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Abstract

Boundafy scan 1s now largely accepted as the most promising approach to the testabifity of highly
compiex boards, but the number of off-the-shelt BST components available to board-level designers
15 shif rather timitad A proposed solution consisting of a set of board-level testability building biocks
15 presented 0 this paper where an HDL-based design ensures maximum flexibility to the
requirements of each board, and a PLD-based implementation ensures low-cost and wide
avaability.
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1. Introduction

The progress in the fields of minaturisation (surface mourt technology, large pin count ICs, etc.)
and integration density (due to feature size reduction, and expioited by the availabiiity of highly
sophisticated CAD design tools) has made it possible to design very compiex printed cicuit boards
{PCBs), which present very high testability requirements. Boundary Scan design and test (1], (2] is
now largely accepted as one of the most promising solutions for this challenge, with an increasing
number of off-the-shelt BST components becoming available. and easy-lo-use software tools which
automnate the development of the boundary scan infrastructure for ASIC design {3). [4].

Board-level test, which was the main driving force behind the development of the BST standard, is
however still wailing for an integrated tamily ot components able to address three main
requirements: the test of non-BST clusters, analog O intertace. and board-level BIST capability.
Proposed solutions for these probiems have been published and some components are available
{51-[11], bt a much larger offer for board-leve! designers is still required.

This paper proposes a board-levet BIST strategy Sased on three types of testability buiding biocks
the interface 1o non-BST digital YO nodes, the interface to anaio'g 11O nodes, and a dedicated test
processor providing the board-level test capability. !t is shown that, by tellowing caretul design rules,
it is possible to implement alt the proposed building blocks in medium-complexity programmabie
logic devices {PLDs) widely avaiabie. therefore providing a low-cost and maximum-flexibility
solution for board-level BIST Moreover. and since these testability blocks were implemented using
a simple and powerful hardware design language (HODL), any changes due 10 specitic board
requirements can easily be made

2. Board-Level testability requirements

The numbet of ofi-the-shelf BST components replacing frequently used non-BST equivalents is still
fimited. This restriction makes it very ditficult for any board-levei design to be 100% BST compatible,
excepl for the rare cases where the designers are allowed 1o use ASIC technology without
restrictions [12]. 1t is worth mentioning at this point that restrictions are Irequently present even when
ASIC technology is employed: — minimising the number of ASICs present on a board will normally
make it cheaper, and each ASIC should have minimum die area and package size requirements
{adding BST should neither represent a significant area overhead, nor make il necessary 10 choose
ancther package, due 1o the 4/5 additional pins). The common result is that a board will generalty
have a BST infrastructure, although providing only imited fault coverage capability [13]{15].
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A need for a set of low-cost and widely avaiiable testability buikding blecks is therefore identified, so
that the existing board-level BST resources may be improved and fully exploited. Medium 1o high-
complexity PLDs are now widely available, providing the integration capabifity to allow singie-chip
implementations of these testability building blocks. In fact, PLDs are now largely used in low-end
ASIC technology applications, and provide lwo very important advantages over standard-cells or
gate-arrays: — immadiate protolyping (on a matter of minutes) and maximum flexibility (changes
can be made without additional cost). Also, and for smatl volume productions, shorter time-to-market
may be combined with the lower price of faclory-programmed parts,

Providing a low-cost and maximum-flexibility solution to improve the testability of BST boards is
lherefore possibie, the first step being to identify board-level test requirements. Interconnects
associated to BST pins provide exceilent levels of controllability and observability (C&QO), which
allow straightforward procedures for structural tault detection and diagnosis. Howevar, the Jow C&0
levels associated to those interconnects buried into _non-BST clusters can make these areas
extremely difficult to test, mainly when iwo situations are present: — non-BST digital clusters
employing high-complexity components, or analog clusters with reduced access through the
available B8ST infrastructure. Two of the main board-level testability requirements may theretore be
stated as follows:

»  BST access 1o non-BST digital nodes is required, both 1o primary VO pins, and to those pins
buried into non-BST clusters. Simple access (EXTEST operating mode) should be provided to
primary /O pins, but more powerlul resources should be available for dealing with non-BST
clusters: — pseudo-random patlemn generation (PRPG) and signature analysis (SA).

« BST access to analog nodes is required. However, and due to the complexity of fully testing
an analog cluster, access 1o these nodes is limited to two basic operations: — capluring the
analog values present on the nodes to be observed, and forcing the required analog values
on the nodes to be controlied.

Finally, the additicn of board-level BIST is only possible if the complete set of low-level TAP (BST
Test Access Port) operations to take place in each IC is stored on-board, including ali the test
vectors used. Testing a board through its BST intrastructure proceeds in three main steps, which
consist of lesting the BST infrastructure itself, testing the interconnects among the components
(including those buried inte hon-BST clusters), and testing the componenis (mainiy through the
activation of component-level BIST functions) [16]. A careful analysis of all the low-level TAP
operations which lake place in each of these steps leads 1o the identification of the following three
main types: — state transition, where the TMS value defines the next state; application ot TCK
cycles while TMS Is kept at “0" (to execute component BIST functions): and shifting data through the
selected registers, which takes place by keeping TMS at "0, axcept on the last bil 1o be shifted {in
order to step from the Shift state to the Exit1 state). The repeatability of these "standard” low-level
TAP operations suggests that a simple RISC processor, with an instruction set specifically designed
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1o implement the three types of operations identified. would constitute an importamnt board-level
testability requirement, I board-levet BIST is 1o be suppored {17]. This tinal requirement may
theretore he specified as follows: ‘

Board-level BIST shouid be supported by a dedicated test processor, with an instruction set
designed to optimise the three main types of low-level TAP operations which {ake ptace when
testing a board. The pregramming model of this BIST processor must be used by an
automatic test program generation (ATPG) tool to produce the test cods to be executed
Notice however that it is not possible to fully automate tha lask of this ATPG tool. since non-
BST (digital and analog) clusters, as well as specific conditions inherent o each design (like

ilegai conditions leading to bus conflicts), will akvays be present in some degree.

Proposed solutions for gach of these board-level lestability requirememnts will now be presented

3. Board-level testability building blocks

The board-leve! testability requirements presented in the previous section led to the development of
four types of testability buiiding blocks, which wili now be described.

3.1. The interface to non-BST digital I/O nodes

Non-BST digital YO nodes present on a board may be divided into two main types' — pnarary VO
pins, and pins belonging 1o non-BST clusiers (either in its boundary, or buried). Different solutions
are considered for these two siluations

3.1.1. PRIMARY /0 PINS

Faults present on pnmary /O pins can normally be detected only i tesi resources external to the
board are present, athough in some cases this test might be accomphshed by synchromising the
BST chams present on boards connected by a common backplane (system-level test) [18]
However, and considering a production test scenano, external test resources must be used 1o delect
faults present on interconnects with pnmary ¥O pins. Parallei test channeis synchromsed with the
on-board BIST processor might be used, but a simpler solution may be lound by extending the
board-level BST chain with a set of cells controlied by the on-board BIST processor, such as
illustrated in figure 1.
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Flg. 1: Test of primary 11O pins under control of the on-board BIST processor.

This situation wilt probably not be appficable in every test scenario {like on most field-maintenance
operations), and a ditferent lest program must be used, bﬁt the advantages of extending the 8ST
infrastructure 1o test the primary /0 pins are worth the development of a simpie component with no
core logic, containing only the external BST celis required. The block diagram of this component is

skown in figure 2.
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Flg. 2: Block diagram of the primary 1O pin test component.

The boundary scan register of this component consists of 10 input pins and 26 bidirectional pins
{with individual tristate control) and the instructions supported conform to the 'EEE 1149.1 standard
fequirements (EXTEST, SAMPLE / PRELOAD and BYPASS). Complete C&0 over the primary /O
pins may be achieved by simply cascading the required number of thess components, A similar
solution might be achieved by using commercially available BST octals, tul these components
would not allow individual tristate control of each output, which may be required.
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Complex non-BST clusters Mmay have to be tested by in-;:ireuit test equipment, although there are
cases where the surrounding BST infrastructure may instead be used {vidual cluster testing). An
example may be found on combinational clusters, which may efficiently be tested by PRPG and SA
techniques. Components shpponing these techniques are fiormaily inserted into the signal fiow
path, such as illustrated in fig.3.(a). This is an application where a PLD would not be recommended,
both because of the long propagation times associated with PLD technologies, but also becausa
optimised low-cost components with PRPG and SA capability, or sven with more sophisticated
operating modes, are now already available (8], {10]. Alternative applications might however be
considered, either when clusters are directly connected io primary VO pins, or when paraliel
connections 1o cluster nodes are required, such as illustrated in figure 3.{b).
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Non-BST
combinationai
cluster

BST cells with
PRPG capability

e

L

|

7

Compaonents with
ot without BST

Non-8S5T
combinational
cluster

Components with
or without BST

BST cails with
SA capability

{8) PRPG and SA structures insened into the signal fiow path.

e

//
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—

BST calls with
PRPG capability

Components with
or without BST

BST cells with
SA capability

(b} PRPG and SA structures inserted in parafiel with the signal flow path.

Fig. 3: Virtual cluster lesting by PRPG and SA techniques.




In these cases, individual trislate control or programmable-length LFSRs might be useful, features
which are not supported by cormimercially available components. Frogrammable-length LFSRs might
specially be of use when guarding values are to be applied through those Lits not used tor PRPG.
These requiremenis led to the deveicpmernt of a programmable-length LFSR PLD, providing both
PRPG and SA, with individual tristate control, and where those bits not used for PRPG will keep
their initial value. An inlernal controt register may be selecled by a dedicated instruction, and loaded
with a 4-bit word which defines the number of bils required to be non-PRPG oulpuls with individual
tristate control (between 0 and 15). Since 2 tolal of 20 output pins exist, the length of thg LFSR will
be given by 20-(CR), where (CR) represents the value loaded inlc the control register. The block
diagram of this PLD is illustrated in figure 4.
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™I Instr. register 00
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control

TS TAP
TCK controller
TRST

Flg. 4: Block dhagram of the programmable-length LFSH PLD.

3.2. The interface to anatog /O nodes

The main goal behind the development of the BST technology was to provide structural testing of
high-complexity digital boards. Functional test, or structural test of analog circuits, are therelore
areas where the BST iechnotogy laces serious limitations [19]. An interlace to analog VO nodes
may therelore be very uselul, even if restricted to simple low-speed test operations [20).

In order not to cause delays, distortion, or frequency response limitations on the analog signals, no
analog multiplexers should be inserted into the signal flow path. Capiure operations would therefore
be possidie on any desired analog node, but the only analog nodes 1o be controlled could only
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consist of prmary input nodes, through a set-up similar to the ond shown m figure 1. However. i i ie
acceptabie 10 insert analog multiplexers, the soiution illustrated in figure S may be implemented.

anaicg
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BST chain

J
ke
Analog
Duk, analog cluster
Analog 1O muliplexer
na i
nodes I
interface
comrolier
AT

Fig. 5 The interface to analog IO nodes

The analog YO nodes interlace controller provides an output pin {or controling the anaiog
multiplexers shown in figure 5, and allaws access 10 16 anhalog nputs and 16 analog outputs. The
block diagram of this interface controlier may be represented as shown in figure &.
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Flg. 6: Biock diagram of the analog 1O nodes intartace controler
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An 11-bit instruction register allows A/D or D/A conversions 1o take place individually on the selected
channels (which may be differemt for A/O and D/A operations). The A/D converters used are
assumed 1o be of the successive-approximation type, and the end of conversion state may be
checked by examining the bits shitled out of the instruction register tollowing a Capture-IR
operation.

Capture and compare operations on anakg /0 nodes assume that there is an interval on which the
captured analog value is considered correct, meaning that some type of mask must be used lo
specity the acceptable range at the oulpul of the A/D converter. However, and since adjacent binary
codes may exhibit changes on as many as every bit (consider for example the codes corresponding
o decimals 127 and 128), a code conversion operation must be performed, se that a mask can be
used {o specity the accepted deviation. A simple solution consists of performing a binary to Gray
code conversion, which guarantees that successive codes do not differ in more than one bil
position. Allowing a lour-code acceptable range may therefore be accomplished by using a mask
generated by ex-noring the two codes adjacent to the expecled value. As an exampie, and if the
expected Gray codé word is 00011100, the mask word is /00011101 @00010100)=11110110. Use
of this mask for comparing the Gray code equivalent of the A/D converter outpul will correspond to
an acceplabie range defined by 1111X11X (X=don't care). Since the binary to Gray code conversion
is achieved by ex-oring each bit lo its left neighbour (binary lo, Iy, ..., lp COrresponds to Gray |,
L&y, ..., I; By}, this operation is implemented by simply adding an ex-or to the serial input of the
BST celis connected 1o the A/D converter oulput,

3.3. The board-level BIST processor

The board-tevel requirements for the BIST processor led to an oplimised instruction set, which
allows a straightforward specification of all the low-level TAP operations required for each step of
the test sequence. The complete instruction set is described in table 1, including those inslructions
which do not directly represent TAP operations,

The block diagram of the BIST processor 15 shown in figure 7. Notice that a TAP selector block
allows the internal processor resources to be multiplexed by two board BST chains, and that a 20-bit
program counter is able o address test programs with sizes up to 1 Mbyte {test of non-BST clusters
without PRPG and SA may produce large test programs).
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TAP operations )

SELTAPO. SELTAP1 . | Selocts the BST chain 10 be controlied by the following instructions.

" TRST Forcas an asynchroncus roset through the /TRST output of the saiected BST
chain.
NSHF " N bits will be shiftad into the 85T chan. Sits shifted out of the BST chain are not

compared N represents tha contents of the ntornal 16 bit counter.

NSHFCP N bits will be snifted into the BST chain. Bils shifted out of the BST chain are
compared with their axpectod value. Mask bits are used 1o discand dont care
bits. N repraserits tha contants of the internal 16 bit counter.

TS0, TS Forces a state transition in the internal BST logic of each compansnt, in the
selected BST chain,

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

Internal control and synchronlsation

LD C16,N Loads the internal 16-bit counter with the numbar of tast clock {TCKY cycles to be
appled.

LD C24, N Loads the internat 24-bit counter with tha number of test clock {TCK) cycies to be
appiied.

JPE  Address Condiional jumps based on the state of the internal error flag.

JPNE Addross

550, S51 Forces a logical vaive (0.1) on the synchronism oulput.

W50, WS Wants for a togical value (0,1) on the synchronism input.

HALT Terminates test program execulion. .

Table 1. Instrucion set supponad by the doard-level BIST processor.

An output pin will be active for gach TCK ¢ycle where a shift and compare operation takes place
{DeserEn, in figure 7). This pin may be used to erable an extemal desenaliser, allowing the results
shifted out of the BST chains to be stored in off-board memory, whenever diagnosis operations are
required. Three zdditional ouiput pins pravide information on the intemat state of the processor: -
end of test, indicating that test prograrﬁ execution is complete; error. indicating if ong or more faulls
wera detected: and SefTAP, indicating which of (he two TAPs supported by the processor is active

Synchronism inputs and outputs. direcily controlied by the coeresponding instnuctions referred in
table 1, allow the implementation of simple handshake protocols with other test resources {tor
example, with the stan of conversion and end of conversion signais through the analog VO nodes

imerface controfier).
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Fig. 7: Block diagram of the board-lavel BIST processor.

An ATPG too! running on a 486-PC was also developed, which partiaity aulomates the task of
generating the 1est program lor this controlier. This tool reads a sel of input files containing board-
level structural information. a description of the BST intrastructure present in each component, and
a description of existing non-BST clusters (inciuding the identificalion of the surrounding BST cells,
and possibly of externaily-generated. deterministic test vectors). The test code, specified in terms of
the instruction set presented in 1able 1,15 then generated. It consists of test program segments for
checking the integrity of the board-level chains, for interconnect tault detection (bath for full-BST
IMerconnects and for cluster interconnects), and for 1esting the components present on the board

4. Implementation and application examples

With the exception of the interface to analog VO nodes, each 1eslabiiit.y buikding biock described in
the previous sections was successtully implemented on one 5128 Altera PLD. This component is a
68-pin medium-complexity device (128 macrocells). The analog ¥O rodes interlace controller,
represented in figure 6, was implemented on a smaller 5064 PLD (44 pins, 64 macrocelis). Every
component was specffied using the Altera hargware design language (AHDL), which proved 10 aliow
tast specification and debugging. Caretul design rules had however to be observed, since usage of
the internal resources had to be exiremely optimised {macrocelt usage was between 95% and
100%. with 97% average).

Several application examples were used to validate the set of testability building blocks developed
One of these exampies is shown in figure 8, and consists of 2 small board with two BST chains and

two simple
responsible
external BS

M

x ¥iarixsx
I35 sea-es
(Y] zq = a;wt&

-» e

i
- L RL]

FX]

B

ot

s

- 1:
The test prc
and occupie
BST cluste
addresses {
o120  ooC
0121  GoC
0122 ooC
0123  o0o¢
0124  ooC
0125  00¢
0126  00¢
0127  00C
o128 00¢
0129  00¢
0130 00
0131 00¢
0132 00¢
0133  00¢
0134 oo
0135  00¢

0136 0ac



erfor
ond of test
SYNnc outouts
SelTAP

étror

Stalus and sync

|

the task of
ining board-
[:;onent. and
3 BST celis,
1in terms ot
2gments for
for Iul-BST
1e board

escribed in
onent is a
coniroller,
His}. Every
ed 1o allow
2 usage of
85% and

eveloped.
hains and

5 ¥)
n

two simple non-BST digital clusters. The test set-up tor this board included one BIST processor
responsible for controling both BST chains. Primary ¥O pins were intartaced through a chain of
external BST cells connected 1o TAP 1, such as ilustrated in figure 1
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Fig. 8: Circunt schamatic of an apphcation exampla.

The 1est program for this example was generaled by the ATPG toot referred in the previous section,
and occupied approximately 1 Kbyte (including the test vectors externally generated for the two non-
BST clusters present). This test program may be illustrated by the lollowing segment. which

addresses the detection of open fauits

o0rz0
0121
gl22
0123
0124
Q9125
0126
o127
0128
o129
0130
01lt
0L32
01232
0134
0135
0136

Q0069
Q006C
QOCED
O006E
Gooer
c0070
Q0071
Q0072
00073
00073
n0074
00074
S0075
00076
cooT7
ooe77
Q007N

02
G4
0o

00 24

00 52

H

Langth of BS chain O
shift 1n vector # 1

: Go to Update DR

: Switch to TAP 1

; 4o to Select DR Scan
; Go to Capture 2R

ld clé, 38
nshf

.diy 500
.db s00
.db SO0
.db 500

. db 500
tmsl

ssltapl

tmsl

tmsQ

tmsl

id cl6.82 ;
nshf

; Go to Shift CR

Langth of BS chain 1 + ext. prim. 1/0 PLDs

; Shift i vecteor 0 1




0137
0138
0139
0l40
0141
0142
0143
0144
0145
0146
0147
Q148
aL4%
0150
0151
0152
0153
0154
0155
0156
0157
0is8
0is9
0160
Glél
olé62
0163
Q164
0165
0166
0167
0168
0169
0170
0171
o172
0173
Gi74
0175
0176
0177
0178
0179
0180
0181
o182
0183
0184
0185
0186
o187
oias
0189
© 0190
0191
0192

Since an 8-bit data bus was specified, the data to be shifted into the BST chains, the expected
results, and the mask information. are byle-interleaved in memory. The operand of the NSHFCP
instructions shown above therefore consists of three-byte biocks, each with a first byte of data to be

FE
01
00
o
00
00
00
o
00
00
00
133

01
0o
oo

1A

01
00
00

o2
05
oc
00

00
0o
06
01

00

FF
FF
FC
03
00
00

24

00
00
03
FC
oF
05 A7

.db Sfe

.db $01

.db $00

.db $00

.db $00

.db 500

.db $00

.db $00

.db $00

.db 500

.db 500

tmal : Go to Update DR

tmal : Go to Select DR Scan
tmal ; Go to Capture DR
tms0 ; Go te Shift DR
seltapl : Switch to TAP O

tmsl ; Go to Select PR Scan
tmal ; Go to Caprure DR
tms0 ; Go to Shift DR

ld cl6,36 ; Length of BS chain 0
nshfcp Shift in vector 4 2

.db 500,5ff, 500
.db 500, $£¢£,500
.db 50c, 5fc, $03
.db 500,503, 5fc
.db 500, 500, $0f
jpe theend ; stop the test if a fault is found

tmsl i Go to Update DR

ssltapl ; Switch to TAP 1

id ¢16,82 ; Length of BS chain 1 + ext. prim.
nshfep ; Shift in vector & 2

.db 5Fa, 5L, 500
.db 501,5££,500
.db 500,5££,500
.db 5€8,52¢,500
.db 507,511,500
.db $00,5€E,500
.di $00,587¢€,580
.db $00,580,57¢€
.db $ff,5££,500
.db 500, $fc, 503
.db 500, 500, %03
ipe theend ; stop the test if a fault 13 found

tmsl ; Go to Update OR

tmsl ; Go to Select DR Scan
tms0 ; Go to Capture DR
tmsQ ; Go to Shift DR
saltapd : Switch to TAP 9O

shifted, a second byte with expected resulls, and a third byte with mask information.
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5. Conclusion

A set of board-level testabilily requirements were identified in order 10 overcome the limitations
caused by restricted availability of off-the-sheil BST components. Medium-complexity PLDs were
used to implement proposed solutions to these requirements, theretore providing & low-cost and
maximum-Tlexibility sohution to this problem.

Fast prototyping (minutes) is a key point for tiexibility, since an unrestncied nymber of changes can
be mada. This is specially important i we consider that every component was specified using an
easy-to-leam hardwara design language, which means that any changes can be made by simply
aditing the corresponding text file. Optimised solutions are therefore easy to impiement, providing a
straighticrward approach to such moditications as changing the ratio of input to bidirectional pins
required in the component interfacing non-BST digial ¥O nodes, or exiending the resolution 1n
analog caplure operations to a higher number of bits (12, for example). Finally, and it small volume
productions are envisaged, the choice of PLD technolkogy wHl stilf provide two additional benetits: ~—
the lower price of pre-programmed parts, and reguced time-lo-market penads.

The complete set of PLD specification files are available by public domain Hp, by connecting to
p.inescn.pt (use anonymous a3 username, and your e-mail address as password), and moving ic a
direciory called pub/doc/dftplds. Complete speciications and examples are aiso available by
cortacting any of the authors at e-mai address jmmi@porto nescn pt.
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