE: Key parameter for information transfer, i.e., the link budget, especially in more active use cases
where proximity of radio can change. Important for battery life.

or Signal Source

Section Three: Creating the Bluetooth Test Plan 9
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Table 1: - E =] 4
Tests Ranked by Importance to Manufacturing E| = § 2
and Types of Test Equipment Used s | 35 sl 2| 3
E1E8|2|2|8
E|g|g|lg|¢&
TEST NAME PRIORITY L L e N
OUTPUT POWER HIGH X | X [ X
POWER CONTROL HIGH X | X [ X
MODULATION CHARACTERISTICS (Index) HIGH X | X
INITIAL CARRIER FREQUENCY TOLERANCE (Accuracy) HIGH X | X
CARRIER FREQUENCY DRIFT HIGH X | X
SENSITIVITY (Single-slot Packets) HIGH X X
SENSITIVITY (Multi-slot Packets) HIGH X X
RECEIVED SIGNAL STRENGTH INDICATOR (optional) HIGH X | X
MAXIMUM USABLE LEVEL MEDIUM X | X
CARRIER/INTERFERENCE PERFORMANCE MEDIUM X | X
OUTPUT SPECTRUM (-20 dB Bandwidth) MEDIUM X
OUTPUT SPECTRUM (Frequency Range) Low X
OUTPUT SPECTRUM (Adjacent Channel Power) Low X
0UT OF BAND SPURIOUS EMISSIONS Low X
BLOCKING PERFORMANCE Low X | X
INTERMODULATION CHARACTERISTICS Low X | X
POWER DENSITY Low X

The tests in the SIG Bluetooth RF
Test Specifications formally specify
the conditions (frequency, power,
sensitivity, etc.) under which para-
metric measurements should be
performed, conditions which are
not necessarily appropriate for
manufacturing test. The right con-
ditions for your product will be
those that guarantee your desired
level of confidence in the product’s
design and take into account typi-
cal performance statistics. For
example, frequencies for any
parameter measured should be
chosen for expected worst-case
performance —e.g., sensitivity
should be verified at a channel
where characterization shows
design sensitivity to be the least.
This is not to penalize the design,

but to minimize test time and maxi-
mize confidence.

Additionally, the modes and meth-
ods of tests can be different from
those specified. You should use
whichever tests accomplish the
same or similar goals. Nothing dic-
tates that a huge 1.6 Million bits be

used in a bit error rate (BER)
sensitivity test for production,

or that you perform a 10-second
-20 dB Spectrum test! The test
engineer must know the device
and test objectives, then develop
speedy but effective test processes
to cover function and perform-
ance. These tests will result in a
better understanding of the rela-
tionships between various parame-
ters, whose test line limits may then
be changed, followed by new tests,
and so on. Several test methods are
discussed in detail in Appendix A.

STEP 3:
List Other Candidate Tests

In addition to Bluetooth SIG tests,
you should consider a variety of
other tests. Which of these you
choose will be dictated largely by
chipset design, the confidence
you place in your manufacturing
processes, and the device’s sus-
ceptibility to failure. For example,
current draw in various modes

is important if your device is
battery-operated (in which case

a battery emulator will become a
key test component).

Examples of such tests are pre-
sented in Table 2.

Table 2:

Additional Candidate Tests

TYPE OF TEST EXAMPLES DESCRIPTION

TURN-ON TESTS 10 Control Test Respond Over USB/Digital Interface
FW Download Protocol Stack Download
uiD Unique Address Loading
Current Drain Power Supply Loading

ALIGNMENT

Transmit Power Cal

Calibrate Output Level

Frequency Adjustment

Crystal Trim

RSSI Cal Calibrate Input Level Measurement
1Q Modulator Cal 1Q Modulator Balancing

OTHER PERFORMANCE TESTS  Transmit Mask Power Ramp Characteristics
Frequency Mask Frequency Settling Characteristics

Current vs. Operating State

Current Drain in Various States
of Operation

FUNCTIONAL TESTS Depends on product Example: File Transfer on LAN
Access Point, Audio Tests on Headset
CUSTOM TESTS Depends on product and Example:

test philosophy

Transmitted Spurs in Band

10  Section Three: Creating the Bluetooth Test Plan
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Figure 4: Agilent ESA Spectrum Analyzer measuring Initial Carrier Frequency Tolerance.

STEP 4:
Summarize Tests

What we have done up to this
point is to survey potential tests for
Bluetooth, both SIG and others.
Table 3 represents the bulk of these

tests narrowed into a possible set
of choices. For Bluetooth SIG tests,
only those designated high or
medium priority were included.

These tests may or may not be
done at the same location. Because
of the variations in turn-on and
functional testing, the wide range
of measurement issues, and differ-
ing philosophies of approach, only
alignment and performance test-
ing will be treated further.

Alignment can be done simultane-
ously (or nearly so) with verifica-
tion, since the same equipment,
test commands, and setup proce-
dures are used. For example, from
the SIG tests listed earlier, we
could combine alignment of output
power with measurement of out-
put power. Similarly, the align-
ment of modulation index and
received signal strength indicator
(RSSI) could be done with the
modulation characteristics and
RSSI performance tests, respec-
tively. In most cases, sensitivity
tests need not be duplicated at all.
So our Bluetooth test suite could
now look like Table 4.

Table 4:
Streamlined Choices Focusing on Alignment
and Performance Tests

Table 3:
Superset of Possible Bluetooth Tests TEST AREA POSSIBLE TESTS
TYPE OF TEST POSSIBLE TESTS ALIGNMENT Crystal Tuning
INITIAL TURN-ON Respond Over Interface PERFORMANCE  Power Output: Alignment and
- Power Verification
Firmware Download P C |
Unique Address Installation ower 'ontro —
- Modulation Characteristics:
Power Checks—Nominal Current Alignment and Verification
ALIGNMENT Power Calibration 20 dB Bandwidth
Crystal Tuning Initial Carrier Frequency
Received Signal Strength Indicator (RSSI) Tolerance (Accuracy)
Modulation Index Characteristics Carrier Frequency Drift
PERFORMANCE Output Power Sensitivity (Multi-slot Packets)
Power Control RSS! alignment and Received
Strength Indicator Operation
Modulation Characteristics (Index) Cartier/Interference
Initial Carrier Frequency Tolerance (Accuracy) Current vs. Operational Mode
Carrier/Interference Performance Frequency Settling
-20 dB Spectrum Power vs. Time or Pulse Shape
Carrier Frequency Drift
Sensitivity (Single-slot Packets
Sensiti 'ty EM ?t' slot Packets)) STEP 5:
itivi ulti- .
Roce JYS‘ I Srangth Indicator (Optional Evaluate Tests for the Particular
eceived Signal Strength Indicator ona X
ved ol - g ! P Bluetooth Radio
Current vs. Operational Mode
Frequency S.ettling Once a general set of tests is identi-
Power vs. Time fied, we must consider tests which
FUNCTIONAL File Transfer, Audio Checks, etc.

depend on the topology of the par-
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ticular Bluetooth radio used.
Depending on its design, the radio
can virtually guarantee that certain
tests need not be done, or it can
necessitate additional tests because
of its unique susceptibilities—or
both! A detailed analysis of the
implications of Bluetooth radio
topology is given in Appendix B.

To gain detailed knowledge of the
Bluetooth radio, we must charac-
terize it using a number of impor-
tant criteria:

¢ Distribution Analysis:
Performance of one or several
parameters over an appropriate
sample size

Temperature Variability:
Determination of how one or sev-
eral parameters change over tem-
perature

¢ Humidity Variability:
Determination of how one or sev-
eral parameters change over
humidity

* Covariance Analysis:
Examination of relationships
between several measured results
on given units

¢ Characteristic Curves of
Performance:
Identification of the general
characteristic of a parameter vs.
a given range of conditions of
test—for example, transmit
power vs. frequency

Temperature and humidity charac-
terizations are usually not performed
in the production environment or
considered part of a Bluetooth man-
ufacturing strategy. They are more
likely to be used as elements in set-
ting test line limits (TLLs), which
are considered in detail in Appen-
dix D. Distribution analysis is key
to determining variability of design,
identifying which parameters can

have a high spread in performance,
and which can cause failures.
Covariance analysis is a more
sophisticated process which seeks
to find relationships between dif-
ferent measures of performance in
order to focus on either the most
fundamental or most cost-effective
method of screening potential
errors.

The clearest benefit of these tests
to the production process is the
identification of characteristic
curves. When these are found, they
will yield insight into how best to
test the product. A few examples
are given in Appendix C.

STEP 6:
Evaluate Upstream Testing

We now consider tests which can
be eliminated ‘downstream’
because of testing further up the
supply chain. This requires a sur-
vey of components, their sources,
and tests done on them. If you are
making a final appliance, this will
include not only the IC manufac-
turer’s tests, but those of the
Bluetooth module manufacturer
(if applicable).

Full Bluetooth radio implementa-
tions can consist of as little as one
or two ICs and a number of off-
chip components such as crystals
and capacitors. Test coverage at the
IC level should definitely be consid-
ered in creating a test plan for the
final appliance. Upstream test cov-
erage of the IC will vary from ven-
dor to vendor due to coverage phi-
losophy, test capability, access
points for test, and state of radio
completion. In most cases, the last
factor will be critical, since crys-
tals, capacitors, and protocol stack
have not been added yet. Hence the
SIG test coverage available at the

IC level will be limited to tests not
affected by these components.

As seen in Table 5, opposite page,
many of the Bluetooth tests can be
performed at the IC level. The
Agilent 93000 SOC Series with RF
Measurement Suite, for example,
provides a high-volume manufac-
turing test solution for radio
modem and baseband controller
ICs. These tests are identified in
Step 8. For more information,

see Agilent Product Notes 5988-
4260EN and 5988-4261EN.

Using all of the tests discussed so
far, we can now begin to create an
overall test coverage matrix, as
shown in Table 5. Listed in the
first column are tests which can
be done to verify product perform-
ance; all other tests can be done
upstream. In this case, we will
assume that only upstream IC test-
ing applies. In actuality, each indi-
vidual case will be different.

STEP 7:
Refine Tests to Final Choices

The “Alignment Required” column
represents areas which require
alignment, so these tests must be
done downstream regardless of
what IC or module testing is done
earlier. However, a certain amount
of upstream coverage of power out-
put and modulation characteristics
has been done, so testing in these
areas may be reduced. For exam-
ple, instead of testing at three or
more frequencies, you may decide
to test at only one or two. Also,
note the excellent test coverage
under “Other SIG Tests” provided
by the equipment manufacturer.
Since reducing cost (by reducing
test time) is a key goal in high-
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Table 5:
Overall Bluetooth Test Matrix

OUTPUT POWER VS. FREQUENCY

OUTPUT POWER CONTROL
-20 DB BANDWIDTH

SPURIOUS SIGNAL GENERATION: IB

SPURIOUS SIGNAL GENERATION: 0B

FREQUENCY SETTLING TIME

Rx DYNAMIC RANGE: MAX INPUT POWER

MOD CHAR: INITIAL FREQ. ACCURACY
DIGITAL AND DC TESTS

MOD CHAR: FREQUENCY DRIFT
Rx INTERMODULATION DISTORTATION

MOD CHAR: MODULATION INDEX
Rx INTERFERENCE: BLOCKING

Rx INTERFERENCE: CO-CHANNEL
Rx INTERFERENCE: ADJ CHANNEL
Rx DYNAMIC RANGE: SENSITIVITY

Alignment Tests

Crystal Tuning

High Priority Performance Tests

Power Output

b

Power Control

Modulation Characteristics

Initial Carrier Frequency

Carrier Frequency Drift

Sensitivity

RSSI

Battery Current vs. Operational Mode

Frequency Settling

Pulse Shape

Output Spectrum -20dB Bandwidth

Other SIG Tests

Maximum Usable Level

Output Spectrum Freq Range

Output Spectrum Adj Ch Power

Out of Band Spurious Emissions

Carrier/Interference Performance

Blocking Performance

Intermodulation Characteristics

Power Density

22|22 22|22 22|22 |<|2|2|2|<|2|=<|=| ALIGNMENT REQUIRED

volume manufacturing, you should
avoid redundant testing whenever
possible. Therefore, we will focus
mainly on the “High Priority Per-
formance Tests” in our test plan.

Initial frequency tolerance is a func-
tion of crystal accuracy. Because
the crystal is off-chip, this cannot
be measured by IC testing and
therefore will need to be tested in
the full appliance. On the other
hand, frequency drift does not
depend on absolute frequency—it is
solely a function of internal phase-
lock circuitry, which is tested at the
IC level—so it is not required at
the appliance level. Note that the
received signal strength indicator

(RSSI) can be tested at the IC level;
however, this test requires align-
ment, so it will also need to be done
at the appliance level.

Finally, though tested as an IC
parameter, sensitivity is not consid-
ered to have high correlation
because it depends on so many
other factors—environmental noise,
the antenna, soldering defects, etc.
Hence it needs to be verified at the
appliance level. Should these fac-
tors turn out to have acceptable
tolerances, you may decide to hold
the radio modem to tighter require-
ments at the IC level and do less
sensitivity testing yourself.

Using our assumptions about tests
and processes so far, we can identify
the following for our test suite:

* Crystal Trim

* Power Alignment and
Performance

* Modulation Index
* Initial Frequency Tolerance
* Sensitivity

* Received Signal Strength
Indicator

* Battery Current vs.
Operational Mode

Caution: Although this is a
reduced set of tests, it is a always
wise to keep all tests surveyed on
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your master list, since later analy-
sis may uncover correlations that
would have changed your decision.
It is also important to note that
when the IC test has been taken
into account, it becomes part of the
overall composite test process and
can therefore be used to minimize
downstream failures.

STEP 8:
Determine the Test Sequence

Because test is a substantial part
of manufacturing cost, it is best to
test a DUT for the highest likeli-
hood of failure first, so time is not
wasted on further testing—the unit
can then be discarded or recycled
for repair. This rule assumes that
it is ready for such precise discrim-
ination—i.e., that all alignments
have been made. With Bluetooth
enabled devices, the rule can be
expanded (especially if testing and
alignment are done at one loca-
tion): All alignment should be
done for the next test with the
highest likelthood of fatilure.

For example, you might determine
that battery current tests fail most
often, followed by sensitivity and
frequency drift. If no calibrations

are required for current and sensi-
tivity tests, you could choose the
following order:

* Crystal Tuning (needed to ensure
accurate results)

* Battery Current Waveform
* Sensitivity
* Modulation Index Alignment and

Verification (drift measurement
uses modulation parameters)

e Initial Frequency Tolerance
and Drift

* Power Alignment and
Verification (contributes to the
current in transmit mode)

* Received Signal Strength Indicator

Another consideration for the
test sequence is the ability to get
several results at once using a
common output or input signal.
For example, it is possible to verify
power and modulation characteris-
tics at the same time if a Bluetooth
test set is used, since it provides
these transmitter measurements
simultaneously.

STEP 9:
Determine Test Methods and
Conditions

In general, the conditions of test
are determined by design perform-
ance characteristics of the product
being tested, as exemplified by
Bluetooth radio testing (see Appen-
dix C). Hence we are transcending
the Bluetooth SIG’s recommenda-
tion for the certification test
process, which in most cases is to
pick high, medium, and low points
to measure. We will not only change
the conditions at which to test, but

the test methods as well, to suit
our individual objectives in manu-
facturing. Appendix A deals with
some of these in detail.

With the exception of alignment,
testing in production is not so
much a matter of search as it is of
point comparison—that is, the
measurement is taken and the
result checked against a given limit
for PASS or FAIL. Searches are
appropriate only for characteriza-
tion or quality assurance processes.

The tests we have identified so far
can now expanded to include test
methods and conditions. Appen-
dix A provides more detail.

1. Crystal Tuning/Trim

Measurement:
Frequency Count

Process:

Measure reference frequency and
adjust trim mechanism to obtain
reading within an acceptable
range. This will be set as tight as
possible (x1ppm) because it will
directly affect frequency accuracy
(initial carrier frequency toler-
ance [ICFT] test).

Measurement Method:

Use the frequency counter func-
tion of a Bluetooth test set, stan-
dard frequency counter, or spec-
trum analyzer. This instrument
should either have great absolute
accuracy or be driven by a refer-
ence standard.
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2. Sensitivity Testing

Measurement:
BER

Process:

Establish loopback by paging DUT
using a Bluetooth test set (in this
case, the Agilent E1852B) in test
mode and initiating the Bluetooth
radio using appropriate host con-
troller interface (HCI) commands
through the application program
interface (API) for the chip used.
Set the transmit level to DUT, taking
into account fixture losses; level is
determined through the character-
ization process. Measure BER and
compare to specification. Repeat
for all test frequencies selected if
more than one is appropriate.

Measurement Method:

Select number of bits and test line
limit for testing that is appropriate
to speed desired (see Appendix A).
Set up the test set for testing with
selected number of bits. Trigger a
BER measurement on the test set.

3. Modulation Characteristics

Measurement:
Frequency deviation over pre-
scribed number of bits in payload.

Process:

Establish loopback by paging the
DUT using the test set in test
mode and initiating the Bluetooth
radio using appropriate HCI com-
mands through the API for the chip
used. Initiate DUT transmission of
appropriate bit sequences (01010101
or 00001111) in the payload. Using
nominal transmit level to DUT
from the test set, trigger on the
DUT transmission and determine

the deviation for the bit sequence.
Repeat for all test frequencies
selected if more than one is
appropriate.

Measurement Method:

Use a Bluetooth instrument
designed specifically for this meas-
urement, such as a Bluetooth test
set or a spectrum analyzer. Trigger
FO and F1 measurements.

4. Initial Center Frequency
Tolerance and Drift

Measurement:

Integrated deviation over a speci-
fied number of bits as prescribed in
the Bluetooth RF Test Specification.
This is performed over first bits of
a packet (preamble) for the initial
frequency measurement. The drift
measurement compares 10 bit inte-
grations within the packet, as well
as the preamble result.

Process:

Establish loopback by paging the
DUT using the test set in test mode
and initiating the Bluetooth radio
using appropriate HCI commands
through the API for the chip used.
Initiate DUT transmission bit
sequence (01010101) in the pay-
load. Using nominal transmit level
to DUT from the test set, trigger on
the DUT transmission and deter-
mine the ICFT and drift for the bit
sequence. Repeat for all test fre-
quencies if more than one is
appropriate.

Measurement Method:

Use a Bluetooth instrument designed
specifically for this, such as the
Agilent E1852B or the ESA Spect-
rum Analyzer. Trigger ICFT and
drift measurements and compare
result to test line limit. ICFT is
by definition a noisy measure-
ment as it is determined from

4 bits (4 us). Average for degree
or margin of stability desired.

5. Transmit Power Alignment
and Verification

Measurement:
RF Power

Process:

The DUT can be measured or cali-
brated for power in a number of
ways, depending on the capabilities
of the IC and on whether calibra-
tion vs. verification is being per-
formed. In its simplest form, a
Bluetooth loopback condition in
test mode is set up with a Bluetooth
test set, the DUT is set up to send a
pseudorandom (PN9) sequence,
and the power is measured. Loss
factors of the system (frequency
dependent) are applied and the
resultant is compared to the test
line limit. Another possible process
is that DUT output is connected
directly to a power meter for an
alignment, and a search is invoked
which sets DUT output level with a
digital to analog converter (DAC),
using the chip vendor’s device
API. In such cases, a verification
process may or may not occur. If
S0, it is best done under normal
Bluetooth operating conditions
(i.e., test mode).

Measurement Method:

A power meter can be used for
highest accuracy or a Bluetooth
test set to trigger average or peak
power measurements. Method
depends on how DUT is set up to
transmit—e.g., Bluetooth packet
vs. continuous PN9.
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6. Battery Current vs.
Operational Mode

Measurement:
Current vs. time to find peak, aver-
age, or duty cycle.

Process:

Current is measured over a period
of time appropriate for the mode
being verified. These modes can be
directly set using the API for the
chip being used.

Measurement Method:

Using a DC power supply with high
dynamic range current measuring
capabilities, such as the Agilent
66319B/D or 66321B/D, trigger
appropriate current measurement
(peak and/or average) when
Bluetooth radio enters mode of
interest. This is detailed in
Appendix A.

7. Received Signal Strength
Indicator

Measurement:
None

Process:

This may be an alignment or a veri-
fication. The specifications in
Bluetooth are rather wide, so in a
verification, a signal is applied to
the DUT and a query made through
the API regarding the path loss to
the DUT. As there are three ranges,
three different levels will be
applied in this process.

Measurement Method:

Use an instrument which can pro-
vide a Bluetooth signal, such as a
Bluetooth test set or signal genera-
tor, and set it to the appropriate
level, such as that for the DUT. The
resultant is a returned value of
range determined by input level
or directly by measured level.

4. OTHER IMPORTANT
MANUFACTURING TEST ISSUES

With all tests now chosen and their
methods and conditions listed, we
have greatly narrowed the list of
test equipment needed. Building
the test station would be the next
logical step. A caveat here, however:
The yields and margins required
for your particular manufacturing
process may not be supported by
the equipment initially selected.
Other, more precise instrumenta-
tion may be necessary, such as a
power meter for level measure-
ments or a counter for measuring
frequency. A test engineer will
need to investigate thoroughly the
test methods, measurement uncer-
tainties, system calibration require-
ments, etc. of the system in order
to determine the exact equipment
needed.

Earlier in this document, we
referred to single-site and multi-
site testing as a decision that must
be made at some point. Single-site
is clearly the simplest option; how-
ever, handling and throughput will
be limited if the decision is made
to go with a multi-site approach,
and a host of other decisions must
be made. These will involve the
means of test station address as
well as test station design. The
interfacing of the DUT(s) to the sta-
tion will be through a test fixture
or test jig, which can be as simple
as throughline wires or cables or
can be quite complex, with sophis-
ticated circuitry to enable efficient
testing. The station design must
also address sequential or parallel
testing of multiple DUTSs, trading
off switching complexity with
instrument cost and speed.

The Agilent 93000 Test System, for
example, takes advantage of tests
which require a stimulus by split-
ting the signal into four paths to
address all the DUTs and thus
eliminates the cost of three other
signal generators. Creative
sequencing of tests will also save
cost. For example, a DUT could be
stimulated by a signal for a receiver
test, while another DUT is under-
going a transmitter verification—
using multiple system resources
simultaneously. Such a design can
increase throughput; however, it
will be dependent on other tests
which use transmit and receive
test time.

Finally, there is the issue of deter-
mining test line limits (TLLs) to
obtain desirable production mar-
gins. This process will affect your
yields and/or product quality. For
each test, the test engineer will
need to determine the mean and
standard deviation performance of
the design, as well the measurement
uncertainty of the test—which
includes both instrument and fix-
ture. To do this requires creating a
distribution model, which can be
used to determine what the expected
yields will be for a given margin.

These topics are discussed in
greater detail in Appendix D.
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5. SUMMARY

In this application note, we have
covered the subject of Bluetooth
manufacturing test from a high
level down to detailed testing. We
began with a description of the
Bluetooth manufacturing environ-
ment, then cited the necessity for
low cost-of-test when creating new
Bluetooth enabled products. We
emphasized the many positive rea-
sons to test, among them the assur-
ance of complete product function-
ality and maintenance of quality
standards.

We described and visualized the
manufacturing test process, begin-
ning with high-level business and
strategic considerations which
ultimately influence and shape it.
We showed step-by-step how a
Bluetooth test plan is derived,
describing each phase in some
detail. We covered other impor-
tant manufacturing issues, such
as parallel testing, DUT fixturing,
and test result determination. For
those who are interested, more
detail on these and related topics
can be found in the Appendices.

No single document can cover
every contingency in every manu-
facturing scenario (especially in
complex, interference-prone areas
like Bluetooth). However, we
strongly believe that by learning
the principles and procedures in

this document—and customizing
them to your own use—you will be
able to create a test plan that is
appropriate and cost-effective for
your company, your product, and
your market.

We encourage you to visit our
Bluetooth website,

www.agilent. com/find/bluetooth
for up-to-date information on a
variety of Bluetooth topics. To
contact Agilent, see the informa-
tion on the back cover of this docu-
ment. We will be happy to help you
with any of your Bluetooth ques-
tions, concerns, or challenges.

Section Five: Summary
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APPENDIX A:

Test Methods and Conditions
Detailed

Al
Sensitivity Measurement

Sensitivity is the measure of a
receiver’s ability to convert faint
signals accurately. In digital mod-
ulation radio systems, this accura-
cy is expressed as bit error rate
(BER)—the percentage of bits
received which are in error. The
BER for a system is always stated
as a maximum value at a given
level. The Bluetooth specification
is .1% BER at -70 dBm applied to
the receive port. This is generally
done using a clean signal, since it
is a measure of signal-to-noise;
however, the Bluetooth specifica-
tions stipulate an impaired signal
for certification. It is therefore
likely that the level for .1% BER
will be less with a clean signal.
The improvement is about 2 dB.

BER is by definition a probabilistic
measurement, so you should be
careful in setting guidelines for it,
avoiding measurements that do not
achieve the desired confidence
level. This means that you should
stipulate the time period or number
of bits over which the measure-

ment is valid and the confidence
level you believe is appropriate. In
Figure 5, a 95% confidence BER
curve is shown. Note that even at a
million bits, a 95% confidence is
achieved in a .1% BER only when
the BER is at or below .095%. From
this graph, you can choose the
operating point desired. Pick the
number of bits (which directly
affects the time of the measure-
ment) and determine the maximum
BER that can be read from a test.
For example, 23,000 bits can be
used if the reading is less than .07%
to determine a .1% spec with 95%
confidence. The time saving can be
significant: For DH5 packet BER
testing, the time to test would be
less than 100 ms vs. approximately
4 seconds for 1.6 million bits!

Sensitivity can be verified in several
ways using an established radio
link, or not. Both can be valid
approaches. In the case of no link,
a modulated source (which can
include packetization) is applied at
the chosen level, with the BER
result fed back through special sub-
routines in a vendor’s control soft-
ware. This usually employs pseudo-
random data, which can be evalu-
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Figure 5: A BER curve depicting a 95% confidence level.

ated simply (e.g., PN9 in the
Bluetooth specification).

While this can be effective, the
benefits of ‘live’ links are difficult
to overstate, so you should strong-
ly consider measuring sensitivity
over a simulated link. To perform
the measurement, you need the
following:

e A Bluetooth radio

* Bluetooth transmitter
power control

¢ A means to measure transmit-
ted data from the DUT for bit
error rate

These capabilities can be found in
many one-box testers, such as the
Agilent E1852B Bluetooth Test Set.

A2
Current vs. Operating Mode

Operating time is a critical parame-
ter for every Bluetooth battery-
powered device, and thus is a
major purchase criterion for the
user. Reduction of power consump-
tion will continue to be a top prior-
ity for earlier Bluetooth designs.
Even now, consideration is being
given to partitioning the Bluetooth
chip design so that portions of it
can be shut down as a function of
operating state; however, these
methods are largely proprietary.
Hence battery current drain meas-
urements are essential, both for
verification of design and control
as well as efficacy of the silicon
manufacturing process. The wide
range of battery drain—which
extends to very low levels (tens to
hundreds of uA)—plus the pulsed
nature of Bluetooth transmissions,
dictate that a current measuring
instrument have a large dynamic
range and be capable of measuring
measure peak, root mean square
(RMS), and dc current.
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A21
Battery Current Drain vs.
Operating State

Bluetooth devices have many oper-
ating states, each providing a cer-
tain capability with a correspon-
ding power drain. This enhances
their performance as networked
devices, while also optimizing their
battery-operating time. Key states
need to be identified in order to
assure specified operating time as
well as minimizing testing. Due to
the diversity of Bluetooth applica-
tions, key operating states can vary
widely, making their precise identi-
fication difficult. The states depend
both on the application of the par-
ticular device and its dynamic
range of operation. IC vendors will
sometimes offer direct control of
circuit blocks over an HCI, prima-
rily for confirmation of the silicon
manufacturing process and not
necessarily for standard function.
The key operating states fall into
four broad categories:

A22
Operating States and Current Drain
Characteristics

 Active Call State Operation

The highest level of power con-
sumption takes place when the
Bluetooth device is linked and
actively communicating with the
host network. It uses a digital
transmission format that draws
pulse current, its period being a
multiple of 1.25 ms. An active call
state current drain is illustrated
in Figure 6.
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« Standby/Scan State Operation

When not networked, a Bluetooth
device acting as a slave will oper-
ate on standby at an intermedi-
ate to low power level. During
each 1.28s scan, the device wakes
up for 11.25 ms to receive and
check for inquiries and pages.
This results in a low-repetition-
rate, low-duty-cycle pulsed drain.
A Bluetooth device acting as a
master on standby actively trans-
mits paging and inquiry calls,
similar to the active call state.
Devices can often be put into
this mode by direct control over
the HCIL.

Figure 6: Example Bluetooth device active call current drain waveform.

* Low-power Modes of Operation

During periods of inactivity, the
Bluetooth device can be placed
into low-power modes of opera-
tion—such as PARK, HOLD,
and SNIFF—for extended time
periods. To conserve power, the
device enters a sleep mode,
drawing as little as tens to hun-
dreds of uA of current.

Battery Charging
(when applicable):

For high-power Bluetooth
devices with rechargeable bat-
teries, the charging function is
typically built in. For proper con-
trol of charging, current and volt-
age are measured and calibrated
during manufacturing test.
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A23
Battery Current Drain Measurements
and Needs for Bluetooth Test

Key modes of operation dictate
specialized test system needs, which
are summarized in Table 6.

A3
-20 dB Spectrum Measurement

The -20 dBm spectrum measure-
ment is a readily identifiable
Bluetooth trademark. The specifi-
cation stipulates that the -20 dB
bandwidth be less than 1 MHz

Table 6:

Summary of Bluetooth Battery Current Drain Measurements and Needs for Manufacturing

BLUETOOTH OPERATION TEST MEASUREMENT

& TEST PARAMETER RATIONALE SYSTEM NEEDS

ACTIVE CALL & PAGE/INQUIRY STATES

dc current Assures meeting specified Handles high crest factors.

battery operating time
when active. Accuracy of 0.5% or better for

dc average level (typically from
tens of mAto A).

Integration system suited for fast
and accurate averaging over
ms waveform periods.

high-level current
peak current

Assures against premature
battery minimum

Incorporates high-speed pulse signal,
high and peak level detect circuitry,

voltage shutdown. or algorithms.
STANDBY/SCAN STATES
dc current Assures meeting specified Handles very high crest factors.
battery operating time
when in standby. Accuracy of 0.5% or better for
average levels (typically from single
to tens of mA).
Integration system suited for fast and
accurate averaging over long (>1s)
waveform periods.
LOW POWER AND OFF MODES
dc current Assures against unexpected A low-level current measurement
battery drain when off. range, around 10 mA.
Detects latent defects in 10 pA or better measurement accuracy.
components and assembly.
Suitable measurement delay and
integration periods for stable value.
BATTERY CHARGING MODE
dc voltage Part of device calibration. Measures charge (negative) current
dc current (typically up to 1A) with 0.5% or

Assure of proper battery
charging function

better accuracy.

Measures charge voltage (typically up
to 9V) with 0.2% or better accuracy.

Additionally:
The dc source should double as a
constant voltage load and sink
charging current to emulate a
charging battery.

A second dc source to provide
charging current.

wide when modulating pseudo-
random data. The specification
suggests a test method which
takes in excess of 10 seconds per
carrier frequency. It also specifies
that the loopback test mode be
employed during measurement.
Both of these conditions can be
waived for manufacturing. A spec-
trum analyzer can capture the
waveform of a continuously mod-
ulated transmitter in less than
100 ms. If the Bluetooth 1C vendor
provides this capability in its con-
trol software, you can measure a
representative spectrum of the
transmitter. The resultant will be
different from the SIG measure-
ment because of the lack of ran-
domness of the data; however,
transmitter physics are exactly
the same—e.g., the modulation
index, distortion mechanisms, etc.
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APPENDIX B:
Implications of Bluetooth
Radio Topology

B.1 Radio Topology

Topology refers to how a particular
design accomplishes the require-
ments imposed upon it. Every
Bluetooth radio design differs
according to the chip vendor. Differ-
ent approaches to design can make
you immune to some pitfalls and
susceptible to others.

The design in Figure 7 incorporates
phase-locked loop signal synthesis,
common oscillator for transmitter
and receiver, transmitter level
control (perhaps with a power
amplifier for extended range),
switched front end, and filter at the
antenna. For the receive path, we
might use a low-noise amplifier for
extended range (or Class 1 opera-
tion), standard downconversion to
an intermediate frequency (IF)
with FM demodulation through a
tuned circuit, and an RSSI circuit
which may or may not be active,
depending on the application.

Compare this with the more
sophisticated digital design of
Figure 8.

In this design, frequency synthe-
sis is also common for trans-
mitter and receiver; however,
this time it is IQ modulated. Other
features, such as the antenna
switch and filter, are similar
except that the filter is assumed
to be off-chip. Note also that the
receiver does not make use of

an analog discriminator.

[ele]

i

POWER CONTROL

_%%XF@T@Fb

0.5BT
filter

A

Figure 7: Bluetooth RF radio design using analog techniques.

0.5BT filter ¢——

Figure 8: RF radio design using digital techniques.

B.2
Transmitter Attributes

Consider the question of how mod-
ulation is impressed upon the car-
rier. Shown in Figures 7 and 8 are
one design with an IQ modulator
and one with a phase-locked loop
that unlocks during the burst to
impress frequency deviations onto
the carrier. The former is not sus-

ceptible to frequency drift while
the latter is—it depends heavily on
‘unspecified’ parameters which
can change from lot to lot or die
to die, a largely unpredictable phe-
nomenon. On the other hand, I1Q
modulation designs often require
extensive calibration.
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Figure 9: Agilent ESA-E Spectrum Analyzer display of Frequency Drift.

Now consider the transmit power
expected from the design. A num-
ber of questions occur: Is it a
Class 1 design, which can transmit
100 times the RF power of Class
3? If so, is transmission through a
separate RF stage? If that is so,
exactly what is the vendor guaran-
teeing or measuring? You might
need to reconsider the -20 dB
spectrum test. If the end product
is battery operated, it is impor-
tant to control the power output
via more precise output level
adjustment. Does it need to be cal-
ibrated, or does the chip perform
well enough without it?

B.3
Transmitter Calibration

More questions arise over calibra-
tion. In cases where output level
is dynamically adjusted because
of RSSI feedback, does the design
do this precisely, or must it be cal-
ibrated for every unit to ensure
adequate transmit power step
size? Calibration is a trade-off
between time and performance—
if calibration is done, greater

accuracy and uniformity result,
but it also takes more time. If the
decision is to calibrate, you need
to determine how it will take
place—how many calibration
points, how many iterations, how
much time, etc.

Spectral content of the transmitter
is of particular concern. An IQ
modulation schema is usually more
regulated than an FM/phase-locked
loop design. This involves modula-
tion characteristics and transmit
bandwidth parameters (-20 dB
spectrum test). Not shown in
Figure 9 are potential frequency
conversion spurs that leak out of
the transmitter. Where these occur
and their relative levels depend on
where they are generated and
superimposed on the main signal,
and whether they are amplified
similarly to the desired signal. An
examination of the transmitter’s
block diagram, provided by the IC
vendor, will offer clues but, as in
the case of RF design and test,
there is no real substitute for actu-
ally measuring it.

APPENDIX C:
Characterization of the
Bluetooth Radio

c1
Transmitter (Modulation
Characteristics Performance)

Generally, modulation characteris-
tics should not change with level,
but the same cannot be said about
frequency. A modulation charac-
terization vs. frequency test will
likely yield one of two results. One,
all frequencies will show a modula-
tion index of about the same value,
in which case only one frequency
in the band need be tested.
Second, the modulation index will
increase or decrease over fre-
quency. This brings up two related
issues. First, the lowest index will
reduce the link budget possible for
the radio within a piconet, since a
lower beta will decrease the signal-
to-noise ratio—that is, reduce sen-
sitivity. However, too high a beta
will make the bandwidth too large,
causing it to fail specification.
After analyzing the situation, you
may decide that the least desirable
alternative is a low beta, in which
case you would test at the frequency
point where this would occur. A
more conservative approach might
be to test at a number of frequen-
cies and compare the results with
the IC manufacturer’s data at, say,
20 dB bandwidth. The results
could then be correlated to opti-
mize testing at the IC level as well
as the appliance (functional) level.

C.2
Transmitter (Power)

Output power is a very important
parameter and may, as noted in the
previous section, be calibrated.
Whether it is or is not, certain fre-
quency characteristics of the ampli-
fier/filter/antenna path will almost
certainly not be flat—unless very
extensive calibrations are done,
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Figure 10: Trace display of power vs. channel.

which is usually unnecessary in
Bluetooth manufacturing. Note the
overall frequency response: Is it
flat? Peaked in the center? Off cen-
ter? Unpredictable?

In Figure 10, a trace display of
power vs. channel (frequency)

is shown. In this example, the
response is peaked off center and
dips at the highest frequency. If
this is a standard characteristic
and you want to ensure that the
design does not dip below a cer-
tain level at any point, your focus
should be at the high end of the
band. Conversely, if the high and
low frequencies randomly change
in terms of lowest power, both of
them should be measured. More
importantly, you would then sus-
pect that a parameter was varying
within an IC, which could be very
troublesome. Then you would
want to measure not only the high
and low frequencies, but also the
middle, in order to account for the
characteristic. Moreover, the ratio
between the two (e.g., low- to mid-
band) would be the verifiable
number on which you would need
to focus.

c3
Receiver (Sensitivity)

Sensitivity is the most important
receiver parameter in a Bluetooth
enabled appliance. The SIG speci-
fication is .1% BER at <-70 dBm,
which is measured by a regimen
which changes different parame-
ters of the transmitter signal.
These extreme conditions will not
normally be found in actual use, so
the test can be simplified for man-
ufacturing. In the case depicted
in Figure 11, performance of the
design was a signal-to-noise issue
and the overriding influence

was level.

The graph illustrates a measured
sensitivity of approximately
-84.5 dBm. Further study of the

design revealed that impairments
of timing error, frequency offset,
and drift were not key contribu-
tors to BER when the signal was
~3 dB higher. Such information is
not readily obtainable from the
SIG tests, which are designed for
certification; instead, the condi-
tions must be swept independently
and the design analyzed for its
responses. In this case, even with
a generous 3 dB degradation
allowed for impairments, the per-
formance was still 10 dB better
than the SIG specification! That is
a good selling point for this par-
ticular design, which allowed a
high-margin sensitivity test that
did not permit impairments.
Furthermore, the test was very
repeatable and dealt with the area
of greatest concern—noise per-
formance of the circuit (to which
silicon, power supply, target appli-
ance, and adjacent circuit noise
were all contributors).

By considering such complex
design characterizations —during
both development and production
—you will be able to create a more
precise, streamlined, and efficient
test plan for your product.
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Figure 11: Sensitivity measurement showing bit error rate (BER) vs. level.
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APPENDIX D:
Other Manufacturing Issues Detailed

D1
Parallel Testing

Parallel testing and DUT interfac-
ing (control and RF) largely deter-
mine test station architecture and
design. For example, if you decide
on true parallel testing, a duplicate
set(s) of test equipment will be
needed. DUT connection is never
easy, and you will also have to
ensure isolation between DUTs.
This may be somewhat simplified
since each DUT has direct connec-
tion to the test equipment.

If, on the other hand, you choose

a sequential method that tests 7
DUTs at a time, the equipment will
have to be switched to each DUT as
it passes through the test area. This
minimizes the equipment needed,
but also complicates switching and
calibration. A middle ground might
be to evaluate how each component
of the system is used, then dupli-
cate only those components neces-
sary to create a balanced, resource-
sharing system appropriate for the
desired throughput or volume. This
would, of course, entail more com-
plicated software planning and
increase switching complexity over
a direct connection.

D.2
DUT Interfacing and Fixturing

The DUT connection—specifically
the RF connection—should be
planned very carefully. Since
Bluetooth is an RF technology and
Bluetooth enabled products are

generally built on high volume and
low cost, testing must be done
through a radiated or coupled con-
nection, not a direct one. This
presents a problem for adjacent
units in the case of parallel testing,
since they can be ‘jammed’ by RF
interference from other DUTs if
they are not adequately isolated.
Hence test fixtures must provide
the required isolation between
units or erroneous data will result.

D.21
Performance of Fixtures

It is outside of the scope of this pub-
lication to discuss RF enclosure or
fixture design in detail, but it is
worth noting that many tests will
depend crucially on the performance
of fixtures (receiver sensitivity and
transmitter power output, for exam-
ple). Many companies, including

Agilent, provide shielding on their
RF test fixtures to guarantee isola-
tion. Assuming that interface
issues are addressed—isolation,
control (RF leakage can take place
here as well), switching, and so
on—“performance” means that fix-
tures are calibrated for loss and
that they maintain that loss charac-
teristic over a long period of time.
Calibration and loss characteristics
are major determinants of test
accuracy that must be addressed
if testing is to be reliable.

Figure 12 illustrates the physical
connection of a DUT to the test
system and the mediating role
of a fixture. Note that the fixture
includes such items as power
supplies and audio circuits; these
have been included to show that
fixture design can grow to be
quite complicated.

Test Fixture
buT Audio/
dc Digital Low RF Port/
Power Interface Frequency Antenna
Buffered or [|E3Iing
Throughline T
Lo Power ) Audio —
Supply Fixture Circuits
Interface
Test To Battery To To Audio To RF
System  Emulators Computer  Analyzer/ Instrumentation
Generator

-

Figure 12: Diagram showing model of Bluetooth appliance DUT and connection to the

test system through a fixture.

NOTE: Connections from dc Power are to either battery emulators or power supply; likewise,
connection from audio/low frequency are to either audio analyzer/generator or audio circuits.

These alternatives are indicated by dotted lines.
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D.2.2
Calibration of Fixtures

To calibrate a fixture, we must
first know its loss at the frequency
at which it will be used. We have to
measure this. However, when we
do, we soon run into a host of
measurement uncertainties —
accuracy of the calibration signal,
accuracy of power detector meas-
urement, standing wave ratio (SWR)
interaction, uncertainty between
the calibration signal and the fix-
ture, and uncertainty between the
fixture and the power detector.
Fixtures use a calculated term for
loss, dB, which also has its own
uncertainty, further affecting
measurements on the DUT.

Uncertainties occur due to SWR
between the DUT and the fixture,
as well as between the fixture and
the test station. Also, there is
uncertainty of the loss value itself!
If the detector at the test station is
different from the detector used
for calibration, more uncertainty
will result. Because of these many
sources you may want to investi-
gate measurement uncertainty in
the following documents:

* International Organization for
Standardization (ISO), “Guide to
the Expression of Uncertainty in
Measurement,” Second Edition,
1995

e Barry N. Taylor. and Chris E.
Kuyatt, “Guidelines for Evaluating
and Expressing the Uncertainty
of NIST Measurement Results,”
NIST Technical Note 1297,
September 1994, U.S. Govern-
ment Printing Office

Sherry L. Read and Timothy
R.C. Read, “Statistical Issues in
Setting Product Specifications,”
Hewlett-Packard Journal,
June 1988, pp. 6-11

D.23
Fixture Repeatability

Repeatability is a term used to
quantify the degree of sameness in
reading identical signals under
identical conditions. It generally
includes the amount of noise accom-
panying a signal from the environ-
ment. With a fixture, if a loss value
(dB) changes over time, the test
results will show a bias commensu-
rate with the change. If it is pro-
nounced, the change can overwhelm
the effort to calibrate a fixture.

Hence it is a good idea to under-
stand the factors which can cause
change in loss value—and eliminate
them. For example, station switches
can change over time, so only high-
repeatability switches should be
used for RF testing. Second, RF
connector interfaces can deterio-
rate with time, particularly if they
are frequently changed out or
altered. Good designs, therefore,
will minimize the number of RF
connectors used. The vibrational
sensitivity of a fixture may also
degrade the integrity of connec-
tions, including couplings from one
antenna to another. Location may
also play a role. In Bluetooth appli-
cations, near field couplings are
generally used as opposed to far
field couplings, but near field cou-
plings are particularly sensitive to
location—tenths of millimeters in
offset may affect readings by many
tenths of dBs.

D.3
Test Result Determination

Determining a test line limit (TTL),
where a result from a test is com-
pared against another number to
trigger a PASS or FAIL, would seem
to be an easy task, but in fact is
rather complex. You should exam-
ine it from the outset of your test
planning, since it will have a major
effect on yields and may influence
the equipment you select.

D.3.1
Yields

Bluetooth technology is used
largely in low-cost, high-volume
products, so manufacturing yields
should remain high. What the
exact number turns out to be will
vary from product to product and
company to company, but it should
normally be above 95%. Since we
are seeking to maximize profit, the
natural goal is to make this num-
ber very high—if it is high enough,
it can eliminate the need for a
repair process.

Yields are a function of design
margin, process integrity (assembly,
handling, and test), and compo-
nent value integrity. While many of
these have been discussed earlier,
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one topic which needs further

exploration is the determination of

test line limits in the test process.
Figure 13 visualizes TLL.

D.3.2
The Specification Setting Model

The diagram shows a two-sided
test spec. In many cases, a one-
sided spec is appropriate —for
example, in sensitivity measure-
ments. The extra margin term is
usually reduced to O to allow as
wide a TLL as possible. The n*o
numbers represent choices made
by the manufacturer to produce
the desired yield. An 7 of 2 to 6 is
often chosen; an n of 2 will lead to
a 95% yield, an 7 of 3 should result
in 99% yield. Clearly, the larger the
n, the closer the yield will come to
100%, since the distribution curve
is a composite of variations in
product, components, processes,
etc. Outright failures are not con-
sidered part of this characteristic;
however, they are certainly part of

the ultimate yield! The goal is to
find and eliminate the causes of
failures and to ‘push’ the process
to a tight normal distribution.

D.33
Establishing an Initial Distribution

The initial distribution should be
determined by pilot run(s) and
then refined over time as knowl-
edge of the process increases. You
should carefully monitor IC die
and component lots, design
changes, and other variables to
ensure that older characteristics
are not being incorporated into
newer distributions.

D.34
Delta Environmental (AEnv)

A thorough analysis would take a
large sample of units and measure
the yield against changes in the
environment (AEnv). A wide range
of approaches could be taken. If
the ‘primary use case’ is indoors,

~
Population Statistics Allowance for
for a Given Measurement  Environmental
Specification Uncertainty Variation
Extra
Margin
Two-Sided
S\glgc Ie\ Amu | Aeny
Failures
-TTL u n*TTL Product

Specification

Figure 13: Specification (TLL) Setting Model

the range of temperature and
humidity will normally be small;
if outdoors (e.g., a cell phone), it
will be larger. Also, the results will
have both means and standard
deviations. An aggressive approach
might take only the means, while
a conservative approach would
include standard deviation (say,
mean plus 2*0).

D.3.5
Measurement Uncertainty (AMU)

Measurement uncertainty (AMU)
can be a significant factor in
selecting a TLL. If the uncertainty
is too large, it will drive the TLL to
be tighter than necessary, causing
more failures. You should choose
equipment and methodologies for
the yields and margins needed in
your individual application. For
example, if you are measuring
power output, a product with an
uncertainty of 1 dB may result in
unsatisfactory margins compared
to one that has .2 dB uncertainty
(e.g., a precision power meter). A
practical example of this is power
setting—it is usually best to set the
power as low as possible (within
the specification) to avoid excess
battery consumption. In this case,
the power meter’s precision would
have to be worked into the system
and tests to reflect this change.
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APPENDIX E:
Agilent Test Equipment for
Bluetooth Technology

E1
Test Equipment with
Bluetooth Capability

1. Bluetooth Test Set, E1852B

Establishs a link using standard
Bluetooth protocol and verifies
the performance of Bluetooth
transceivers.

2. Signal Generators, ESG-D Series
(3-4GHz), Option UND, UN7, UN8

Bluetooth signal for transmitter
tests, custom Bluetooth modulat-
ed interference signals for
receiver testing, and Bluetooth
receiver BER analysis.

3. Spectrum Analyzer, ESA-A Series
(3-26GHz), Bluetooth Bundles
(Option 303, 304)

Automated “one button” test
execution for Bluetooth trans-
mitter measurements. Performs
a broad range of spectrum
measurements.

4. EPM Power Meter and E9320
Power Sensors

Quick, easy, accurate Bluetooth
transmitter power measure-
ments.

5. Simulation Software, ADS with
Bluetooth Design Guide

Software tool for design and
simulation of custom Bluetooth
systems. Pre-defined Bluetooth
component models help speed
the simulation process. Can be
linked with the ESG-D Series
and 89600 Series.

E.2
Other Test Equipment

1. Vector Signal Analyzers,
89400/89600 Series

Versatile and precise signal
analysis with complete Bluetooth
transmitter measurements.
Modulation quality analysis for
Bluetooth signals, including con-
stellation and eye diagrams.

2. DC Sources, 66319B/D

Fast, programmable dynamic
DC power sources with battery
emulation.

3. Logic Analyzers, 16700 Series

Comprehensive system-level
debugging for multiple proces-
sor/bus designs.

4. Mixed Signal Oscilloscopes,
54620 Series

Verification and debugging of
Bluetooth baseband signals.

5. Network Analyzers, 8753E Series
Measurement of Antenna VSWR.

E.3
Accessories

1. Oscilloscope Probe, 54006A

Passive probe with very low
capacitance (0.25pF).

2. Close Field Probe, 11940A

Magnetic field radiation up to
1GHz.

3. Splitter, 11667A
Ratio measurements and equal
power splitting.

4. Directional Coupler, 773D

Monitors one RF waveform
while two Bluetooth devices are
connected by cables.

5. Dual Directional Coupler, 772D

Monitors both RF waveforms
while two Bluetooth devices are
connected by cables.

APPENDIX F:
References

The Official Bluetooth Website,
www.bluetooth.com, includes
information on Bluetooth history,
technology, news, specifications,
applications, products, events, and
Special Interest Group (SIG).

1. Specification of the Bluetooth
System — version 1.1, Volume 1
“Core,” February 22, 2001,
Bluetooth SIG

2. Specification of the Bluetooth
System — version 1.1, Volume 2
“Profiles,” February 22, 2001,
Bluetooth SIG

3. Bluetooth Test Specification —
RF A:2, 20.B.153/0.9,
March 24, 200, Bluetooth SIG

4. Bluetooth RF Measurement
Fundamentals,
Agilent Application Note
AN 1333-1
(lit. no. 5988-3760EN)

5. Bluetooth RF Testing—The Right
Test for the Radio Design,
Agilent article, May 2000

6. Agilent Technologies’ Bluetooth
and Wireless LAN Test Products,
Systems and Services, Brochure
(lit. no. 5988-4438EN)

7. Investigating Bluetooth Modules,
Agilent Application Note
AN 1333-2
(lit.no. 5988-2417EN)

8. Considerations When Selecting a
System Power Supply for Mobile
Commumnications Device Testing,
Agilent Application Note
AN 1310
(lit. no. 5968-2424E)

Note: References 4, 6, 7, and 8
are available on the Agilent
Bluetooth website at
www.agilent.com/find/bluetooth.
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Agilent Technologies’ Test and Measurement Support, Services, and Assistance

Agilent Technologies aims to maximize the value you receive, while minimizing your risk and problems.
We strive to ensure that you get the test and measurement capabilities you paid for and obtain the
support you need. Our extensive support resources and services can help you choose the right Agilent
products for your applications and apply them successfully. Every instrument and system we sell has
a global warranty. Support is available for at least five years beyond the production life of the product.
Two concepts underlie Agilent's overall support policy: "Our Promise" and "Your Advantage."

Our Promise

Our Promise means your Agilent test and measurement equipment will meet its advertised performance
and functionality. When you are choosing new equipment, we will help you with product information,
including realistic performance specifications and practical recommendations from experienced test
engineers. When you use Agilent equipment, we can verify that it works properly, help with product
operation, and provide basic measurement assistance for the use of specified capabilities, at no extra
cost upon request. Many self-help tools are available.

Your Advantage

Your Advantage means that Agilent offers a wide range of additional expert test and measurement
services, which you can purchase according to your unique technical and business needs. Solve
problems efficiently and gain a competitive edge by contracting with us for calibration, extra-cost
upgrades, out-of-warranty repairs, and on-site education and training, as well as design, system integra-
tion, project management, and other professional engineering services. Experienced Agilent engineers
and technicians worldwide can help you maximize your productivity, optimize the return on invest-
ment of your Agilent instruments and systems, and obtain dependable measurement accuracy for

the life of those products.

8 Agilent Email Updates

www.agilent.com/find/emailupdates
Get the latest information on the products and applications you select.

By internet, phone, or fax, get assistance
with all your test & measurement needs.

Online assistance:
www.agilent.com/find/assist

Phone or Fax

United States
(tel) 1 800 452 4844

Canada
(tel) 1877 894 4414
(fax) (905) 282 6495

China
(tel) 800 810 0189
(fax) 800 820 2816

Europe
(tel) (31 20) 547 2323
(fax) (31 20) 547 2390

Japan
(tel) (81) 426 56 7832
(fax) (81) 426 56 7840

Korea
(tel) (82 2) 2004 5004
(fax) (82 2) 2004 5115

Latin America
(tel) (305) 269 7500
(fax) (305) 269 7599

Taiwan
(tel) 0800 047 866
(fax) 0800 286 331

Other Asia Pacific Countries
(tel) (65) 6375 8100

(fax) (65) 6836 0252

Email: tm_asia@agilent.com
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