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ABSTRAUT

3IST 1s a design technique that allows a circuit 1o test itself. The technique can
provide shorter test time compared to an cxternally applied test and allows the use of
low-cost test equipment during all stages of production. The use of ficld-programmable
gate arrays (FPGAs) to implement complex logie functions in digital applications has
become increasingly common. FPGAs are regular structures of logic modules that
communicate through an interconnected architecture of lines and switches. The logic

modules and the mterconnect struciures are programmed to select a particular function of

ogit module and specific interconnect paths 10 realize the global function of the

FRPOA.
This proposed work presents a built-in seif-test (BIST) desion for Fault detection
I i &
and # of Static-RAM (SRAMY based  field-programmable gate arravs

(iPGAsY. The proposed FPGA BIST structure can test both the intercomect resources
Q

fwire channels and Programmable Switches (PSs3] and Look Up Tables GUTS) in the

Condtgureble Logic Blocks (CLBs). The twsi natem generator and output FESpOhSS

in FPGAS thus, no extra area overhead is

(_
o
¢
pid
v}
o
ja
oy

needed {or the proposed RIST structure. The detection/diagnosis ol the
proposed BIST structure are open/short {ailts in the wire channels, stuck on‘oft faults in

PSs, and stuck-at-0/1 faults in LUTs.
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INTRGDUCTION

i.1 BIST:

Bist is the technique which allows the circuit to test itself. In integrated circuits, BIST
is used to make faster, less-expensive manufacturing tests. The IC has a function that verifies
all or a portion of the internal functionality of the IC. In some cases, this is valuable to
customers, as well. For example, a BIST mechanism is provided in advanced ficld bus
systems to verify functionality. At a high level this can be viewed similar to the PC BIOS's

rower-On Sl Test {POST) that perferms a self-test of the RAM and buses on power- up.

FThe amm and purpose of BIST is to reduce the complexity, and thereby decrease the
cost and recuce reliance upon external (patiern-programmed) test cquipment. BIST reduces
cost i two ways: (1) reduces test-cyele duration; and (2) reduces the complexity of the
icst/probe setup, by reducing the number of VO signals that must be driven‘examined under
tester control. Both ead 1o a reduction i howrdy cherges for automated test equinment (ATE)
service. The testing process is performed by configuring the TPG, ORA. and 3U7T in cach
test biock. Additionally, the TPG and ORA of the proposed FPGA BIST structure are

designed using the existing CLBs to reduce the extra arex and test cost needed.

1.2 TEST PATTERN GENERATOR:

The PG is an address generator, which consists of cight MUXs, eight LUTs, and
cight DFFs to continuously generate the addresses (0-15) in the LUTs to produce the

U R R S T e . L e S



algorithm is needed to write different test patterns into LUTs, read the contents of LUTs, an
check whether the read data are correct or not. The TPG in Fi 2. 4 1s an address generato
which consists of eight MUXs, eight LUTs, and eight DFFs to cdintinuously generate th
addresses (0-15) in the LUTs to produce the corresponding test patterns. Significantly,

ensure the accuracy of LUTs in the TPG, un algorithm is needed to write different te:

patterns nte LUTS, read the contents of LUTs. and cheek whether the read data are correct ¢
ot In other words. according to the MUX selections. the LUTS addresses can be figured ot

i sequense, and the test patterns can be generated by repeatedly checking the contents.

1.3 OUTPUT RESPONSE ANALYZER
e ORA design alse uses the existing CLBs in an FPGA. The two- mput XOR gat
and three-inpat OR gate in the ORA are used to test the global interconnect open and shor
faults. respectively. Ctherwise, the faulfs presented i the LUTs and local interconnects ar
detecrad by using the four-input parity checker. The logic diagram of a simple arity checke
J o S o o -
is composed of a 4-b XOR and a unit delay. Significantly, the parity checker can b
implemented with the internal logic gates and a DFF of a CLB. Moreot er, the P/F checkes
sic £
(functioning i the same way as a simple OR gate) in the ORA circuit is Cesigned to generate

a P/F signal to trigger the fault pass circuit o deliver the faults fom the primary outputs of ¢

T1

-
U

UT to the rault dictionary for fault diagrosis.

i4  FAULT DIAGNOSIS:
Fault detection is an important step in guaranteeing the quality of the product.

Moreover, fault diagnosis is required, particulariy If the manufaciurer plans to enhance the

vield or i the user intends to tolerate the faults. The tar get diagnosis in this project is arrived



SRAM-based FPGA is diagnosed here in two steps: 1) BUT diagnosis and 2) fault-typ
diagnosis. In step !the faulty BUTs can be located by directly observing the output signai
i.e., P/Fs, of ORAs. The fault-type diagnosis in step 2) is performed by comparing the fault

between the outputs of the faulty BUT and the fault dictionary.

1.5  SOFTWARE USED

~ ModelSim XE 111 6.2g

ORGANIZATION OF THE REPORT:
~ Chapter 2 discusses about the SRA Mi-hased FPGA Architecture.
» Chapter 3 discusses about testing considerations made in SRAM-based FPGA
Architecture
» Chapter 4 discusses the proposed FPGA BIST desigr.
» Chapter 5 discusses the fault models in the proposed FPGA BIST design.
~ Chapter 6 discusses the test pattern generation and fauit diagnosis.
~  Chapter 7 discusses the simulation results.

» Chapter 8 shows the conclusion of the project



CHAPTER 2

SRAM- BASED FPGA ARCHITECTURE:
SRAM-based FPGAs are of special interest due to their compatibility  with
mamstream integrated circuit fabrication technology, as well as because of their wide use it

1

praciical applications. The SRAM-based T

POA ( Fig. 1) censists of an array of n x 1 CLB:
N 5 Y
A
1,

and loca

global interconnect re-sources. The CLBs can be programmed with configuratior

cell data to genrerate logical functicns. The set of all configuration cell data makes up ar

0

~

FPGA configuration. The basic internal architecture of a CLB is made up of thr

«
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n Fig. 1, the LUTs implement either any logical function with ki inputs or RAM

o
§

vy ULB s configured with contigurstion cells C1 . Ui s The number of outputs o

: k]

AT ds assimed to be k3. and the inputs k2 dicectly drive some MUXs or IEFs. prbducing
the CLB outpuis. N ote that parameters k1, k2, and k3 depend on the FPGA type.

The local Interconnects are associated with CLBs, including wire segments anc
connecting blocks. Note that a connecting block contains some programmable-interconnect-
point FSs(PIP-PSs) and multiplexer PSs (MUX-PSs) to bring signals into and out of CLBs
Gin the other hand, wire segments and programmable cross-point PSs (PCP-PSs) within the
switch maix {SM) in global interconriects form hovizontal and vertical routing channels thal

connect signats between CLBs. The mput-output si gnais can be transmitted into or out of the

AW

FPGA ustog the input-output blocks (I0Bs). An SM is a programmable connecting element
that receives & wires on each side. The wires connect SM pins identified as north. cast, south,
'l

and west. Some pairs of pins in an SM cannot be connected; these are calied noaconnectable

pins. Pairs that can be connected are calied connectable pIns.



CHAPTER 3

TESTING CONSIDERATIONS:

The FPGA test procedure is 2 two-part process. Each TC must be first loaded into the
FPGA device, and then. test vectors must be applied. This process is repeated for a number o
TCs. The PIP-PSs and MUX-PSs in the connecting block and the PCP-PSs in the SM are the
essential components for programming TCs under FPGA testing [1]. Fig. 2(a) shows a PIP-
PS (square shaped), which contains a pass transistor and an SRAM cell. The SRAM cell can
‘be programmed to open or close the pass transistor. An MUX-PS, illustrated as a set of uni-
directional triangles over the horizontal and vertical wire segments, functions 4s a many-to-

[

one MUX. An MUX-PS allows one of the inputs to be routed to the output for certain

seicction signals. The selection logic can only be set through the configuration bits during the

v 3 v gt g o s
coninguralion stage.
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Fig. 2. Three types of PS. {a} PIP-PS. (b) MUX-PS. (¢) PCP-PS.

Fig. 2(b) illustrates the symbolic diagram of o eight-to-one MUX-PS and its



shaped box within an SM, which is comprised of six PIP-PSs that can be programmed t
connect the horizontal and vertical wire segments in six directions. In other words, a PCP-P:
connects the wire segments in the west-east (W--E), north-south (N--S). north—west (N-W
south-west (S~W), north—east (N—E), and south-cast (S--E) directions.
enerally, the TCs are fault graded. 1f the desired fault coverage is not achieved, tes

engineers must develop additional test vectors and configurations to increase the faul
coverage [2]. In other words, the testing of an FPGA chip poses a ch allenge to test engineers
Diflereat configurations (programmings) of the FPGA are required. and so, certain question
arse. Which TC and corresponding vecior test sequence (TS) is needed to cover the faults o
# certain structural faslt model for the FPGA? When are TCs and test vectors generated for :
given FPGA? 1t is extrg—nnely important to bear in mind the high cost of changing the
configuration due to reprogramming costs. The configuration loading process is performec
through a serial access, and so, this process is really time consuming. Consequently, wher
test generation for an FPGA is performied, the main objective is to minimize the number o

1Cs.



' CHAPTER 4
PROPOSED FPGA BIST DESIGN:

Bist is the technique which allows the circuit to test itself. In integrated circuits, BIS']

is used to make faster, less-expensive manufacturing tests. The IC has a function that verific:

all or a portion of the internal functionality of the 1C. In some cases, this is valuable (¢

customers, as well. For example, a I3 mechanism 1s provided m advanced field bu

systems to venty functionality

Although BIST techniques in general are associated with high performance, they ar

also associated with high area overhead incurred by on-chip test hardware. However. th
BIST overhead is not an issue for FPGA BIST becouse the test haraware s casis

reconfigured by inscrting and removing test patiern generators (TPOs) and ORAs. This
perticularly important for the testing of FPGAs. The testing strategy of the proposed FPG/
RIST structure is to configure groups of ten CLBs w0 o test block, as dlusvated i Fig 3. 4
each test biock, four CLBs are coniigurad as 2 TPG (o Umuatc’d > addresses for test patterns

Additionally. two CLBs are configured as an ORA for comparison with cach output ot th

Block under test (BUT) te observe the test resalts.

‘-J

The global/local interconnect rescurces and CLBs in a BUT, which are configured b

four CLBs in a test block, are then sequentially tested. To guarantee the testing of a
global/local interconnect resources and CLBs, the FPGA has to be reconligured to shift th
test blocks for testing. The test processes of the proposed FPGA BIST structure ar

stimultzneousty performed by a BIST controller. which repeatedly reconligures the test biock

for testing
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Fig. 3. Proposed FPGA BIST structure.

Briefly, the testing processes can be suminarized in the following steps.
1y Reconfigure the FPGA 1o crecate test blocks
2% Program the TCs.
3) Initiate the TS for global/local interconnect vesources and CLBs.
4} Generate the test vectors.
Y Analyze the test results.
In other waords. the test blocks are first {rojconfigured by the BIST controller. Second, the
TCs should be reconfigured for glohal/local interconnect resovrce and CLB testing. Then, the
LUT-based method is used to configure the TPG and ORA fo gencrate the test vectors

sam ]l i oot ooy lfa ares cye vy e



CHAPTERS
FAULT MODELS:

The aim of this project is to design a BIST structure for both C'LLB and interconnect
resource testing in SRAM-based FPGAs. The faults in this paper can be categorized into four
major greups, namely, operi/short, stuck-on/off, stuck-at-0/1, and interconnect delay faults
ig. 5 tHustrates all the fault moedels. The stuck-ow/off faults appear in the pass transistor of
PIP-PSs or MUX-PSs in local interconnects, while open/short faults occur on PCP-PSs ot
wire segments in global interconnects. Significantly, the delay fault 1s presented with a path
under test (PUTY On the other hand, the stuck-at-0/1 faults can be found in the I:,UTS of
CLBs. Note that it is.nssumed that ICBs were previously tested. This assumption is proper
since the 10Ys can be tested by the boundary scan [21.Fig. 4(a) shows cases of PIP-PSe and
MUS-PSs witl stuck-on/off faults in the focal intercennects.

Note that a stuck-on/ott tault causes the pass transistor in PIP-PSs or MUX-PSs to be
permanently on/ott, regardless of the value of the SRAM cell controlling the pass transistor
n PIP-PSs or MUX-PSs T4].An open fault in the global interconnect 1s a disconnection of any
wires, while a short fauit indicates a bridging between two wires. Fig. 4(b} illusirates cases of
wire open/short faults. Furthermore, Fig.d(b) shows cases of PCP-PS open/short faults that
occur when there is a stuck-off fault and a stuck-on fault in the PIP-PS of the connectable and
non connectable directions of wire segments. respectively. Moreover, since the TCs for
interconnect resource and CLB testing are the same and the TPG and ORA of the proposed
BIST design are built by using the LUTs, the faults in a CLB only consider the stuck-at-0/1

faults on every RAM cell 1n LUTs {see Fig. 4(c)].
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Fig.4. Fault models. (a) Stuck-on/off taults in the local interconnects (b) Open/shor

faults in the global interconnects. (¢) Stuck-at-0/1 faults on a RAM cell in an LUT.

in other words, for an LUT, the fault can occur in any one of the memory cells
making it incapable of storing the correct logic value(an LUT has a single-bit output, anc
therefore, this vabie is either 0 or 1). Thus, the stuck-at-1 or the stuck-at-0 fault may occur a
a memory ccll. Wote that there is no need to geparately consider the stuck-at fault model 1
interconnects, since these faults can be modeled as short circuits to power supply and groun
lines. On the other hand, by setting the clock period to the specification time and generating :
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Fig. 3(d) shows an example of wsting 2 PUT. {f the two DFFs initially store logic 0 and
generate a rising-transition propagation from A to B, then logic 1 in DIFF2 can be obtained
in the fauit-free situation. Otherwise. the logic value of DFF2 will remain O after a specilied
time if the PUT 1s faulty.
Briefly, the fault models in this project are summed up as follows.

1) PIP-PS stuck-on fault: The pass transistor of a non connectable PIP-PS is turned on in the
local interconnect.
2) PIP-PS stuck-off fault: The pass transistor of a connectable PIP-PS is turned off in the
local interconnect.

3 MUX-PS stuck-on fault: One of the pass transistors of a non selective MUX-PS 1s turned
on 1n the local mterconnect.
4) MUX-PS stuck-oif faclt: One of thie pass transistors of a selective MUX-PS 15 turned oft
in the local mterconnect.
) Wire open fzult: A disconnection occurs on any wires 1 the global mterconnect.
) Wires short fanits A bridge occurs between twe wires in the global intercoriec!
7% BOEPE short fault: A PIP-PS stuck-on fault cceurs iy the nonconnectable direction in
POF-PS of wire segments.
8y PCP-PS open Tault: A PIP-PS stuck-off fauit occurs in the connectable direction 1 «
PCP-PS of wv‘ seginents
GY LUT stuck-23-0 fault: The RAM cell value ol an LUT i the CLB 15 always O.

FOY LUT stuck-at-1 fault: The RAM cell value of an LUT i the CLB 1s always 1.



CHAPTER 6

6.1 TEST PATTERN GENERATION:

According to the MUX seleetions. the LUTS addresses can be figured out In
sequence, and the test patterns can be generated by repeatedly checking the contents in Table
1 should be noted that the addresses do not need to be sequentially generated, but they have
to cover the completed address space of the LUTs from 0 to 15 during testing. The data in the
CTRG LUTe are importent because o0 one hand, the combinations of data read from four
LUTs have to generate all addresses ranging from 0 to 15, and on the other hand. they have to

e memory test patterns in memory cells C1-C8, as shown in Table I. Fig. 9 clearly indicates

~

that outputs -4 and 5-8 of the LUTs arc configured according to patterns C1, C3. 05, ¢7
and C2. C4. €6, C8 in Table L. For example, if select lines ST -S4 and 85 58 of the MUXs
are set to “00107 and “0011,” then the addresses of LUTs -4 and _UTs 5-8 are als
indicated as “00107 and “001 1.7 respectively. Thus, the corresponding cell values 00107 an

1007 in Table 1 from C1, C3, C5. C7 and C2. C4, 6, C¥ can be captured at the LUTs
outpats. Finally, test pattern “001011007 can be generated when the DFFs are enabled. It
other words, the different addresses of the LUTs can be obtained by carefully changing thi
.,C'

ot Nines 81 -S4 and $5 of the MUXs. Then, the seres of test patterns cal

he sequentially captured when the DFFs are triggered at specific times. The ORA design 1
1 . + =t =
Fig. 5 also uses the existing CLBs in an FPGA. In Fig. 5, the two- input XOR gate and thre

input OR pate in the ORA are used to iesy the global interconnect npen and short fault:

respectively. Otherwise, the taults presented i the LUTs and leeal interconnects are detecte

ising the four-input parity checker. The logic dic of a simple parity checker |

,__
(N
[l

composed of 2 4-b XOR and a unit delay
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Fig .5.Schema of a BIST structure in a test block.

Significantly, the parity checker can be implemented with the internal logic gates an
a DFF of a CLB. Moreover, the P/F checker (functioning in the same way as a simple Ol

gate) in the ORA circuit is designed to generate a P/F signal to trigger the Tault pass cireuit &

o0

deliver the faults from the primarv -outputs of a BUT to the fault dictionary for tfaul



fault diagnosis if the following Boolean equation of an ORA is true:
P/F =0 _t=1 @ b0 t) il (bl ® b2 D b3 @ b4 @ bxor 4)11(b5 + b6 + b7) where

bi{i=0,1,2, ..., 7)are the primary outputs ol a BUT.A0 t—1 and b0 _t indicate the primary

input and output of the first bit of a BUT, respectively. Additionally, bxor 4 represents the

output of the parity checker.

6.2 FAULY DIAGNOSIS:

Fanlt dewection is an important step in guaranteeing the quality of the product.
Moreover, fault diagnosis is required, particularly if the manufacturer plans to enhance the
yield or if the user intends to tolerate the fauits. The target diagnosis in this paper is arrived at
by means of locating the faulty BUT and its corresponding fault type. In other words, the
SRAM-based FPGA is diagnosed here in two steps: 1) BUT diagnosis and 2) fault-type
diagnosis. In step 1),the faulty BUTs can be located by directly obsefving the output signals.
i.e., P/Fs, of ORAs. The fault-type diagnosis in step2) is performed by comparing the fauits
between the outputs of the faulty BUT szd the fault dictionary.

As shown in Fig.6, the 8-b signals from a faulty BUTI will be stored in register |
(RGSI1) when pass control circuit 1 (PCCi ) is enabled by a faulty signal 17 from ORA; .
Notably, all the faulty signals from BUTs in a specific TC can be simultancously delivered
Iand stored at their corresponding registers. Moreover, the registers arc secuentially triggered
by the timing cireuitry.in other words, the faulty signals from the registers will be transmitted

into the fauif dictionary in sequence to indicate the fault type.
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CHAPTER 7

SIMULATION RESULTS

7.1 Stuck-off fanlt in the local interconnects.




7.2 Stuck-on fault in the local interconnects.

Fizg.8. Simulation result of Stuck-on fault in the local interconnects.



Stuck-at-1 fault on a RAM cell in an LUT.

Fig.9. Simulation result of Stuck-at-1 fault on a RAM cell in an LUT.



7.4  Stuck-at-0 fault on a RAM cell in an LUT.

i

Fig.10. Simulation result of Stuck-at-0 fault on a RAM cell in an LUT.



7.5 Open fault in the global interconnect
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Fig.11. Simulation result of Open fault in the global interconnect.



7.6 Short fault in the global interconnect:
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Fig.12.Simulation result of short fault in the global interconnccet.



7.7 Proposed fault diagnosis:
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UCK AT ORERULT DET
TUCKAT OFF BAULT DETECTE

Fig .13. Simulation result of proposed fault diagnosis.
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CHAPTER 8
CONCLUSION:

A new BIST approach for fanlt detection and fault diagnosis of SRAM-based FPGAs
nas been proposed in this project. The proposed FPGA BIST structu~e has high fault
cm;emgg;c: on the modeled nterconnect and CLB faults. including short/open in wire channels,
stuck on/oft faults in PSs, and stuck-at-0/1 faults in LUTs. This proposed BIST structure

possesses the ability to simultancously detect and diagnose faults on both interconnect

resources and CLBs.
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