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ABSTRACT

This paper describes an IEEE 1149.1 based test IC that
emulates the functions of logic and signature analysis
test instruments. These ICs can be used at the board or
multi-chip module level to provide an embedded method
of monitoring circuits at-speed. This paper assumes the
reader has a basic understanding otP the IEEE 1149.1

standardy; o). INTRODUCTION

Test instruments, such as logic analyzers, have
traditionally been used to test the at-speed interaction of
functioning ICs on board designs. These test
instruments gain access to the circuit under test by
physically contacting the circuit using a probing
mechanism. The use of these test instruments to test
functioning circuitry can reveal timing sensitive and/or
intermittent failures that would otherwise not be
detectable in a nonfunctional test environment. The
abilit)lr) of these test instruments to synchronize up with
and observe the at-speed operation of electronic circuits,
have made them an invaluable asset in a wide range of
testing applications.

With the increasing use of high-speed, state-of-the-art
integrated circuits in combination with the miniaturized
substrates on which they are assembled, the physical
access between an external test instrument and a circuit
under test is being severely reduced and in some cases
comg:letely eliminated. New test approaches such as the
IEEE 1149.1 boundary scan standard provide a method
to regain electrical access to miniaturized circuits and
substrates through the use of an IC resident test port
and boundary scan architecture. The 1149.1 standard
provides an excellent method of testing the structural
integrity of the wiring interconnects between ICs on a
common substrate; 4. In addition, 1149.1 can be used to
t:e(s)fi individual ICs while they are in a nonfunctional
mode.

However, the 1149.1 standard cannot be used effectively
for at-speed functional testing of ICs or circuits. The
standard does provide a test instruction, referred to as
Sample/Preload, that allows the boundary scan register
to take a snapshot sample of the data entering and
leaving a functioning IC. While a specific application of
the Sample/Preload instruction has been described,s, its
general use suffers due to problems not addressed 1n the
standardg).

One problem with the Sample/Preload instruction is that
there is no prescribed method of synchronizing the
sample operation with the operation of the host IC.
Sampling data asynchronously is a hit and miss
proposition that serves no useful purpose. Another
problem is that there is no prescribed method of
glxalifying when to execute the sample operation in a

nctioning system. Sampling data synchronously but at

random does little to support testing. The solutions to
these potentially challenging problems is left up to the
user of 1149.1.

A new approach, therefore, is required to provide a
method of functionally testing the at-speed operation of
miniaturized electronic circuits. The approach described
in this paper overcomes the loss of functional test access
to state-of-the-art circuitry through the use of an IC
designed specifically for embedded at-speed testing
applications. This test IC is a member of Tls SCOPE=
family of testability components;, g), and is referred to as
a Digital Bus Monitor (DBI\'& The DBM can be
implemented in board or multi-chip module designs and
coupled to critical functional IC bus signals to provide a
method of non-intrusively monitoring the functional
operation of the circuit.

When the DBM is enabled via serial input from the
1149.1 test bus, it synchronizes up with the functional
circuitry to perform data trace and/or data compaction
on the at-speed data flow between the functional ICs of
the circuit. Following the test, the trace data and/or
signature collected can be accessed via the 1149.1 test
bus for processing.

The advantage offered by the DBM is that it enables the
use of traditional at-speed test approaches without
having to physically probe the electronic circuit being
tested. so, since the DBMs are embedded in the
product and accessible via the 1149.1 test bus, the tests
they provide are reusable throughout the life cycle of the
product. For example the DBMs can be used for at-speed
testing of the product at the assembly site, then later
reused during other phases of the products life cycle such
as; hardware/software integration and debug, at-speed
system testing, environmental chamber testing, and field
testing and diagnostics.

DBM ARCHITECTURE

The DBM is a 28 pin device designed in compliance with
the rules set forth in the IJEEE 1149.1 boundary scan
standard. The DBM supports all required 1149.1
boundary scan test instructions as well as a rich set of
special test instructions supporting its data trace and
signature analysis test operations. The data trace and
signature analysis operations can operate from control
input from the 1149.1 test bus or from control generated
internal to the DBM.

The DBM IC architecture of Figure 1 has input pins for
receiving 16 data inputs (D0-15), 3 clock inputs
(CK1,CK2,CK3), an event qualification input (EQI), an
output pin for outputting an event qualification output
(EQO), and a bidirectional pin for inputting or
outputting a polynomial input/output signaf)(PIO). In
addition, the BCI)BX'I is coupled to the 1149.1 test bus via
the test data input (TDI), test data output (TDO), test
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mode select (TMS), and test clock (TCK) pins, to provide
a standard serial interface for input and output.

The DBM consists of a 1Kx16-bit trace memory for test
data storage, a 16-bit parallel signature analysis (PSAR)
register for test data compaction, a 16-bit comparator for
attern detection, an event quafiﬁcation module (EQM)
or at-speed test control, a programmable clock interface
(PCI) for clock conditioning, a gf)undary scan register for
interconnect testing, and a 1149.1 circuit block
consisting of a control register for instruction
amplification, a bypass register for abbreviating the scan
path through the DBM, an instruction register for
}%Ztlr)l)lction storage, and the 1149.1 test access port
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FIGURE 1 DBM Architecture

1149.1 Circuit

The TAP along with the instruction, bypass, and
boundary scan registers are test circuits required in the
1149.1 standard. The TAP receives the 1149.1 TMS and
TCK bus control signals and provides the interface
through which an external test bus controller can input
control to shift data through the IC from the TDI input
to the TDO output, or effectuate an 1149.1 controlled
test operation. e instruction register provides storage
for test instructions shifted into the Ig. The bypass
register provides a single bit scan path through the IC
when 1149.1 testing is not being performed. The
boundary scan register consists of a series of cells
associated with each IC input and output pin. When
placed in their test mode, the boundary cells can be
accessed via the TAP to output test data from the IC’s
outputs and receive test data into the IC’s inputs, in
accordance to the IEEE 1149.1 Extest instruction.

Trace Memory

The trace memory receives the 16-bit data bus, serial
input from the TDI pin, control input from the TAP and
E&M, and outputs serial data to the TDO pin. The trace
memory is a 16-bit by 1024 location static RAM. When
disabled the trace memory powers down and requires

{DMA).

minimum power to maintain its contents. When enabled
the trace memory can be used to store the 16-bit data
input to the DBM in response to control input from
either the TAP or EQM. The DBM can receive and store
16-bit data words at up to 40Mhz.

The trace memory of Figure 2 consists of a 1Kx16-bit
static RAM, a 16-bit data input/output register (DIOR), a
10-bit address register (AREG), and read/write control
circuitry. The read/write control circuitry receives
control input from the TAP and EQM, and outputs
control to the DIOR, AREG, and RAM. The selection of
which control input is used, TAP or EQM, is determined
by the instruction in the 1149.1 instruction register.
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FIGURE 2 Trace Memory

When trace operations are controlled from the 1149.1
TAP, data input on the data bus is clock into the DIOR
register then transferred into the addressed RAM
location during each TCK while the TAP is in its
RT/IDLE state. After each data pattern is written to
RAM, the AREG is incremented to address the next
RAM location.

When trace operations are controlled from the EQM,
data input on the data bus is clocked into the DIOR
register during each CLK output from the PCI. However,
the data is only transferred into the RAM when the EQM
is qualified, via input from either the internal CTERM or
external E%I signal, to execute one of its eight selectable
test protocols. After a data pattern is transferred into the

, the AREG is incremented to address the next
RAM location.

c it d

The RAM has two modes of serial read/write access,
1149.1 scan access mode and direct memory access mode
The RAM access mode is selected via an
instruction loaded into the instruction register. In the
1149.1 scan access mode, the TAP inputs or outputs
RAM data via the DIOR and AREG registers by cycling
through multiple data register scan operations. During
each scan operation the AREG addresses a RAM location
to be written to or read from via the DIOR. Each RAM
read or write cycle requires one 1149.1 data register scan
operation.

In the DMA mode, the DIOR is configured as either a
serial input/parallel output register for DMA write
operations or a parallel input/serial output register for
DMA read operations, and the AREG is configured as a
counter. During DMA write operations, a DMA controller
embedded in the TAP, outputs control to cause serial
data to be shifted into the DIOR from the TDI input.
After the DIOR has received a predetermined number of
bits, the DMA controller inputs control to cause the RAM



to accept the parallel data from the DIOR, the AREG to
increment, and the DIOR to continue inputting serial
data. These steps of serially inputting data to the DIOR,
writing the data into the {w&, ang incrementing the
AREG are repeated until the RAM is full.

During DMA read operations, the DMA controller
inputs control to cause the DIOR to parallel load data
from the RAM. After the data is loaded, the DMA
controller inputs control to cause the AREG to
increment, and the DIOR to shift data out via the TDO
output. When the last bit is shifted out, the DMA
controller repeats the steps of parallel loading RAM data
into the DIOR, incrementing the AREG, and shifting
data out of the DIOR until the RAM data is read.

The reason for developing the DMA mode for RAM
access is that it significantly reduces read/write access
time to embedded memories over using the 1149.1 scan
approach, especially in a system environment where
multiple devices precede and follow the target device.
The time savings is brought about by the fact that the
DMA mode allows a single, but extended 1149.1 data
register scan cycle to stream serial data continuously
into or out of a device’s embedded memory without
interruption.
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FIGURE 3 Trace Memory Access Example

To illustrate the time savings using the DMA mode to
access the DBM’s memory over using the 1149.1 data
register scan mode, calculations are made on the
example system scan path environment illustrated in
Figure 3. e scan path consists of a test bus controller
(TBC), a DBM, 100 1149.1 compliant ICs (N) between
the TDO output from the TBC and the TDI input to the
DBM, and 100 1149.1 compliant ICs (M) between the
TDO output from the DBM and TDI input to the TBC.

In both the 1149.1 (1) and DMA (2) RAM access mode
calculations, assume a 5Mhz TCK and that the ICs
preceding and following the DBM are in their Bypass
mode. Since the scan path is symmetrical the read and
write access times are identical for both DMA and 1149.1
access modes, so only a read access calculation will be
performed on each. A comparison of the calculated RAM
access times, shows the D access time (3.3ms) to be
93% less than the 1149.1 access time (47ms).

(1) 1149.1 Access Time = [(Ly xS, +D, XTo, XMy = 47 ms

Where: L,, = Length of scan path
= (N+DBM+M) = (100+26+100)
S,. = TAP Shift state
D,, = TAP Dead states (4)
T,, = TCK period (200ns)
Mpd = Memory pattern depth (1024)

(2) DMA Access Time = (Lo XMpgxS, + D, +L,)xTg = 3.3 ms
Where: Ly;,, = Length of DIOR register (16)

= Length of M scan path (100)
S, = TAP Shift state
D,, = TAP Dead states (4)

T,, = TCK period (200ns)
Lfﬁ = Memory pattern depth (1024)

Trace Memory Self-Test

The trace memory was designed with a self-testing
capability that enables quick verification of the DBM’s
RAM in both an IC production and field test
environment. The self-test is executed in two steps. The
first step loads the RAM contents with test patterns, and
the second step compacts the contents of the RAM into a
signature. :

The first ste?, RAM initialization, can be accomplished
using one of two methods. One method uses RAM
upload instructions designed to allow the data scanned
into the DIOR to be automatically uploaded into the
RAM for 1024 TCKs while the TAP is in its RT/IDLE
state. Two RAM upload instructions are provided to
allow data to be uploaded into the RAM in either a fixed
or toggled format. This automatic RAM upload method
is also used to initialize the RAM prior to performing a
data trace operation. The other method of initializing
the RAM uses the DMA input method. While the DMA
input mode takes longer to load the RAM than the RAM
upload instructions, it allows deterministic test patterns
to be input to the RAM for more thorough testing.

The second step, RAM compaction, is accomplished using
a RAM data compaction instruction. The data
compaction instruction enables the RAM contents to be
read and compacted into a 16-bit signature for 1024
TCKs while the TAP is in it’s RTVIDLE state. During this
instruction, the DIOR operates as a multiple input
signature register (MISR) and the AREG operates as a
self incrementing RAM address counter.

If desired, deterministic testing of the RAM can be
achieved efficiently using the DMA input and DMA
output instructions to stream data into and out of the
RAM. The RAMs data retention can be tested by
disabling the RAM to its low power mode after it has be
initialized, then enabling tﬁg RAM and testing its
contents using either the data compaction or DMA
output instruction.

PSA Register

The PSAR receives the 16-bit data bus, serial input from
the TDI pin, control input from the TAP and EQM, and
outputs serial data to the TDO pin. Also the PSAR is
coupled to a bidirectional pin serving as a polgnomial
input or output (PIO) to allow cascading the PSARs of
multiple DBMs. The PSAR is used to sample or compact
data input to the DBM via the data bus in response to
control input from either the TAP or EQM. The selection
of which control input is used, TAP or EQM, 1is
determined by the instruction in the 1149.1 instruction
register. The PSAR can receive and compact data words
at up to 40 Mhaz.

The PSAR in Figure 4 consists of a 16-bit MISR and data
bit masking circuitry. The polynomial tap connections in



the MISR are programmable via input from the control
register in the 1149.1 circuit block of Figure 1, to enable
use of any polynomial feedback equation during data
compaction operationsg). Also the bit masking circuitry
recelves masking control input from the control register
to selectively mask one or more of the data bus input
signals from being compacted into the MISR. This bit
masking feature allows the MISR to operate as a
parallel, serial, or selectable input signature analyzer.
Also the bit masking provides a method of diagnosing
why a parallel signature fails, by repeating the test on
individual or selected groups of non-masked inputsig;.
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FIGURE 4 PSA Register

When PSAR operations are controlled from the 1149.1
TAP, data input on the data bus is compacted into the
MIskR during each TCK while the TAP is in its RTV/IDLE
state. When PSAR operations are controlled from the
EQM, data input on the data bus is compacted into the
MISR when the EQM is qualified, via input from either
the internal CTERM or external EQI signal, to execute
one of its eight selectable test protocols. After either
data compaction operation is complete, the signature can
be shifted out of the MISR by loading in an PSAR read
instruction and performing a data register scan
operation to shift out the contents of the MISR.
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FIGURE 5 Cascading DBMs

The PSARs of multiple DBMs can be cascaded in 16 bit
increments to form wider parallel signature analysis
registers. For example, Figure 5 illustrates three DBMs
cascaded to form a 48-bit PSAR. During cascaded PSAR
operation, the least s’iﬁgiﬁcant DBM’s (LSDBM) TDI
input is élsabled, the TDO output is enabled to output
the quotient from the MISR, and the PIO pin is
configured as a ?01 nomial input to the MISR. The
middle DBM’s (MIDBM) TDI input is enabled to receive
the TDO output from the LSDBM, the TDO output is
enable to output the quotient from the MISR, and the
PIO pin is configured as K{Pol omial input to the MISR.
The most significant DBM’s (MSDBM) TDI is enabled to
receive the TDO output from the MIDBM, the TDO
output is disabled, and the PIO pin is configured as a
quotient output from the MISR.

Since the MISR in each DBM is designed using an
internal type polynomial feedback circuit, any number of
MIDBMs can be placed between a LSDBM and MSDBM
without incurring the delays associated with external
type polynomial feedback circuits.

Comparator

The comparator receives the 16-bit data bus, serial input
from the TDI pin, control input from the TAP and E
and outputs a compare term (CTERM) to the EQM and
serial data to the TDO pin. The comparator is used
during EQM controlled data trace and compaction test
operations to detect patterns input to the DBM via the
data bus and output a CTE signal to the EQM in
response to a detection.
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FIGURE 6 Comparator

The comparator in Figure 6 consists of a 16-bit compare
circuit, and two 16x16 memories used to store expected
data and mask data patterns. The memories are
accessible for data input/output using either 1149.1 data
register scan or DMA access modes described in the trace
memory. The memories provide storage of 16 levels of
16-bit expected and mask data, enabling the comparator
to perform up to 16 levels of pattern detection. The
mask data memory provides selective bit masking on
each of the 16 pattern detection operations. Masked bits
become don’t cares and are not used in the compare
operation.

abl ck In

The PCI receives clock inputs from the CK1, CK2, CK3,
and TCK pins, control input from the control register,
and outputs a conditioned clock signal to the EQM. The
PCI is programmable via input from the control register
to cou Fe one of the clock inputs or its complement to the
PCI CLK output, or combine the clock inputs usin
Boolean AND and OR functions and couple the combineg
clock signal or its complement to the FPCI CLK output.
The purpose of the PCI is to minimize clock gating and
selection logic external to the DBM. For example, the
PCI clock inputs can programmed to accept Motorola or
Intel type read/write bus control without any external
interfacing logic.

Event Qualification Modul

The EQM is a test control macro that has been developed
by Texas Instruments to provide a standard method of
enabling an IC’s test circuitry during normal operation of
the ICs,. The EQM receives control input from the TAP,
clock input from the PCI, external event input from the
EQI rin, internal event input from the C’I%RM signal,
serial data inEut from the TDI pin, and outputs event
signals to the EQO pin and serial data to the ’I%O pin.



The EQM of Figure 7 consists of a test controller, an
event multiplexer, and a scan path consisting of
command ( ), loop counter (LPCNT), and event
counter (EVCNT) sections. The test controller operates
synchronous to the CLK output from the PCI to execute
one of eight predefined test protocols. The protocol to be
executed is m%ut to the test controller via the CMD
register. The LPCNT register serves as a programmable
16-bit counter enabling a protocol to be looped up to 218
times. Each protocol is executed in response to event
inputs from the event multiplexer. The_ event
multiplexer can be set via the CMD register to select the
event input to come from either the internal CTERM
signal from the comparator or from an external signal
input via the EQI pin.
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FIGURE 7 Event Qualification Module

The EVCNT register serves as a programmable 16-bit
counter enabling a protocol to be started or stopped on
the Nth occurrence of predetermined events. so the
EVCNT register can be used within a protocol to enable
testing for a programmed number of CEK cycles, from N
=1 to 2!6. To allow for muitiple Nth events and multiple
clocked test operations within a test protocol, a 16x16
EVCNT memory is coupled to the EVC%IT register. The
EVCNT memory can be accessed for input and output
using either 1149.1 scan operations or DMA operations
as described in the trace memory section. en an
existing count has expired in the EVCNT register, the
test controller uploads a new count pattern into the
EVCNT register. [Each protocol can use up to 16
different count patterns during the execution of a test
operation.

During EQM controlled data trace and/or data
compaction operations, the EQM outputs control to the
trace memory and PSAR via the EQM control bus. Also
the test controller outputs test status or internal event
signals off chip via the EQO pin. In the status output
mode, test status signals can be output from the EQO
pin to indicate, among other things, (1) test-in-progress
or (2) end-of-test. These status outputs can be monitored
by external controllers or testers to determine the state
of the test being performed. Alternately, these test
status signals can inspected via 1149.1 instruction
register scan operations.

In the event output mode, the CTERM signal from the
comparator can be output from the EQO pin to indicate
the occurrence of an internal event. The event signal
output from the EQO pin can be used for triggering an
external tester, or to input an event to a neighboring ICs
EQM to initiate a test protocol operation. %he action of
outputting an internally detected event on the EQO pin
of one IC to be received by the EQI input of another IC
enables EQMs to cross trigger one another. This cross
triggering scheme can be expanded to where multiple

ICs can participate via an external voting circuit to
enerate a global cross triggering mechanism between
QO outputs and EQI inputs.

EQM Test Protocols

The eight EQM test protocols are summarized in the
following protocol test action code statements. In each
protocol "Kd" references a count value from 1to 2'8in the
16-bit Li’CNT, “N” references 1 of 16 stored count values
(1 to 216) that can be loaded into the 16-bit EVCNT,
“tost”® refers to a data trace and/or data compaction
operation, “event” refers to a signal input to the EQM
from either the CTERM output of the comparator or the
EQI input pin, and “clock” refers to the CLK output from
the PCf circuit.

Protocol 1: For M times do;
. On Nt event do test
End of test

Protocol 2: For M times do;
During N event do test

End of test

Protocol 3: For M times do;
On Nt event start test
On N* event stop test
End Of Test

Protocol 4: For M times do;
On N event start test
On Nt event stop test
after N clocks
End of test

Protocol 5: For M times do;
On N*h event, test for
N clocks
End of test

Protocol 6: For M times do;
On Nt event,
Pause N clocks
Then test for N clocks
End of test

Protocol 7:  On N™ event, test for N clocks
Then for M-1 times do;
Pause for N clocks
Test for N clocks
End of test

Protocol 8: On Nt event, For M times do;
Pause for N clocks
Test for N clocks
End of test

DBM TEST APPLICATIONS

As described previously, the DBM can operate in two test
modes, an oft-line test mode controlled by the TAP, and
an on-line test mode controlled by the EQM. In the off-
line test mode the circuitry to be monitored needs to be
placed in a nonfunctional mode and preferably under
1149.1 control. In the on-line test mode the circuitry to
be monitored may remain in its normal functional mode
while being tested by the DBM.

In Figure 8, a tyﬁical circuit is shown consisting of a
processor, RAM, ROM, /O port, buffering/transceiving



circuits, and two DBMs. This circuit could be realized on
either a printed circuit board or multi-chip module
substrate, and may be one of many such circuits in an
electronic system. During functional operation, the
processor outputs address and control to enable data
transfers between it and one of the other devices in the
circuit. DBMs are coupled to the processors address,
data, and control buses.
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FIGURE 8 DBM Application Example

While non-testing buffers/transceivers could have been
used in this circuit, 1149.1 compliant ones are
implemented to provide embedded control and
observability of the processors 16-bit data, 16-bit
address, and control buses. The 8-bit buffers and
transceivers used, like the DBMs, are members of Tls
SCOPE family of testability components and are referred
to as SCOPE octals;.

In addition to their buffering and transceiving functions,
the octals include circuitry supporting both 1149.1
boundary scan and built-out-self-test features. The term
built-out-self-test (BOST) is probably one the reader may
not be familiar with and is coined here to differentiate
from the common terminology of built-in-self-test (BIST).
BIST is a pseudorandom based test structure designed
primarily to test circuits inside an IC, whereas BOST is
a pseudorandom based test structure designed primarily
to test circuits outside an IC.

While in their functional mode, the octals allow the data,
address, and control bus signals to pass through
unobstructed. However, when placed in their test mode,
the octals can execute all required 1149.1 scan based test
oneratlons as well as additional pseudorandom based

OST featuresg 191 One of the BOST features
included in the octals that is pertinent to the DBM’s off-
line test mode description is the ability to generate and
output pseudorandom test patterns in response to
control input from the 1149.1 test bus.

DBM Off-Line Test Examples

The primary objective of an off-line test of the circuit in
Figure 8 is to verify the structural integrity of the
interconnections between the ICs. Most manufacturing
failures are those related to shorts and opens in either
the wiring interconnects between ICs or the solder
connection between ICs and their associated substrate
footprints. A secondary objective of the off-line test is to
v_erifyt the basic functionality of each component in the
circuit.

1 - Off-Line Shorts Testing

To achieve the shorts test part of the primary objective,
the octals as well as the BBMS are scanned into their
1149.1 external test (Extest) mode. In the Extest mode
the devices are operable to output test patterns from
their outputs and receive test patterns into their inputs
under control input from a test bus controller on the
1149.1 test bus. During the shorts test, the octals are
scanned to output a sequence of test patterns, such as
walking ones, on the data, address, and control buses.
Concurrently, the DBMs are scanned to receive the test
patterns from the octals and output them to the test bus
controller for inspection.

Alternately, a shorts test on the data and address buses
could be accomplished by enabling the octals to generate
and output pseudorandom patterns while the DBMs
receive and store the patterns into their trace memory
and/or compact the patterns into their PSAR. After the
test is complete, the test bus controller accesses the
stored test pattern response and/or signature from the
DBMs for processing. This shorts test may provide a
reduced test time over the scan based shorts test, since
the test patterns are generated by the octals, not
scanned into the octals.

2 - Off-Line Opens Testing

To achieve the opens test part of the primary objective,
the octals are scanned into their 1149.1 Extest mode and
operated under control input from the test bus controller
to emulate processor read and write operations to the
RAM, ROM, and /O port. Good connectivity between
the octals and the RAM and IO port is verified by
successful read and write operations. Good connectivity
between the octals and the ﬁOM is verified by successful
read operations.

8 - Off-Line Component Testing

To achieve the secondary objective of the off-line test, the
functionality of the RAM, ROM, and /O port must be
verified. The [/O port can be easily veriﬁeti) by scanning
the octals into their Extest mode and inputting an
outputting a sequence of data to the /O port via multiple
1149.1 scan cycles.

The RAM can be tested by first loading it with test
patterns, then reading back the test patterns to verify
they were input and output correctly. While there are
ways to automate the loading of t{le RAM using the
BOST features of the octals, the loading here is
performed by scanning the octals into their Extest mode,
then scanning them multiple times to provide the
address, data and control required to load the RAM.

After the RAM is loaded, the octals are scanned to setup
the RAM read part of the test. During RAM reads, the
output of the data octals are disabled, t%\e control octal is
set to Extest mode and outputs control for read
operations, the higher order byte addressing octal is set
to Extest mode and addresses a 256 location address
range within the RAMs memory space, and the lower
order byte addressing octal is set to output
seudorandom patterns within the specified 256 location
memory space during the TAP RT/IDLE state.

Also DBM2 is scanned to enable its trace memory to
operate_during the TAP RT/IDLE state. During the
RT/IDLE state, the low order address octal outputs
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addresses on the falling edge of the TCK and DBM2
stores RAM output data on the rising edge of the TCK.

After 254 TCKs the test bus controller moves the octals
and DBM2 out of the RT/IDLE state, scans the higher
order address octal to point to the next 256 location
address range within the RAM memory space, then
moves the devices back into the RT/IDLE state for 254
more TCKs. The 255" TCK of each address sequence is
produced upon moving out of the RT/IDLE state. This
Brgcﬁzs is repeated four times to fill the trace memory of

After the trace memory fills, the test bus controller
inputs a DMA output instruction into the DBM and
streams out the contents of the trace memory. The test
bus controller must read the first (>00) memory location
of each 256 location address range using the Extest mode
to complete the test. This additional step is required
since pseudorandom generators cannot produce an all
zero output. This entire process is repeated until all the
RAM data has been read.

Testing of the ROM is simpler than the RAM since no
preloading of test data is required. During ROM testing
the octals and DBM2 are setup and operated as
described in the RAM read test description. The only
difference is that the ROM will be located in a different
memory map space than the RAM.

If a faster ROM or RAM read access is desired, the data
read from either could be compacted into a 16-bit
signature using DBM2’s PSAR. After the data is
compacted, the signature is accessed by the test bus
controller and compared to an expected value. The
reduction in test time is brought about by the ability of
the PSAR to compact the entire contents of the ROM or
RAM before outputting the signature to the test bus
controller.

Additional SCOPE buffering/transceiving devices are
being developed. These devices will be in 8, 16, and 18-
bit configurations, and will provide both pseudorandom
and binary counting output modes. The binary count
output mode will eliminate the missing read operations
to “all zero” address locations associated with the
pseudorandom output mode. Also, if 16-bit devices were
used in this example, the RAM/ROM read operations
would be much more efficient since they would not have
to be interrupted every 256 locations to scan in the next
higher 256 location address range.

DBM On-Line Test Examples

The objective of an on-line test of the circuit in Figure 8
is to verify that the circuit as well as the controlling
software functions properly at its rated speed. If the
circuit passes an off-line structural and component test,
thereisa iood chance it will operate at-speed. However,
subtle problems associated with the interaction of the
ICs in response to software control cannot be adequately
tested in an off-line test environment.

To provide an embedded on-line testing method, the
DBMs can be controlled via their internal EQMs to
monitor the circuits functional operation. During on-
line testing the octals remain in their functional mode
and do not participate in the test. The 16-bit data bus
input of DBM1 is connected to the processors address
bus to allow triggering on and tracing of address

patterns.  The 16-bit data bus input of DBM2 is
connected to the processors data bus to allow triggeri
on and tracing og data patterns. The CK 1, 2 and
inputs of both DBMs are connected to the processors
control bus to allow test operations to be enabled and
synchronized with read, write, or read/write bus
transactions. The TAP pins of the DBMs are connected
to the 1149.1 test bus to allow an external test bus
controller to input test instructions, monitor test status,
and receive test results.

To expand the DBMs event qualification capability, the
EQO outputs from both DBMs are input to an And gate,
and the EQI inputs to both DBMs receive the output
from the And gate. This is a standard configuration for
ICs equipped with EQMs and allows the qualification of
a test operation to be determined by events detected in
DBM1, DBM2 or both DBM 1 and 2.

Since the DBMs have eight protocols from which a
monitoring operation may be controlled, the first step is
to determine the type of test to be performed, then select
a protocol best suited for the test. For example, if the
test is to trace data bus transactions occurring between
two particular addresses, protocol 3 would suffice.
Alternately, if the test is to sample a single data pattern
in response to the occurrence of a particular data and/or
address pattern, then protocol 1 one may be used.
Moreover, if the test is to compact data appearing on the
data bus for a predetermined number of bus cycles in
response to the occurrence of a particular data and/or
adxg'(:ass pattern, then protocol 5 may be used. The ran%e
of defined protocols provides the user with a very flexible
triggering environment through which a test operation
may be effectuated.

After choosing the appropriate test protocol, the control
and data required by the protocol is input to the DBMs
via the 1149.1 test bus. Following this Brotocol setup
procedure, an instruction is input to the DBMs, via the
1149.1 test bus, to initiate the on-line test operation.
Once the DBMs receive the on-line test instruction, their
operation is autonomous from the 1149.1 test bus.

ring test, the test bus controller can monitor the state
of the DBMs by accessing test status information via
1149.1 instruction register scan operations.

When the test bus controller receives an end-of-test
status output from the DBMs, it performs an instruction
register scan operation to input an instruction to access
the test results. If a data trace operation was performed,
an instruction enabling a read of the trace memory is
input. If a data compaction operation was performed, an
instruction enabling a read of the signature is input.
After the test bus controller receives the test result data,
the data may be processed as required.

In some applications, the test result data may need only
to indicate a pass or fail condition using the signature
analysis test mode. In other applications, the test data
result may be used to help diagnose hardware/software
integration problems using the data trace mode. To
facilitate human interpretation of the test result data,
the test bus controller may output trace data to a video
monitor for display in a standard logic analyzer
waveform format.

To simplify the use of the DBM’s on-line test features,
software support is being developed in TIs ASSETw
diagnostic system(;s;3;. The software support will
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include a windowing environment through which on-line
test operations can be easily setup and executed, and the
results displayed in a waveform format. From a users
perspective the interface to DBMs will be similar to that
used by traditional logic analyzer testing instruments.

The following example applications provide insight into
some of the types of on-line test operations the DBM can
perform on the example circuit of Figure 8.

1 - On-Line Testing During An Event

As part of the normal operation of the circuit, the
software ﬁrogram controllinfl the action of the processor
periodically addresses the I/O to enable multiple
transfers of data into and out of the circuit. The DBK(S
can non-intrusively trace and/or compact the circuits
data /O transfers by using DBM1 to provide the
triggering function and DBM2 to provide the data trace
and/or compaction function. In this example a trace
operation is selected.

To setup any EQM controlled test operation, three basic
decisions need to be made, (1) protocol selection, (2)
protocol control input selection, and (3) number of times
(M) to repeat the protocol. Since the I/O port uses only
one address in the processors memory map space,
Protocol 2 best fits the protocol selection for this test
application (decision 1). Since the PCI circuit of the
DBMs can be programmed to respond to read, write, or
read/write control input from the processor, the data to
be traced can be defined as input only, output only, or
both input and output. To test both directions of data
transfer through the /O port, the PCI is selected to
enable tracing of both input and output data (decision 2).
Assuming each 1/O operation transfers 100 data words
and it is desired to fill the trace memory, but not
overflow it, the trace operation is set to repeat 10 times
%I:lO), to allow 1000 I/O transfers to be traced (decision

With these setup decisions made, the 1149.1 test bus
controller inputs the required data and control to the
DBMs to execute the /O trace test. After starting the
test, the test bus controller monitors the test status via
instruction scan operations. During the test DBM1
continuously monitors the address bus for the I/O port
address. en DBM1 detects the address, it outputs an
EQO signal to the And gate, which in turn inputs the
signal to the EQI input of DBM2. While the EQI input
signal is present, DBM2 stores the /O data transfers
into its trace memory. When DBM1 detects a different
address, it stops outputting the EQO signal which
terminates the first I/O trace operation of DBM2.

The second through tenth repetitions of the I/O trace
operation are performed exactly as the first. At the end
of the tenth I/O trace operation, the end-of-test status bit
is set in DBM2. When the test bus controller detects the
end-of-test status, it accesses the trace data stored in
DBM2 using either the 1149.1 scan or DMA output
modes and either processes the data directly or displays
it in a desired format for human interpretation.

2 - On-Line Testing Between Two Events

During program execution the processor reads and
writes data and instruction words to the RAM. If
desired, the DBMs can be used to trace and/or compact
selectable R/W transfers between processor and

memory. In this example the transfers are traced. The
RAM trace operation differs from the I/O trace
operation in that is accessed via a plurality of
sequential addresses within the processors memory map.
Since the RAM has a different addressing scheme than
the L/O port, a different protocol is required for the trace
operation.

During RAM R/W tracing the DBMs need to window the

trace operation between a first address that starts the
RAM trace R;)&eration and a second address that
stops the RAM trace operation. Protocols 3 and 4

support test operations bounded by starting and
stopping events or in this case addresses. Protocol 4
enables additional trace operations to continue for a
specified number of bus cycles after the stop event,
whereas Protocol 3 stops the trace operation in response
to the stop event.

Since only the data within the window is to be traced,
Protocol 3 is selected for the R/W trace operation. Also,
during the RAM R/W trace operation, the address
associated with each data word is traced, to simplify
interpretation of the data by the user. Since Protocol 3
enabﬁas the trace operation in DBM 1 and 2 to be
repeated a specified number of times (M) with up to 8
pairs of different start and stop addresses (events), it is
possible to perform multiple R/W traces within the

protocol.

For the RAM R/W trace operation both DBMs are setu
to; (1) perform Protocol 3 operations, (2) trace botg
address and data for both read and write transfers, and
(3) repeat traces for 5 times. With these setup decisions
made, the 1149.1 test bus controller inputs the required
data and control to the DBMs to execute the R'W
trace test. After starting the test, the test bus controller
monitors the test status via instruction scan operations.

During the test DBM1 continuously meonitors the
address bus for the first trace start address. When
DBM1 detects the address, it outputs an EQO signal to
the EQI input of DBM2. In response to the first trace
start address, DBM1 starts tracing addresses and
monitoring for the first trace stop address, and DBM2
starts tracing data. When DBM1 detects the first trace
stop address it signals DBM2 via the EQO to EQI siﬁgal

at‘l::\ In response to the first trace stop address, both
BBMs stop their trace operations and DBM1 starts
monitoring the address bus for the second trace start

address.

The second throuhgh fifth trace operations are performed
exactly as the first. At the end of the fifth trace
operation, the end-of-test status bit is set in DBMs 1 and
2. When the test bus controller detects the end-of-test
status, it accesses the trace data stored in DBMs 1 and 2
using either the 1149.1 scan or DMA output modes and
either processes the data directly or displays it in a
desired format for human interpretation. Since both
address and data were traced, the display can associate
each data word transfer with a particular address.

3 - On-Line Testing In Response To An Event

In some monitoring applications it may be desired to
trace and/or compact data words transferred between the
processor and IO, RAM, and ROM in response to a
single predetermined address and/or data pattern. To
enable this type of test operation, Protocols 1, 5, 6, and 7



should be considered. Protocol 1 enables a single data
trace and/or compaction operation in response to an
event. Protocol 5 enables data trace and/or compaction
for a specified number of bus cycles in response to an
event. Protocol 6 enables the steps of (1) pausing for a
specified number of bus cycles and (2) performing a data
trace and/or compaction operation for a specified number
of bus cycles. Protocol 7 enables the steps of (1)
performing a data trace and/or compaction operation for
a specified number of bus cycles and (2) pausing for a
specified number of bus cycles. Each protocol can be
repeated M times.

One application of this type of test protocol would be to
use Protocol 1 to take a single snapshot sample of the
data bus in response to a particular address pattern. In
this application DBM1 would detect a predetermined
address and output an event signal to DBM2. In
response to the event input, DBEIn2 would execute a
Protocol 1 operation to sample and store the pattern on
the data bus. After the test, the test bus controller
accesses the sampled pattern from DBM2 for displaying.
While the other protocols of this type offer expanded test
control features, many hardware and software debug
tasks can be resolved by viewing a single pattern in
response to a particular circuit state or condition.

Another application of this type of test protocol would be
to use Protocol 5 in combination with a self test program
residing in the ROM to compact the contents of tﬂe ﬁl-OM
into a signature. The self test program would be
designed to cause the processor to sequentially read the
contents of the ROM from the ROM’s starting address to
ending address. Prior to invoking the self test, DBM1
would be setup to detect the occurrence of a read
operation to the ROM’s starting address and to output
an event signal to DBM2. Also, DBM2 would be setup to
perform a data compaction operation on each ROM read
cycle in response to an event input signal from DBM1
using Protocol 5. The N variable in Protocol 5 would be
set to equal the address range of the ROM. This testing
scenario assumes the processor can upload the self-test
code from ROM grior to starting the ROM read
operations so that the self-test code executes internal to
the processor, not external to the processor. After the
self test completes, the data compacted in DBM2 can be
accessed by the test bus controller to compare the ROM
signature against a known good signature.

Still another application of this type of test protocol
would be to use tocol 6 to respond to an event and
perform a data trace and/or compaction operation after a
predetermined delay. For example, if the software
program transfers into an area of code that is to be
tested, and it is not desired to start the test when the
transfer first occurs, a delay can be setup in Protocol 6 to
suspend testing for a selected number of bus cycles (N).
After the delay, the data can be traced and/or compacted
for a selected number of bus cycles (N). With the ability
of Protocol 6 to repeat the steps of pausing and testing M
times, the data trace and/or compaction operation can be
accurately mapped into only those areas of code to be
tested, skipping over areas of code not to be tested.

Protocol 7 is the inverse of Protocol 6 in that it allows
testing to begin immediately in response to an event,
then paused for a specified number of bus cycles before
once again testing for a number of bus cycles. The
inverse test scenario of that described for Protocol 6 can
be envisioned for testing using Protocol 7.

4 - On-Line Failure Monitoring

While the previous examples have been associated with
test operations setup and executed by a test bus
controller for the purpose of testing the at-speed
operation of the circuit, the DBMs can be used in a
different way to achieve still another embedded
monitoring capability. To set this scenario up assume
that the data inputs from the IO port indicates some
external condition that the circuit is monitoring.
Normally the inputs can be monitored and processed
without problems. However, if an unexpected input is
received that the program is unable to process, it
transfers into an area of code designed to recover from
such failures and to output status via the /O port that it
has encountered the failure. When attempting to
diagnose the problem it would be beneficial to have a
history of the circuits operation before and after the
occurrence of the failure condition that caused the
problem.

To provide a means of monitoring for failure conditions
and for creating a history of the circuits operation before
and after the failure, the DBMs can be setup using
Protocol 4 to continuously trace the data and address
buses while the circuit is operating. Protocol 4 is a
windowing type protocol that allows the trace operation
to be started in response to a first predetermined even
and stopped N clocks after the occurrence of a secon
redetermined event. When using Protocol 4 as control
or failure monitoring, the trace functions of both DBMs
are started in response to some arbitrary address/data
pattern that occurs normally during the operation of the
circuit. However, the second address/data pattern that
initiates the termination of the trace operation is
specified to be the particular address/data pattern that
transfers code execution into the failure recovery and
status output routine.

With the DBMs setup in this mode, they continuously
input and store address and data patterns into their
11&16 trace memory during each bus c{c]e. During this
test scenario, the trace memory is enabled to overflow or
wraparound as it fills with data. If no failure is
encountered, Protocol 4 never terminates. However, if a
failure occurs the DBMs will stop storing address and
data patterns into the trace memory after a specified
number of bus cycles (N). The specified number of bus
cycles to continue tracing after detection of a failure is
efined by the user and allows partitioning the trace
memory of DBMs 1 and 2 into two sections, one for pre-
failure circuit history and the other for post-failure
circuit history.

For example, if Protocol 4 is set to terminate the trace
operation 512 bus cycles after detecting a failure, half
the DBMs trace memory (512 locations) will contain
information about the circuits operation before the
failure and half will contain information about the
circuits operation after the failure. By increasing the
number of bus cycles to execute following the failure, the
trace memory will contain more post-failure information.
Likewise, by decreasing the number of bus cycles to
execute following the failure, the trace memory will
contain more pre-failure information.

A test bus controller monitoring the DBMs status via
instruction register scans can determine if the Protocol 4
operation terminates. If a termination is found, the test
bus controller can access the address and data patterns

11
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stored in trace memories of DBM1 and DBM2 and
provide this circuit history information to aid in
diagnosing the cause of the failure.

Y . .

In the examples described, the DBM’s on-line test modes
have been shown to provide an improved method of
testing the at-speed operation of the circuit in Figure 8.
If the test scenario is expanded to encompass a complete
system comprising multiple sub-circuits similar to the
one in Figure 8, the benefit of the DBM’s on-line testing
features becomes even more significant.

While it is important to verify the functional operation of
each sub-circuit in a system, it is even more important to
verify the complete functional operation of the entire
system. If DBMs were included in each sub-circuit of a
system, their testing capabilities could be used to
functionally test each sub-circuit, then harnessed
together to provide a method of concurrently testing the
functional operation of the entire system.

Such a capability would be equivalent to having logic
analyzers embedded and coupled to all critical signals
and buses in each buried sug-circuit within a system.
System level on-line monitoring could be achieved by
setting up the DBMs in each sub-circuit to perform an
at-speed test operation in response to a predetermined or
expected system level transaction.

For example, if the system sub-circuits are similar to the
one in Figure 8, an thes communicate together at the
system level via their I/O port, the DBMs of each sub-
circuit could be setup to monitor the I/O port for an
expected input or output transaction. In response to the
expected transaction, the DBMs of each sub-circuit could
simultaneously execute a data trace on the local
operation of each sub-circuit. After this system level test
is completed, a test bus controller could access the traced
data from each sub-circuit and process the data to
determine how each sub-circuit responded during the
predetermined system level transaction.

The power of such a test approach comes from the fact
that the functional operation of a plurality of sub-circuits
can be monitored concurrently and non-intrusively
during normal system operation. Thus the functional
interaction between multiple embedded sub-circuits in a
system can be tested to verify that each sub-circuit as
well as the entire system operates properly.

SUMMARY

While the off-line and on-line test features described in
this paper require adding DBMs to boards/multi-chip
module .substrates, the benefit gained may, in some
applications, offset the additional package/die penalty
incurred. Without including the Dng in the example
circuit, the type of test operations described would have
to be performed usini external test instruments and
probing mechanisms. If the circuit is embedded within a
system, access for probing may be a difficult and time
consuming proposition, if possible at all.

The decision whether to use DBMs in a product is
influenced by many factors such as; product type,
manufacturing costs, test requirements, and life cycle

costs. In any case, the DBM offers a test option
currently not available to the industry, and provides a
novel method of testing state-of-the-art technologies that
are resistant to traditional test approaches.

CONCLUSION

This paper has described the architecture and operation
of an 1149.1 based digital bus monitor (DBM) IC. The
ability of the DBM to monitor the at-speed signal
transfers between ICs in real time provides a method of
monitoring the functional operation of circuits assembled
on board and multi-chip module substrates. Such tests
can be used to reveal timing sensitive and/or
intermittent failures that would otherwise not be
detectable without the use of external testers and
mechanical probing fixtures. This test approach may, in
some cases, reduce the cost to manufacture and support
a product i)y reducing the need for test equipment in
both factory and field environments.

REFERENCES

1. IEEE Std 1149.1 1990, A Standard Test Access Port and
Boundary Scan Architecture

2. C. Maunder, R. Tulloss, “The Test Access Port and Boundary
Scan Architecture,” IEEE Computer Society Press 1990.

3. P. Hansen, “The Impact of Boundary Scan on Board Test
Strategies,” Proc. ATE & Instrumentation Conference West,

1989, pp 3540.

4 K. Parker, “Production Board Testing in a_Boundary Scan
Environment,” Proc. ATE & Instrumentation Conference West,

1990, pp 135-141.

5. M. Lefebvre, “Functional Test & Diagnosis: A Proposed‘ JTAG
Sample Mode Scan Tester,” Proc. IEEE International Test
Conference, 1990, pp 294-303.

6. L. Whetsel, “Event Qualification — A Gateway To At-Speed
System Testing,” Proc. IEEE International Test Conference,

1990, pp 135-141.

7. Texas Instruments, *Advanced Logic and Bus Interface Logic,
Data Book,” 1990, sec. 11, pp. 1-264, Customer Services.

8 L. Whetsel, *JTAG Devices Simplify Board Level Design for
Testability,” Proc. IEEE Wescon, 1989, pp 294-299

9. L. Whetsel, “Modular ASIC Test Cells for Boundary Test
Applications,” Proc. Government Microcircuit Applications
Conference, 1989, pp 497-500.

10. A. Halliday, G. Young, A Crouch, "Pmtot)xc'l‘estin
Simplified B{ annable Buffers and Latches,” 2 [EEIS
International Test Conference, 1989, pp.174-181

11. L. Whetsel, G. Young, “Hardware Based Extensions to the
JTAG Architecture,” Proc. ATE & Instrumentation Conference
West, 1990, pp. 1-10.

12. Texas Instruments, “Test And Emulation Primer,” 1989,
Customer Services.

13. Texas Instruments, “ASSET Technical Overview Data
Sheet,” Customer Services.

TRADEMARKS
SCOPE is a trademark of Texas Instruments Inc.

ASSET is a trademark of Texas Instruments Inc.



IMPORTANT NOTICE

Texas Instruments (TI1) reserves the right to make changes to its products or to discontinue any semiconductor
product or service without notice, and advises its customers to obtain the latest version of relevant information
to verify, before placing orders, that the information being relied on is current.

Tl warrants performance of its semiconductor products and related software to the specifications applicable at
the time of sale in accordance with TI's standard warranty. Testing and other quality control techniques are
utilized to the extent TI deems necessary to support this warranty. Specific testing of all parameters of each
device is not necessarily performed, except those mandated by government requirements.

Certain applications using semiconductor products may involve potential risks of death, personal injury, or
severe property or environmental damage (“Critical Applications”).

TI SEMICONDUCTOR PRODUCTS ARE NOT DESIGNED, INTENDED, AUTHORIZED, OR WARRANTED
TO BE SUITABLE FOR USE IN LIFE-SUPPORT APPLICATIONS, DEVICES OR SYSTEMS OR OTHER
CRITICAL APPLICATIONS.

Inclusion of TI products in such applications is understood to be fully at the risk of the customer. Use of Tl
products in such applications requires the written approval of an appropriate Tl officer. Questions concerning
potential risk applications should be directed to Tl through a local SC sales office.

In order to minimize risks associated with the customer’s applications, adequate design and operating
safeguards should be provided by the customer to minimize inherent or procedural hazards.

Tl assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services described herein. Nor does Tl warrant or represent that any license, either
express or implied, is granted under any patent right, copyright, mask work right, or other intellectual property
right of Tl covering or relating to any combination, machine, or process in which such semiconductor products
or services might be or are used.

Copyright 00 1996, Texas Instruments Incorporated



