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Chapter 1
Introduction

Design for test (DFT), also known as design for testability, is
a process that incorporates rules and techniques in the
design of a product to make testing easier.

Structured design for test is a system methodology rather
than a collection of discrete techniques. This methodology
impacts all phases of a product’s life, from device circuit
design through field service. Design for test is used to
manage complexity, minimize development time, and reduce
manufacturing costs.

Testing has two major aspects: control and observation. To
test any system it is necessary to put the system into a
known state, supply known input data (test data), and
observe the system to see if it performs as designed and
manufactured. If control or observation cannot be carried out,
there is no way to know empirically if the system performs as
it should.

During the normal product development flow, testing (it may
be known by different names) takes place at many points
during the process. If testing is considered at the chip design
level, its benefits can be used at all levels of electronic
assembly, from chip through system level. See Figure 1-1.

System
Ic Board Box Test

Test Test Test

Figure 1-1. Chip Through System-Level Test
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Designers usually test various functions to validate their
design. Manufacturing and customer groups subject the
design to an assortment of unique criteria to see if the
concept works in practice. Is it manufacturable? Will it stand
up to real-world operating conditions? Will repair be cost
efficient? In addition to direct testability considerations,
production managers want features designed into the
product to help them minimize scrap and manufacturing
costs. Good system-testability methodology provides an
integrative function throughout the product development
cycle and allows materials created during an early phase of
development to be reused in later phases. Various chip
designers have used this integration feature as a tool to help
manage the development of complex products.

Testability provides companies with a firmer grasp on the
economic and market-window constraints due to product
development. One major workstation manufacturer claimed:

® Test program development would have been nearly
impossible without scan techniques.

® Chip-level test development time fell from 1 man-year to
about 20 hours.

* Board-level test development time fell from multiple
man-years to about a week.

* Three months were cut off development time.

Overall Rationale for Design for Test

Manufacturers of state-of-the-art electronic products face a
unique set of problems. Although modern circuit density, high
device speed, surface-mount packaging, and complex
board-interconnect technology have a positive influence on
state-of-the-art electronic systems, these factors can
adversely affect ability to verify correct design and operation.
Increased complexity and lack of physical access to circuitry
makes for costly and time-consuming testing using traditional
test techniques.
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Reduced Cost and Higher Quality

Reacting to this complexity, with an eye on the bottom line,
manufacturers may opt to perform less rigorous testing.
Manufacturers who choose the less rigorous testing as an
expeditious alternative to the expense of full testing gamble
their technical credibility in the marketplace and expose
themselves to the high cost of product returns. In today’s
global electronics marketplace, a manufacturer who delivers
poorly tested products does not remain competitive. The cost
for detecting and identifying faults using traditional test
methods increases by an order of magnitude as a circuit's
level of complexity increases. These increased costs and
development time reduce profit margins, delay product
introduction, and reduce time-to-market windows. An
increasing number of companies have simultaneously
improved their product quality and profit margins by adopting
system-level (integrative) design methods. Design for test is
one such system-level approach.

Benefits Over Standard Test Methods

Time to market is more important than ever in the high
technology marketplace. Companies that can produce quality
products with a short product development cycle-time have a
competitive advantage. Designing testability into a system
can play an important role in introducing a new
high-technology product with an expected five-year life cycle
to market on time. Table 1-1 shows various product
development time/budget scenarios and the resulting project
profitability.

Table 1-1. High-Technology Product Scenarios

Product Product Product
A B C
To Market: on time on time 6 mos. late
Budget: on 50% over on
Available Profit 100% 96% 66%

Over 5 Years:

TSource:McKinsey & Company
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Adding testability to a product increases design time and
costs, while reducing costs of design validation,
manufacturing test, and system maintenance.

The system design phase of product development
represents only 15 percent of a product’s total life-cycle cost.
However, the system design phase has a 70-percent impact
on a product’s operation and support costs over the product’s
total life (source: Mitre Corporation, 1987 Government
Microcircuit Applications Conference).

The majority of faults found on boards, such as solder joints
(shorts and opens), components (wrong device, missing
device, wrong orientation, wire-bond failure, and stuck pins),
etch integrity, and connector faults, make up over 95 percent
of failures found. A structured technique such as
boundary-scan testing allows for pins-out testing to easily
detect these failures (source: Teradyne).

The additional cost of designing testability into a system
during the system design phase can be more than offset
over the product’s total life.

Design cycle times have shortened significantly over the
years while test program development time has increased,
necessitating that companies adopt structured or repeatable
methodologies. Table 1-2 documents the increase in test
program development time as test requirements increase.

Table 1-2. Time to Develop Test Programs (in
Man-Months) t

1987-1980 3-6 months
1981-1983 6—12 months
1984-1986 9-18 months
1987-1990 12-24 months

TSource: Texas Instruments
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Standard Test Solutions Versus Proprietary
Solutions

Embedded test, emulation, and maintenance circuitry are
well defined and understood within the test community.
Previously, the lack of standards caused these structures to
be implemented in an ad hoc and proprietary manner. Since
proprietary solutions are usually more expensive and labor
intensive, the added costs further limited the use of these
test circuits. Boundary-scan testing combined with a
common test bus interface and test protocol has these
benefits:

* Provides a standard and cost-effective solution to
traditional test problems

* Opens new applications

The ability to reuse previously developed test data and to
use less costly test equipment means that this approach
yields products that are less expensive to manufacture.

An Industry Standard — IEEE Std 1149.1-1990
(JTAG)

In 1985, an ad hoc group composed of key electronic
manufacturers joined to form the Joint Test Action Group
(JTAG). JTAG had over 200 members around the world,
including major electronics and semiconductor
manufacturers. This group met to establish a solution to the
problems of board test and to promote a solution as an
industry standard. The solution, which became |IEEE Std
1149.1-1990, IEEE Standard Test Access Port and
Boundary-Scan Architecture, is the basis for Texas
Instruments (TIO) testability products. IEEE Std 1149.1
allows test instructions and data to be serially loaded into a
device and enables the subsequent test results to be serially
read out.

Every |IEEE Std 1149.1-compatible device has four additional
pins — two for control and one each for input and output
serial test data. To be compatible, a component must have
certain basic test features, but IEEE Std 1149.1 allows
designers to add test features to meet their own unique
requirements. The specification was adopted as an IEEE
standard in February 1990.
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Chapter 2
Benefits of Testability

This chapter explains how designing testability into devices
eliminates problems associated with traditional testing and
improves quality and efficiency.

Traditional Testing

Traditional board-level and device-level testing consumes a
great deal of time and requires special hardware and
complex automatic test equipment (ATE) for each type of
board or device. This results in increased costs and
development time. In addition, extensive testing is necessary
for the evermore stringent reliability standards and
performance standards in the defense, aerospace,
automotive, computer, and communications industries.
These extensive tests can delay the market introduction of
products, disrupt just-in-time (JIT) manufacturing flows, and
limit the productivity of standard ATE operations. This
creates numerous problems because time to market is more
important than ever in the high-technology marketplace.
Companies that produce quality products with a short
product-development cycle time have a competitive
advantage.

Efficient Testing

An innovative approach to the problems inherent with
traditional testing is to incorporate design-for-test techniques
that allow embedded testing to be performed. For example,
data can be scanned in to stimulate internal system nodes
while the component or circuit is embedded within the
system. During the same scan, the previous condition of
each node is scanned out. This saves test time and reduces
the number of test vectors needed.

Lower Cost for Testing

The additional cost of designing testability into a system
during the design phase is more than offset over the
product’s total life. This is accomplished by reducing the test
program development time, minimizing fixture complexity,
and allowing for the use of lower-cost ATE solutions. Another
cost benefit is the economy of scale gained by having a
standard test approach that spans design, test, manufacture,
field repairs, and maintenance.
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Production Time Savings

Board-level boundary-scan testing is easily implemented
using TI's line of IEEE Std 1149.1 testability devices, such
as:

e Widebus[ and octal bus interfaces
e Scan-support devices

e ASIC and DSP

These IEEE Std 1149.1-compliant devices are included in
board design with little modification to existing circuitry.
Embedded testability greatly reduces the need for other test
points on the board, and offers these advantages:

* Greatly simplified test fixtures
* Reduced fixture construction time

® Sophisticated built-in test and debug operations

Many ICs or boards can be tested together using the serial
IEEE Std 1149.1 test bus under the control of boundary-scan
test software.

Easier Board-Level Isolation

Fault isolation on a printed circuit board can be greatly
improved by electronically isolating suspect areas using
boundary-scannable devices. The IEEE Std 1149.1 test bus
controls boundary-scannable devices to place them in
EXTEST for pins-out testing. This effectively partitions or
isolates circuitry for separate testing. Partitioning a system
using IEEE Std 1149.1-compliant devices reduces the
number of patterns required for testing each circuit area. See
Figure 2-1 for an example of a design than can be
partitioned.

Simple Access to Circuits

Highly integrated, modern, multilayer systems or ICs with
fine-pitch pins are virtually impossible to access using
manual probes or ATE. Some boards require extensive
fixturing or redesign before they can be tested effectively.
TI's testability devices with boundary-scan architecture
eliminate physical access problems. These parts provide the
designer with testability for the most complex and
hard-to-access circuits, and add controllability of test circuits.
In addition, a designer can easily observe and control
internal device functions.

2-2 Benefits of Testability
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Chapter 3
Boundary-Scan Architecture
and IEEE Std 1149.1

Boundary scan is a special type of scan path with a register
added at every 1/O pin on a device. Although this requires
the addition of a special test latch on some pins, the
technique offers several important benefits. The most
obvious benefit offered by the boundary-scan technique is
allowing fault isolation at the component level. Such an
isolation requirement is common in telecomunications
switching environments where prompt field repair is critical.

A major problem driving the development of IEEE Std 1149.1
boundary scan is the adverse effect of surface-mount
technology. The inclusion of a boundary-scan path in
surface-mount components, in many cases, affords the only
way to perform continuity tests between devices. By placing
a known value on an output buffer of one device and
observing the input buffer of another interconnected device, it
is easy to see if the printed wiring board (PWB) net is
electrically connected. Failure of this simple test indicates
broken circuit traces, cold solder joints, solder bridges, or
electrostatic-discharge (ESD) induced failures in an IC

buffer — all common problems on PWBs.

A less-obvious advantage of the boundary-scan
methodology is the ability to apply predeveloped functional
pattern sets to the I/O pins of the IC by way of the scan path.
IC manufacturers and ASIC developers create functional
pattern sets for DC test purposes. Subsets of these patterns
can be reused for in-circuit functional IC testing. Reusing
existing patterns in the development of system diagnostics
can save large amounts of development resources,
especially if many of the ICs in a system have embedded
boundary-scan paths.

IEEE Std 1149.1 is a common protocol and boundary-scan
architecture developed into an industrial standard after
thousands of man hours of cooperative development by
approximately 200 major international electronics firms. Early
contributors in the development of IEEE Std 1149.1 were
AT&T, DECO, Ericsson, IBMO, Nixdorf, Philips, Siemens,
and TI. These companies recognized that only a
nonproprietary architecture would encourage companies to
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offer the compatible integrated circuits, test equipment, and
CAD software needed to bring product development,
manufacturing, and test costs under control in today’s
competitive electronics marketplace. Many people believe
that boundary-scan architecture will do for development,
manufacturing, and test what the RS-232C standard did for
computer peripherals.

Boundary-Scan Overview

Boundary scan is the application of a scan path at the
boundary (I/0) of ICs to provide controllability and
observability access via scan operations. Figure 3-1 shows
an IC with an application-logic section and related input and
output, and a boundary-scan path consisting of a series of
boundary-scan cells (BSCs), in this case one BSC per IC
function pin.

TDI

Y
NDO
NDI Application
A
> >
TDO

The BSCs are interconnected to form a scan path between
the host IC’s test data input (TDI) pin and test data output
(TDO) pin. During normal IC operation, input and output
signals pass freely through each BSC, from the normal data
input (NDI), to the normal data output (NDO). However, when
the boundary-test mode is entered, the IC’s boundary is
controlled in such a way that test stimulus can be shifted in
and applied from each BSC output (NDO), and test response
can be captured at each BSC input (NDI) and shifted out for
inspection. External testing of wiring interconnects and
neighboring ICs on a board assembly is accomplished by
applying test stimulus from the output BSCs and capturing
test response at the input BSCs. As an option, internal
testing of the application logic can be accomplished by

Figure 3-1. Boundary-Scan Example
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applying test stimulus from the input BSCs and capturing test
response at the output BSCs. The implementation of a scan
path at the boundary of IC designs provides an embedded
testing capability that can overcome the physical access
problems in current and future board designs.

Test Interface and Boundary-Scan Architecture

Figure 3-2 shows the IEEE Std 1149.1 architecture. The
architecture consists of an instruction register, a bypass
register, a boundary-scan register (highlighted), optional user
data register(s), and a test interface referred to as the test
access port (TAP). In Figure 3-2, the boundary-scan register
(BSR), a serially accessed data register made up of a series
of boundary-scan cells (BSCs), is shown at the input and
output boundary of the IC.

The instruction register and data registers are separate scan
paths arranged between the primary test data input (TDI) pin
and primary test data output (TDO) pin. This architecture
allows the TAP to select and shift data through one of the two
types of scan paths, instruction or data, without accessing
the other scan path.
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Test Access Port and Operation

The TAP is controlled by the test clock (TCK) and test mode
select (TMS) inputs. These two inputs determine whether an
instruction register scan or data register scan is performed.
The TAP consists of a small controller design, driven by the
TCK input, which responds to the TMS input as shown in the
state diagram in Figure 3-3. The IEEE Std 1149.1 test bus
uses both clock edges of TCK. TMS and TDI are sampled on
the rising edge of TCK, while TDO changes on the falling
edge of TCK.

Test-Logic-Reset

1
&?un-TesUld%lect-DR-Scan
0

A

Note: The value shown adjacent to each state transition in this figure
represents the signal present at TMS at the rising edge of TCK.

Figure 3-3. TAP Controller State Diagram
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The main state diagram consists of six steady states:
Test-Logic-Reset, Run-Test/Idle, Shift-DR, Pause-DR,
Shift-IR, and Pause-IR. A unique feature of this protocol is
that only one steady state exists for the condition when TMS
is set high: the Test-Logic-Reset state. This means that a
reset of the test logic can be achieved within five TCKs or
less by setting the TMS input high.

At power up, or during normal operation of the host IC, the
TAP is forced into the Test-Logic-Reset state by driving TMS
high and applying five or more TCKs. In this state, the TAP
issues a reset signal that places all test logic in a condition
that does not impede normal operation of the host IC. When
test access is required, a protocol is applied via the TMS and
TCK inputs, causing the TAP to exit the Test-Logic-Reset
state and move through the appropriate states. From the
Run-Test/Idle state, an instruction register scan or a data
register scan can be issued to transition the TAP through the
appropriate states shown in Figure 3-3.

The states of the data register scan and instruction register
scan blocks are mirror images of each other, adding
symmetry to the protocol sequences. The first action that
occurs when either block is entered is a capture operation.
For the data registers, the Capture-DR state is used to
capture (or parallel load) the data into the selected serial
data path. If the BSR is the selected data register, the normal
data inputs (NDIs) are captured during this state. In the
instruction register, the Capture-IR state is used to capture
status information into the instruction register.

From the Capture state, the TAP transitions to either the Shift
or Exitl state. Normally, the Shift state follows the Capture
state so that test data or status information can be shifted out
for inspection and new data shifted in. Following the Shift
state, the TAP either returns to the Run-Test/Idle state via the
Exitl and Update states or enters the Pause state via Exit1.
The reason for entering the Pause state is to temporarily
suspend the shifting of data through either the selected data
register or instruction register while a required operation,
such as refilling a tester memory buffer, is performed. From
the Pause state, shifting can resume by re-entering the Shift
state via the Exit2 state or be terminated by entering the
Run-Test/Idle state via the Exit2 and Update states.
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Upon entering the data register scan or instruction register
scan blocks, shadow latches in the selected scan path are
forced to hold their present state during the capture and shift
operations. The data being shifted into the selected scan
path is not output through the shadow latch until the TAP
enters the Update-DR or Update-IR state. The Update state
causes the shadow latches to update (or parallel load) with
the new data that has been shifted into the selected scan
path.

Figure 3-4 shows the TAP control output signals, along with
the instruction register and data register interconnects.
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