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Abstract— FPGA test cost can be greatly reduced by consider faults in the more challenging-to-test intercmion
minimizing the number of test configurations. A test techmie is  network [9]-[12]. Those addressing faults in the intercamn
presented for FPGAs with multiplexer-based routing arcadtures o network derive a reduced set of test configurationsgusin

in which multiple logical paths through each multiplexer isnabled . . .
instead of only one path. It is shown that for Xilinx Virtex4land interconnect modeling and graph traversal algorithms{19]].

Spartan-3 FPGAs only 8 test configurations are required tchigve A technique using a maximum flow algorithm is developed
100% stuck-at, PIP stuck-on, and PIP stuck-off fault coveye. in [9] that achieves 100% interconnect stuck-at, stuckappe
Index Terms—FPGA, test configuration generation. and pairwise bridge fault coverage in Virtex FPGAs. Howgver
the 8 test configurations developed consider only those PIPs
|. INTRODUCTION that join interconnects to other interconnects; PIPs that |

interconnects to logic blocks and the transistors that émpl
ment the routing multiplexers are not considered (unlikeere
architectures, multiplexers in Virtex are outside of thetskv

A Field-programmable Gate ArrafFPGA) is a config-
urable integrated circuit able to implement an arbitramyido
design. An FPGA must be tested for defects, requiring many - ices and contain at least as many transistors)
iterations of. (1) program the device with a test configanafi The minimum number of configurations to test éll routing
and (2) apply test stimuli :?md observe_ the response. Howeverresources of an FPGA using graph traversal algorithms cor-
t_he t_|me spent programming the device with each Conflgurar'esponds to the size of the largest multiplexer in the device
tion is several milliseconds [1], much larger than the saver

microseconds required to apply test stimuli [2]-[5]. Thiest Becausel Virtex has 28:1 multlplexers [13], 28 .conflgu.ramon
. X . L are required, one per logical path through a given 28:1 mul-
cost is dominated by configuration time.

t(iaplexer (multiple multiplexers can be tested in parall@&g-

Test time can be decreased while maintaining fault coverag itch : f letel
by reducing (1) the number of configurations, or (2) thecauge switc matnce; ° cpntgmporary FF.)GAS. are completely
' multiplexer-based, this limitation is especially imparta

feocn;'r%u[laélgg d:ggés-rtuz fg:renS:rnf:atj?nnf'rgnuuﬁ“?gloge?:;;at'on A Built-in Self Test(BIST) technique is developed in [10]
q ; . e 9 P 9 that addresses this limitation, employing a maximum flow
through each switch matrix multiplexer instead of only one . ' .
ath. Unlike normal operation. during this test mode mist algorithm to generate 59 test configurations that deteckstu
patn. b ’ 9 P at, pairwise bridge, and interconnect stuck-open faultsaon

inputs of a given switch matrix multiplexer drive its outpBy large subset of the routing resources in Virtex FPGAs
applying appropriate test stimuli to each multiplexersélick- '

at faults on interconnects and logic element inputs andutsitp IIl. FPGA STRUCTURE
stuck-on PIPs, and stuck-off PIPs can be detected (PIPs are . . .
( An FPGA contains both logic and routing resources. The

defined in Sec. |Il). Signal contentions result; howevercei logic resources are the hardware within the basic building
they are limited to a single clock cycle, they are not damggin blocks. The primary building blocks ategic Blocks(LBs)

to the FPGA. It is shown that only 8 device configurations are ]
required for 100% stuck-at, PIP stuck-on, and PIP stuck—of‘fanOI Input/Output Blockg|OBs); contemporary FPGAs now

fault coverage in Xilinx Virtex-1l and Spartan-3 FPGAs. contai_n some multiplie_r blocks and .RAM blocks as well. .
The organization of this paper is as follows. Relevant Logic blocks contain the combinational and sequential

configuration generation techniques are surveyed in Sec. Ifelerpregrs nfj_?_ed _to Iperfor:n Ioglbc_ futnctlolr?RAIXI Look- d
A generic FPGA structure is given in Sec. lll. The presente p Tables( 5) implement combinational functions, an

configuration generation technique is developed in Sec. IV. |stabI§s are used in sequential designs. Input/outpwblo
Finally, the paper concludes in Sec. V. pass signals between an FPGA and an external device.

Blocks are interconnected by the routing resources,
Il. PREVIOUS WORK or interconnection network—interconnec8witch Matrices

Although most configuration generation techniques con-(SMS)’ Programmable Interconnect Poin(PIPs), multiplex-

. : . ers, buffers, and vias. Blocks and interconnects are gobupe
ider only faults in the logic r r — m ' S . .
sider only faults the logic resources [6}-{8], some dotogether into tiles, which are replicated throughout th&BRP

“Now working at LSI Logic in Milpitas, CA. to create the entire layout, shown in Fig. la.
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Tile Interconnects Tile output ©1). A multiplexer configuration in which all bits are
_ Ltervonnedts.

] Switch Matrix set to logic-0 is also legal if that multiplexer is not used.
Input Muxes . . . ..

SNL SM SM = By setting more than one configuration bit in each group
i i T T . j} i) to logic-1—an illegal configuration—several logical paths

8 | ) Logic through the multiplexer can be enabled. Since the consdrain
SMﬁ SV sM & | output Mues; |Block of graph traversal configuration generation algorithms no
1T 1T 1 25 < {E longer apply (more than one logical path through a multiptex
- - - - {E is allowed), the number of configurations required to test an
| Cles] | ] | R entire FPGA can be significantly reduced, to only 8 for the
(a) 3x 3 Tiled FPGA Layout (b) Tile Virtex-1l and Spartan-3 FPGAs, as explained in Sec. IV-B.

Fig. 1. FPGA Structure
B. Test Configurations

. . Enabling multiple logical paths through a multiplexer
In contemporary FPGAs—Virtex-Il and Spartan-3—switch causes several inputs to be shorted. Because switch matrix

matnce_s are comp_osed of multiplexers. input mUItIpIeXerSmuItipIexers are implemented using NMOS pass transistors,
route signals from interconnects to blocks and output mul-

tiplexers route signals from blocks to interconnects, show pull-down paths (logic-0) are much stronger than pull-uphpa
S : X . . ' logic-1). By correctly choosing the logical paths (configu
in Fig. 1b. These switch matrix multiplexers are implemente (logic-1). By y ng gical b (

. . tion of the multiplexer) and the input stimuli (pull-downdn
as .iwr? Iev;al_s of ’}iMIOS pa]s-g Fran?'Sth' It:Ig.tz Sr(]joytvsls 16: ull-up paths), all stuck-at faults and all PIP stuck-on and
switch matrix multip exer ( Inputs, 1 outpu ) and its leve stuck-off faults can be detected (discussed in Sec. IV-B.1)
restore circuitry. One pass transistors and its assoc&RdV

. . Since all signals are routed via these multiplexers, tgstih
control c_eII IS ce_xlled a P_IP. In V|r_tex-|| &_md Spartan-3 FPGA multiplexer inputs and outputs is both necessary and sefffici
the maximum-sized switch matrix multiplexers are 32:1.

to test all interconnects and logic element inputs and datpu

Level1 Configuration Bits  Level—2 Configuration Bits To activate and observe faults on all multiplexers using
outs Automatic Test Equipme&TE), the multiplexers are joined
1pl @@@@ ] e together intolterative Logic Arrays(ILAs): the output of
:; W’ﬁ—]}ﬁ Level Restore (Driven one multiplexer is joined to an input of another via an
i3 il el oo interconnect or logic element. Therefore, the configuratio
4 le L] generation process must be addressed at two levels: (1) the
22—’7’?*% multiplexer level, to determine the logical paths and input
i i 53 [Pigl stimuli of a single multiplexer, and (2) the chip level, to
ig [Py L o determine how to join the multiplexers together to form ILAs
o TRy LI 1 _ 1) Multiplexer Level Configuration: SPICE simulations
i? ’??‘F:‘ By vy on a 90 nm, 1.2 V technology—the same technology node of
i gl Eall Spartan-3—were conducted to find a minimum set of configu-
i3 5] rations to achieve 100% stuck-at, PIP stuck-on, and PIKkstuc
14 Mpig LI . ] off fault coverage for a single multiplexer. Although Vixte
:{Z WE: Il and Spartan-3 FPGAs contain some 32:1 switch matrix

multiplexers (also two-levels of NMOS pass transistors), a

Fig. 2. 16:1 Two-level Switch Matrix Multiplexer 16:1 multiplexer was analyzed to keep Table | small: extamsi

to 32:1 multiplexer configurations is provided in Sec. I\2B.
Table | summarizes each of the 6 configurations that test all

IV. MULTIPLEXER-BASED TESTING inputs, all PIPs, and the output of a 16:1 multiplexer. Thet fir
) 4 configurations test for all stuck-at 0 and stuck-at 1 faallis
A. Overview PIP stuck-off faults, and PIP stuck-on faults for PRs..Pig

All FPGA test techniques to date are based on programisee Fig. 2); the last 2 configurations test for PIP stuck-on
ming the FPGA with several legal configurations and applyingaults for PIPsP;7...Pyo. Because minimum-sized transistors
test stimuli for each. Aegal configuration is one that causes are used (as done in practice), the results are indepentlent o
no signal contentions. Under this normal operation, angmgiv input driver size (driver of the preceding multiplexer ogio
switch matrix multiplexer is configured such that only oneelement) and output driver size (level-restore circuitry)
logical path from one of its input to its output is active. A The first configuration of Table | sets the configuration bits
legal configuration for the 16:1 multiplexer of Fig. 2 reqasr toM;...Mg=1000 1111, enabling 4 logical paths through the
that only one bit in the level-l configuration SRAM cell group multiplexer, from inputs, is, ig, andi13 to outputo;. A stuck-
(M1...M4) and one bit in the level-2 groupM6...M8) are  at O fault on any of these 4 inputs can be detected by driving
set to logic-1, enabling a path from one inpiit.(.i1g) to the  these inputs to logic-1 (other inputs don’t matter). A statk
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TABLE |
TESTPARAMETERS FOR16:1 SNITCH MATRIX MULTIPLEXER

Cfg. Inputs’ Outpuf (01) Fault§ Tolerance kQ)
(M1...Mg) (i1...i16) Fault-free | Faulty Inputs {1...116) | PIPs P1...P) Input [ PIP
1000 1111 ] 1---1---1--- 1--- 1 0 0---0---0---0--- | ——-- - T <272 _

0 --1.--1.--1 0 T T - - . - 0 - .- 0--- 22| 522
1...0--1.--1... 0 1 R -0 e o0
T.--1..-0---1--- 0 T [ - - T - - | - - 0--- --- 0
T.-1.--1---0--- 0 T [ - - - T - | - - - 0--- --- 0

1000 1000 1000 100 1 o - 111 -111 -111 -111 - <0.5

o1o0 11114 -1-- -1.- -1.. -1. 1 0 :0-- 00 0 20 e e <2.2 —

0 - -1.- 1.- -1- 0 i T o . 0 - -0 -- 22| >2.2
1. .0 - -1-- -1- 0 i 1 . 0 - -0
1 -1.- -0-- -1- 0 T il .. 0 -0
211 0 0 1 R R B ¢)

0100 0100 0100 0100 1 o - 1.111.111.111.11 ---- - <0.5

0010 1111 1- --1. --1- --1- 1 0 0 --0---0---0 [ -0 T <272 _

o -.1. ..1. --1. 0 1 L -0 e e 0 <22 | >2.2
1. ..0. --1. --1- 0 1 A R .. 0 - ..--.0-
1...1. ..0- --1. 0 1 1 - -0 .0
1. --1. --1. --0- 0 i 1 .. .0 ---0

0010 0010 0010 001 1 o I - 11.111.111.1 111 - - <0.5

0001 1111 --1...1...1...1 1 0 0000 e <2.2 —

--0--.1...1...1 0 1 Ll e R 0--- <22 | >2.2
1.0 --1---1 0 T [ - - T | - 0---- -0
--1...1...0.--1 0 T - -] 0..---.0
1--.1---1- o 0 T [ - - - T - 0.--0

0001 0001 0001 000] 1 o I - 111 111 111 111 ---- - <0.5

| 1000 001% || 0---0---1---1--- | 1 | 0 || ................ | ............... 11- - || — | <3.7 |
| 1000 1108 || 1.--1---0---0--- | 1 | 0 || ................ | .................. 11 || — | <3.7 |

T0 = logic-0, 1 = logic-1,-= don't care.
0 = input stuck-at 0 or PIP stuck-off, 1 = input stuck-at 1 oP Rtuck-on,-= no detectable fault.
8L ast two configurations and input stimuli are not unique, éeampleM; ... Mg =0001 1010 andV; ... Mg =0100 0101 are valid.

0 fault creates a pull-down path that dominates the remgininPIP with resistance greater than or equal to Z2dan be

3 pull-up paths and causes the outputo transition to logic- detected (typical on resistance is several hundred ohms).

0, shown in Fig. 3. Detection is possible even if the stuck-at To detect PIP stuck-on faults, inputs is, is, andiiz are

O fault is modeled by a resistive short to ground less than ogjmuitaneously driven to logic-1 while the rest are driven t
equal to 2.2 & (shown as tolerance in Table ). logic-0. Thus, if any off PIP is stuck-on, a pull-down path
is created that dominates the remaining 4 pull-up paths and
causes the output; to transition to logic-0. Even a partially

Level-1 Bits Level-2 Bits Level Restore

Stuck—at 0 Faul
l T l,D - - - @@ L0 e stuck-on PIP with resistance less than or equal to @5&n
<{ ! — LN = be detected (the smaller resistive tolerance is becaugaithe
s Ty | Pidowpa o down path is fighting 4 pull-up paths rather than 3).
Y If Pl o (T) A total of 6 such configurations can achieve 100% stuck-
= T'VPU Pi3 [Pyl L FaultObserved at, PIP stuck-on, and PIP stuck-off fault coverage. Note tha
Drivers e the resistive tolerance of the last two configurations of@ap

3.7 kQ, is larger than that of the others because the pull-down
path is only fighting 2 pull-up paths rather than 3 (2Q k
Mg =1000 1111, a resistive tolerance) or 4 (0.XXkresistive tolerance).

Fig. 3. Stuck-at 0 Fault Detection (row 1 of Table I)

With the same configurationM; ...
stuck-at 1 fault on inputy, is, ig, Or i13 can be detected by 2) Larger Multiplexers: Contemporary FPGAs contain
individually driving each to logic-0 (static power disstjpm  switch matrix multiplexers of varying sizes: Virtex-1l and
is minimized by limiting the resulting signal contention to Spartan-3 FPGAs contain several 32:1 multiplexers. The sim
one clock period). If an input is stuck-at 1, then a pull-downplest way to extend the 16:1 multiplexer configurations td.32
path cannot be created and the outputremains at logic-1. multiplexer configurations is to test the two halves of thel32
Detection is possible even if the stuck-at 1 fault is modelednultiplexer independently, say the top half, inputs..iis,
by a resistive short t¥pp less than or equal to 2.Xk and the bottom half, inputig7...iz2. For example, the first

All stuck-off PIPs (non-conducting) along a pull-down path configuration of Table IMz...Mg = 10001111, extended to a
can be detected, since it breaks the pull-down path and saus82:1 multiplexer with configuration SRAM cell§l; ... M1,
the outputo; to remain at logic-1. Even a partially stuck-off where M;...M4 are the level-l bits andMs...M1, are the
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level-2 bits, becomed;...M12=1000 11110000 (top half) one of its PIPsP;...Psg, is stuck-on. All configurations in
andM;...M12=1000 00001111 (bottom half). Tables | and Il meet this fault-free logical path criterion.

The first 4 configurations of Table | can be extended Next, all logic elements are configured as transparent
in this manner, creating a total of 8 configurations.logic. Each bistable is configured as a transparent D flip-
Fortunately, the last 2 configurations of Table| canflop. Each LUT is configured with a Boolean function
be extended without increasing the total numberwhose value changes if at least one of its inputs changes,
of  configurations: M;...Mg=1000 0011  becomes F =A1iu oo A2taurtree” A3tautree” Adraur e (OF F' if @
Mi...M12=1000 00001111 and M;...Mg=1000 1100 negated LUT output is desired). Fig. 4 shows an example
becomes M;...M1» =1000 11110000 (duplicates of the WhereF = (A1-Ax-Az-As)'. If any ILA inputs a faulty value
first and second extended configurations). Note that théo the LUT, all 4 ILAs propagate the value to a primary output.
resistive tolerance of the extended versions of the last twdlote that each logic-0 input is really a transition from pgdi
configurations in Table | is reduced from 3.@ko 2.2 kQ  to logic-0 for one clock period as stated in Sec. IV-B.1).
because in each case the pull-down path is fighting 3 pull-up

paths instead of 2 (tolerances for all other configurations 0/1120 ““0/1 }1:000 1101,11 Fauhii:mauhy
remain the same). Table Il summarizes the 8 configurations. ™ 1— — LA
0100 1111 0100 1111
TABLE II LAy 0/115 o1 | FEARQAGAY 1: IR
CONFIGURATIONS FOR32:1 SNITCH MATRIX MULTIPLEXER 1— L4 1—
Dot 1111 2 FlLoA | Q0oL 111
16:1 Mux 32:1 Mux — —
(My...Mg) (M. Ms2) O e I S el
1000 1111 || 1000 00001111 1000 1111000 1000 1111 0100 1111
0100 1111 0100 00001111 0100 1111000 O o —N on
0010 1111 || 0010 00001111 0010 1111000 LA }:j* I— LA

0001 1111 || 0001 00001111 0001 1111000

1000 0011 || 1000 00001111 (see row 1 cfg. ]
1000 1100 || 1000 11110000 (see row 1 cfg. 4

Fig. 4. 4 ILAs Each Joined by a LUT (don’t care inputs not shpwn

—~— O O0OO0OO

3) Chip Level Configuration: Because all multiplexer V. CONCLUSION
inputs and outputs are tested, by definition all intercotsec All FPGA test techniques to date are based on program-
and logic element inputs and outputs are tested, (see Fjg. 1lming the FPGA with several legal configurations in which
To activate and observe all faults, the multiplexers aregdi  only one logical path is enabled through each switch matrix
via the interconnects and logic elements into ILAs (notmultiplexer. This paper shows that enabling multiple lagic
necessarily independent). The inputs and outputs of an leA a paths can minimize the number of test configurations, only
primary inputs and outputs, controlled or observed by ATE.8 to achieve 100% stuck-at, PIP stuck-on, and PIP stuck-off
Each multiplexer is configured with one of the 8 configuradion fault coverage in the Xilinx Virtex-1l and Spartan-3 FPGAs.
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