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types are also calculatedurihg this process.
Abstract Structural test addesses the second class of errors.
This verification step is greatly simplified if the
Prototype validation is a major concern andsystem components support BST [2]. Existerof
hardship in modern electronic products design and®IST capabilities in eacttomponent also helps to
development. Simulation, structural test, functionafliminish ATE requirements. Testing a boahdough
debug, and timing debug are all constituting parts ofts BST infrastructure qpceeds in three main steps,
the validation process, a|th0ugh very often they ar@!hiCh consist of testing the BST infrastructure itself,
addressed as independent and dissociated tasks. tgpting the interconnects, and the components (mainly
this paper we describe an integrated approach tghrough tie activation of compamt-level BIST
board-level prototype validation, based on a set ofunctions). Other advaages of using BST include
mandatory / optional BST instructions and a built-insimple test interface, assistance on functional debug
controller for debug and test, that addresses the latend test, and availability during field operation
mentioned tasks as inherent parts of a whole proceséebugging [3,4,5].

1. Introduction (oo ) | (omionaiong )|
Simulation Functional debug
The increasing complexity and quality demand on

electronic products combined with shortening time- v v
to-market are creating a bottleneck on the prototype Structural test Timing debug
validation phase. Any sound validation strategy must

favour the overlapping of the several verification Fig. 1: The prototype validation flow

steps with the design flow and first prototype
releases, to prevent delays and augment design During functional debug the golden vectors
celerity. The prototype validation phase is usuallextracted from simulation are compared against the
formed by the steps illustrated in fig. dimulation, values captured on the prototype, thus covering the
structural test, functional debug, and timing debugthird class of errors. This process is usually carried
These typically address three classes of errors: out step by step, sometimes with a reduced clock
* Human errors in the specification or design. frequency and generally involves a reduced number
« Technological, implementation or manufacturingof vectors. Theiming debugphase is done with the
errors. These include defective componentgrototype working on its normal operating speed.
soldering problems, broken or short lines, etc.  Errors not detected during the structural test (due to
« Errors related to the tools. These include errorthe fault models used) or functional debug (due to the
associated with the synthesis, model generationeduced clock frequency) have to be detected and
simulation or layout (at the IC or PCB level) tools.diagnosed during this last verification step.
This paper describes an integrated solution to
Simulationprovides the first and best platform for hoard-level prototype validation based on a set of
detecting and debugging human errors in thgptional BST instructions to be supported by the
prototype specification or design, although thisomponents compatible with this test infrastructure
process in itself is also prone to human / tools errorgnd a built-in controller for debug and test. The
The values obtained during simulation provide &roposed solution addresses the four verification
database of golden vectors that can later be used i§&ps as follows: the functionality of the optional
the prototype functional and timing debug phase [1jnstructions is included in each component model and
ATPGandFault simulationare done to create the testg model of the built-in controller is included for
program and a fault dictionary able to assist on thgystem level simulation, thus reducing the differences
diagnosis of detected faults during structural teshetween the simulation and the prototype debugging
Static timing analysis helps to determine the environments. Structural test is covered by mandatory
maximum clock frequency, by revealing the longesBST instructions, and board-level BIST is supported
paths within the design. Pin-to-pin and other delayy the built-in controller. Functional debug is covered



by both mandatory and optional BST instructions. « until condition
Synchronisation between functional and test logic i€IT operations:
guaranteed by the built-in controller [3,4]. Timinge select or configure internal resources
debug is covered by both optional BST instructions alter the program flow
and the built-in controller.  halt program execution

Our requisites included a minimal overhead and
interference with the component functional logic for N
the optional BST instructions, and reusability of a o

previous developed board-level BIST processor [6,7]. /\
2. Prototype debug and test requirements @
The initial phase of our approach included the °~'
identification of the prototype debug and test
requirements and the conversion of this requirements S
into operations implemented by both mandatory Fig- 2: A “simplified” debug and test model.
and/or optional BST instructions, and/or instructions
executed by the built-in controller. Requirements 1he last phase consisted of analysing the
analysis covered characteristics of simulation anthdividual operations included in each operation type
debug tools, current debug and test techniques, aAfld ~converting these into specifications  of
debug and test mechanisms accessible through thstructions implemented by the built-in controller or

BST infrastructure [1,3,8,9,10]. The analysis proces@e BST infrastructure. The description of this rather
led to the “simplified” debug and test model€xtensive process would go beyond the scope of this

illustrated in fig. 2., with five operation types: paper. For the sake of simplicity and presentation
+ Control, Observation and Verification (COV) clarity it was decided to omit it. As an example, we
« Single Step (SS) present the analysis of one criteria combination for
« Breakpoint (BP) the COV operation type:
+ Real Time (RT) analysis, and + Control a pinaccessible by boundary scan
e Control of Internal resources and Test program ) ) )

flow (CIT). To implement this operation we need the EXTEST

instruction, and a set of instructions able to control

Next, a set of criteria was defined so as to allow affi€_component's TAP in the following way: place
exhaustive dissolution of each operation type in a rol AP controller inShift-IR shift instruction EXTEST,
of individual operations. The following list presentsPlace TAP controller irshift-DRand shift the vector

the criteria considered for each operation typdhat places the desired logic level at the BS cell

Individual operations were obtained by examining°nnected to the pin. _
minutely each criteria combination. Due to the requirement of reusing the board-level

BIST processor it was decided to design the built-in
COV operations: controller as a dual-processor architecture. One of the
« operation type (control, observation, verification) Processors is responsible for the control of _the test
« element type (pin, sequential, combinatorial) logic (the board-level BIST processor), while the

« access type (direct, scan, propagation) other is responsible for the control of the system
SS operations functional logic, and the synchronisation between the

« apply a determined number of clock cycles functional and the test logic.

BP operations: o
. Specify condition (referring to values at p|ns)3 A dua|-pr0ceSSOI’ bU||t'|n Contl’0||er fOI’

Possible conditions are virtually unlimited. Some debug and test
restrictions or the identification of most important

condition types have to be identified. 3.1. Control of test logic
+ evaluate condition (concurrently at normal speed) ) ) _
« supply clock cycles while condition is false The processor controlling the test infrastructure is

RT operations: an enhanced version of the board-level BIST
« Clock cycle-stretch processor. The original instruction set allowed the
. capture in RT vectors at pins (perform severafontrol of the low-level operations of the TAP. A
operations while supplying clock cycles) deserializer, an interface tq an external dual-port
« without any condition FIFO and a number of new instructions were added,
« after condition resulting in the instruction set presented in table 1
(new instructions are shadowed).



TAP operations

SELTAPO Selects the BST chain to be controlled by the following

SELTAP1 instructions.

TRST Forces an asynchronous reset through the /TRST output of
the selected BST chain.

TMS0, TMS1 Forces a state transition in the internal BST logic of each
component, in the selected BST chain.

NSHF N bits will be shifted into the selected chain. Bits shifted out
of the chain are not compared.

NSHFCP N bits will be shifted into the selected chain. Bits shifted out
of the chain are compared with their expected value. Mask
bits are used to discard don't care bits.

NTCK Applies N test clock cycles, while keeping TMS at "0". N
represents the contents of the internal 24 bit counter.

NCSHF Bits shifted out of the selected chain are shifted into the
same chain and stored in the selected temporary buffer.

NCSHFCP Bits shifted out of the selected chain are compared with
their expected value, shifted into the same chain and
stored in the selected temporary buffer. Mask bits are used
to discard don't care bits.

NSHFB2C N bits stored in the selected temporary buffer will be shifted
into the selected chain. Bits shifted out of the chain are not
compared.

NSHFCPB2C N bits stored in the selected temporary buffer will be shifted
into the selected chain. Bits shifted out compared with their
expected value. Mask bits used to discard don't care bits.

STCK Applies test clock cycles while synchronism input channel
Ais at “1", TMS is kept at "0"

Internal control and synchronisation

STMPBO, Selects the internal 2048 x 1 bit temporary buffer 0 or 1 for

STMPB1 storing the values shifted out of the selected chain.

LD Ci16,N Loads the internal 16-bit counter with the number of test
clock (TCK) cycles to be applied.

LD C24,N Loads the internal 24-bit counter with the number of test
clock (TCK) cycles to be applied.

JPE Address Conditional jumps based on the state of the internal error

JPNE Address | flag.

SSAQ, SSAl Forces a logical value (0,1) on the synchronism output

SSBO0, SSB1 channel A or B.

WSAQ, WSA1 | Waits for a logical value (0,1) on the synchronism input

WSBO0, WSB1 channel A or B.

HALT Terminates test program execution.

Table 1: Instruction set supported by the CPU
controlling the test infrastructure.

Instructions NCSHF and NCSHFCP are used t
observe and verify the contents of scan chai
without modifying the current value (the value
input, resulting in a circular shift of the scan chai
contents — the number of shift cycles must match t
extension of the active scan chaififie values shifted
out of the active chairare internally stored in a
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Fig. 3: Block diagram of the processor
controlling the test infrastructure.

3.2. Control of functional logic

The instruction set of the processor controlling the
functional logic is presented in table 2. A first group
of instructions implement COV operations on directly
accessible pins. Instructions RSTOUT [i] and
SETOUT [i] control the logic value of a generic
output pin [i], and instruction READ [i] reads the
value of a generic input pin (a dedicated data output
pin exhibits the value present on the selected input
pin). Instructions JZ [i], address and WAIT_WHL_Z
[i] control the program execution according to the
value present on generic input pin [i]. A second group
of instructions controls the system clock output for
SS operations. Instructions CLK and CLK_N supply
one and N clock cycles, respectively. A third group of
instructions controls the system clock output for BP
operations. Instruction CLK_WHL_Z [i] supplies
system clock cycles while generic input pin [i] is at
logic level “0”. A fourth group of instructions
controls the system clock output for RT operations.
Instructions START_CLK / STOP_CLK enable the

n%rocessor to supply system clock cycles while

éxecuting other instructions. CSTRETCH_N patrtially
implements the cycle stretch technique [1], that
Wnsists of selectively stretching the clock-cycle

r]ength for isolated cycles prior to a detected failure.
h‘?he theory is that when the cycle, where a long-path

is exercised, is stretched then enough time will be
allowed for the correct data to be captured /

previou_sly selected  temporary  buffer (usmgregistered. To accomplish this, the process has to be
instructions STMPBO or STMPBI) and deserialized,, iteratively, with successive cycles stretched, to

into 8-bit words placed on an external dual-port FIFQi 4 \yhen the subsequent external failure has indeed
for outside observation. Instructions NSHFB2C angyeeny eliminated. When it has, the current stretched
NSHFCPB2C are used to shift the contents of theyqie js the one that exercises the long-path. Last
selected temporary buffer into the active scan chailyy 5 of instructions controls synchronism channels
These instructions enable the debug & test program [, the internal resources. Instructions LD C24, N
return the active scan chain to a former saved stat&, pjNz address implement cycles of the tigre
Instruction STCK enables the second processor {0, 1, \ do... STORE C24 stores the contents of the
control the TCK output through synchronism channghea| 24-bit counter in an external dual-port FIFO.
A, as during RT operations it is sometimes necessaiis counter is also used for implementing the cycle
to supply an unknown number of TCK cycles. stretch technique, so as when the time-related fault is

Fig. 3 presents the internal architecture of the, |onger detected, its contents identify the exact
processor that was enhanced in order to support t@?cle where the long-path is exercised. Fig. 4

new functions. illustrates the processor internal architecture.



Instructions supporting COV operations

RSTOUT [i] Resets output [i].
SETOUT [i] Sets output [i].
READ [i] Selects input [i] which remains connected to the data output

JZ [i], address
JNZ [i], address

Jumps to selected address if input [i] is 0 (or 1).

WAIT_WHL_Z [i]
WAIT WHL_NZ [i]

Remains in this instruction while input [i] is 0 (or 1).

Instructions supporting SS operations

CLK Applies a single system clock cycle.
CLK_N Applies N system clock cycles.

Instructions supporting BP operations
CLK_WHL_Z[i] |Applies system clock cycles while input [i] is O (or 1).

CLK_WHL_NZ [i]

Instructions supporting RT operations

START_CLK Initiates the application of system clock cycles.
STOP_CLK Stops the application of system clock cycles.
CSTRETCH_N Applies N system clock cycles, stretching one particular

clock cycle.

Instructions supporting control of internal resources and synchronism

DJNZ address Decrements C24 and jumps to selected address if not 0.

LD C24,N Loads the internal 24-bit counter with N.

STORE C24 Stores the contents of C24 into external FIFO.

JP address Unconditional jump to selected address.

SSAQ, SSAl Forces a logical value (0,1) on the synchronism output
SSBO0, SSB1 channel A or B.

WSAO, WSA1 Waits for a logical value (0,1) on the synchronism input
WSBO0, WSB1 channel A or B.

HALT Terminates program execution.

Table 2: Instruction set supported by the
processor controlling the functional logic.
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Fig. 4: Block diagram of the processor
controlling the functional logic.

4. Optional BST instructions for debug
The optional BST

instructions defined give

register and the vector(s) stored at the capture/shift

(and update) stage(s) results true, according to one

of eight condition types:

* Equal to expected vector (the vector is compared
through a mask)

» Different from expected vector (the vector is
compared through a mask)

e Greater than limit A (vector > limit A)

» Greater/equal to limit A (vectar limit A)

e Lesser than limit A (vector > limit A)

e Lesser/equal to limit A (vectat limit A)

« Between limit A & B (limit A < vector < limit B)

* Outside limit A or B ( vector < limit A or vector
> limit B)

The optional instruction&._ ConD places a 3-bit
test register between TDI-TDO, which selects the
type of condition to be detected. The expected
vector (or limit A) is stored in the update stage and
the mask (or limit B) is stored in the capture/shift
stage. To place the expected vector in the update
stage it is necessary to shift the Sample/Preload
instruction and then shift in the expected vector.
During Update-DR the vector is stored in the update
stage of the BS register. To place the mask in the
capture/shift stage it is necessary to shift in the
optional instruction BT_CoND and then shift in the
mask. The values present in the BS register when
DeT_CoNDis active are not modified i@apture-DR
or Update-DRstates. At the end of the shift process
the mask is stored in the capture/shift stage of the
BS register. Condition is evaluated while the TAP
controller is inRun-Test/Idle where CDO exhibits
the result. TCK has no effect on the evaluation
process. To support this operation the BS cells have
to be modified to the structure illustrated in fig. 5.

support to BP and RT operations. For BP operations

the BS register is configured to detect a condition

corresponding to values present at the input pins or

outputs from the component functional logic. For RT

operations the BS register is configured to:

e Store a sequence of two contiguous vectors.

e Store a sequence of two contiguous vectors after
a certain condition is found.

e Store a sequence of two contiguous vectors until
a certain condition is found.

4.1. Detect condition

SO to
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u
E
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from | Shift
F., SI Clock DR | Update DR

Fig. 5: Modified BS cell supporting the
optional instruction D ET_COND.

The
each cell, taking into account the result from the

F block evaluates the partial condition at

previous cell, and feeds the result to the next cell.
The goal is to activate a Condition Detected cpo is connected to _Fof the BS cell closest to
Output (CDO) pin when the comparison between therpo. The F block of the BS cell closest to TDI

vector present at the parallel inputs of the BSieceives the result from a Condition Detected Input



(CDI) pin. These two extra pins (CDI and CDO) functionality defined in the previous optional
allow several BST components to be cascadédnstructions.

enabling the detection of complex conditions that To implement the optional TBRE AFTER_COND
may include several hundreds of functional pins.instruction, a dedicated FSM with statesonitor
The CDO pin is connected to a generic input pin ofcondition, capture sequence |, capture sequence Il
the built-in controller for BP implementation, using andend of sequenceyas added. The expected vector

instruction CLK_WHL_Z [i]. (or limit A) and the mask (or limit B) are entered the
way defined for instruction Br_conp. The FSM is
4.2. Store sequence initially at monitor condition Condition is evaluated

The goal is to store a sequence of two contiauo while the TAP controller is irRun-Test/Idle When
9 N 9U%Upe condition results true, the FSM enters (on the

vectors on the BS register, one vector in th CK falling edge) theapture sequencestate. While
capture/shift stage and the other in the update sta% “this state the value present at each BS cell Pl is

To store one sequence the optional instruction :
STORE_SEQiis first shifted in and the TAP controller captured by the capture/shift stage and afterwards

) . i : . registered in the update stage. The next TCK falling
is placed inRun-Test/ldle While at this state the edge takes the FSM into tbapture sequence $tate.

value present at each BS cell Parallel Input (PI) 'While at this state the value present at the BS cell PI

captured on the TCK rsing edge. On the_ falling edgfs captured by the capture/shift stage and the update
the value present in the capture/shift stage i$ A : .

. Stage retains its previous value. The next TCK falling
registered on the update stage. To read the store

sequence the TAP controller is placed Shift-DR €dge takes the FSM into teed of squencmate and.
i the stored sequence may now be shifted out following
(contents of the capture/shift stage do not chan

during Capture-DR and the first vector is shifted out.g[ﬁe,\j;?gisng?Egessfirellr;:tim Z?g:g?ﬁ? 5 and fig. 6
To read the second vector (stored in the update Sta%ﬁpows the implementation of th.is optioﬁal
the TAP controller is first placed iBixit2-DR via instruction. Fig. 8 presents the time diagram of the
Pause-DR During Exit2-DR the value stored in the ) ’

update stage is captured by the capture/shift stagSeT.ORE—AFTER—CONDmStrucuon'

The TAP controller is placed ishift-DR and the

second vector is shifted out. Fig. 6 illustrates a BSX w
cell that implements this instruction and fig. 7 .-
illustrates the time diagram of its execution.

dodatod o | sonvence 1 || convencan || seauence
SO
PI m capture / shift vector >< vector X vector
X A B
u PO stage
x [ update vector X vector
L stage X A
m
Sl B Mode Fig. 8: Time diagram of store after condition.
)
Shift i i
S Select| Clock DR | Update DR 4.4, Store sequence until condition
The goal is to store a sequence of two contiguous
Fig. 6: Modified BS cell supporting the vectors until a certain condition. Condition detection
optional instruction S TORE_SEQ. corresponds to detecting a logic ‘1’ at CDI. Two

states of the FSMnfonitor conditionand end of

TeK { % { % { % { % { % sequence are used to implement this optional

instruction, named RE_UNTIL_COND.

capture / shift vector vector vector vector vector
stage X A B c D

update vector vector vector vector vector TCK M
X' X A B c

stage

condition { { { { { [
TAP h Run-Test/ ldle ><

controller

dedicated monitor >< end of
FSM condition sequence
Fig. 7: Time diagram of store sequence. capture /shitt s\ veer >< — X — >< —
stage X B c D
4.3. Store sequence after condition i yoctor X vector X vector >< vector

The goal is to store a sequence of two contiguous
vectors after a certain condition. The conditionFig. 9: Time diagram of store until condition.
detection and the sequence storing correspond to the



The FSM is initially atmonitor conditionstate. register (corresponding to values appearing at
CDlI is monitored while the TAP controller is Run- component pins) — EX_COND; storing sequences of
Test/Idle While at this state the value present at eactwo contiguous vectors at the BS register —
BS cell Pl is captured by the capture/shift stage anBrorRE SEQ storing sequences of two contiguous
afterwards registered in the update stage. When CWDéctors at the BS register, after a certain condition —
is asserted, the FSM enters (on the TCK falling edgé&TORE_AFTER_COND; and storing sequences of two
theend of sequencstate and the capturing activity is contiguous vectors at the BS register, until a certain
ceased. The stored sequence may now be shifted @andition — SORE UNTIL_COND. The optional
following the steps defined forTfBRE_SEQ instructions were implemented in a device already

The BS cell illustrated in fig. 6 is also able tosupporting the mandatory BST infrastructure.
implement this optional instruction. Fig. 9 present&stimated overhead for the circuitry needed to

the time diagram of RE_UNTIL_COND. implement the optional instructions is approx. 100%
in relation to the mandatory BST infrastructure. This
5. Implementation number suggests that for a component where the

mandatory BST infrastructure represents an overhead

2o ) ) . .
Altera EPF10K30. Schematic, AHDL, and LPMsOf23 /o,.lmpler.nentatlon of the optional mstrucyo_ns

. . would raise this value to 4-6 %. The built-in
were used in design entry. The MaxPlus Il

development system contains a utility program thaciontroller was implemented as a dual-processor
T architecture. One of the processors controls the
generates a gate-level VHDL description of the

design, thus enabling an easy transition to oth Sﬁ/stem test logic (the board-level scan chains), while

. . e other controls the system clock, thus guaranteeing
development (or simulation) systems. The complete L . .
. . : . synchronisation between the system functional logic
set of optional instructions was implemented, ;
- and the system test logic.

together with the mandatory BST infrastructure, in O . .
The proposed solution is undergoing extensive

two Altera devices emulating general-purpose . . : !

. : ; . ystem-level functional / timing co-simulation. Small

components — the ‘244 (an 8-bit non-inverting buffer - . ; .

\ . . . debug & test programs are being run in the simulation

and the ‘373 (an 8-bit latch with tri-state outputs).” ~". .
environment, and a database of golden vectors is

The complete system, including two memoriesb. . .
Y eing extracted for later comparison with values
containing the programs for each processor of the

built-in controller, is now undergoing ex’tensiveCaptured during the system normal functioning.
functional and timing co-simulation. The test

programs are initially written in assembly, and an in-ReferenceS
house developed application generates thél] Jerry Katz, "A Case-Study in the use of Scan in
correspondent Memory Initialisation Files (MIFs). microSPARC" testing and debug,” ifiTC, pp. 70-
These files are read by the simulation tool, each time rsél'EE';tEdCflrzgult?é:Eng Zrezs’_l_w?; Port
a new simulation is performed. The system-lev o andarc 1est ovess For
model consists of the individual models of each and Boundary Scan ArchitecturtEEE Stds. Board,

. L . May 1990.
component (two memories, built-in controller, 244,[3] M. F. Lefébvre, “Functional Test and Diagnosis: A

a.nd ‘3,73) intergonnec_:ted for System-l.evel co- Proposed JTAG Sample Mode Scan Tester[Ti,
simulation. The simulation tool accepts mixed-level 5 294-303, IEEE Computer Society Press, 1990.

modelling, so each component model may eithep] R. Sedmak, “Boundary-Scan: Beyond Production

The built-in controller was implemented in an

correspond to a behavioural or gate-level model. Test,” inITC, pp. 415-420, IEEE Computer Society
Press, 1994.
6. Conclusion [5] Bruce E. Whittaker and Nicole Doherty, “Boundary

. Scan Helps Solve Field Failures,” iBvaluation
A set of prototype debug and test requirements  gpgineering Vol. 35, n° 10, pp. 26-30, Oct. 1996.
were |n|t|a”y identified and converted into five baSiC[G] J. Ferreira et al., “Automatic Generation of a Sing|e_
operation types forming a “simplified” debug and test Chip Solution for Board-Level BIST of Boundary
model. Individual operations included in each Scan Boards,EDAC Proc.pp. 154-158, .Mar. 1992.
operation type were obtained by considering all7] J. S. Matos et al., “A Boundary Scan Test Controller
possible combinations of the gathered criteria. These for Hierarchical BIST,'in ITC., pp. 217-223, 1992
were then analysed and converted into specificatiod@l L. Whetsel, “An IEEE 1149.1 Based Logic/Signature
of instructions implemented by the BST infrastructure  Analyzerin a Chip,in ITC,, 1991, pp. 869-878.
or by a board-level built-in controller for debug and® T- Blakeslee and J. Liband, “Real-Time debugging
test. Mandatory and optional instructions described in ~ t€chniques: Hardware-assisted real-time debugging
; . techniques for embedded systems,” Embedded
the standard were first considered, and a set of Systems Programmingol. 8, n° 4, 1995,
optional BST instructions for debug support was theﬁo] Bruce Erickson “Selecting’; the’ Right Debugging
defined. This included optional instructions for: Tool.” in Electronic Designpp. 83-98, Oct. 1995,
concurrently detecting conditions in RT at the BS



