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THESISABSTRACT
BUILT-IN SELF-TEST OFGLOBAL ROUTING RESOURCES INVIRTEX-4 FPGAS

Jia Yao

Master of Science, August 10, 2009
(B.S. ShanDong University, 2006)

102 Types Pages

Directed by Charles E. Stroud

It is important to test programmable routregources in Field Programmable
Gate Arrays (FPGAs) because they take up the Hangedion of configuration
memory bits. In Virtex-4 FPGAs, routing resourcesaunt for over 80% of the
configuration memory. Built-In Self-Test (BIST) iadopted to test the routing
resources in FPGAs and overcomes issues residingremiously developed test
approaches.

The cross-coupled parity BIST approach has proweebetthe most effective
method for testing FPGA routing resource architestuwith high fault coverage.
BIST configurations are developed in this thesitesi global routing resources using
cross-coupled parity approach in Virtex-4 FPGAsufing on hex lines and long
lines. The total number of BIST configurations toX devices is 34. This number

increases to 42 for SX25 and SX35 devices and fo68X55 devices. Analysis and



evaluations of developed BIST configurations arevmgted as well. All BIST

configurations are downloaded and verified on L)@@ SX35 devices.
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CHAPTER 1

INTRODUCTION

Field Programmable Gate Arrays (FPGAs) are commoniged
reconfigurable devices that are becoming incre&sipgpular. FPGAs represent a
significant proportion of the IC market [1]. Appditons of FPGAs include a large
range of areas such as digital signal processimgpspace systems, speech
recognition and so on [1]. As the size and spedeéRgAs increase, along with their
advantages including short time to market, abitity reprogram and low cost
prototypes, they have become more competitive atidnsively used in many
applications.

Testing FPGAs has been brought into the spotlight tlzeir internal
complexity increases while the feature size deesashich may lead to decreasing
reliability of FPGAs. In order to achieve high patility of proper operation,
FPGAs need to be completely tested and determimgttffee before the intended
system function is configured [2]. However, therancbe defects during the
manufacturing process, and new faults can appeargdoperation of FPGAs. These

possible internal faults make the testing of FP@?#smningful and important.



1.1 Overview of Field Programmable Gate Arrays (FPGAS)

The ability to reprogram FPGAs makes them usefulajaplication to many
digital logic systems. FPGA architectural composerdre divided into two
constituents: logic resources and routing resouf8gsAs illustrated in Fig. 1.1, a
typical FPGA architecture consists of an array afifgurable logic blocks (CLBs),
programmable Input/Output blocks (I/OBs), speciates such as random access
memories (RAMSs), digital signal processors (DSR®)d programmable routing
resources which interconnect all the internal elsan FPGAs [2]. The logic
functions and the interconnections among the loggsources are determined by the
configuration bit stream that must be downloaddd the FPGA. This programming
data are stored in the configuration memory and eanfiguration bit controls the

state of a logic or routing element such as a tmésson gate or multiplexer [2].

CLBs

Special

1/0
\ blocks

Routing
resour ces

7

Figure 1.1 FPGA architecture



1.2 Overview of Programmable Routing Resources

Programmable routing resources take up the largesa in FPGAs and
account for 80% of the total configuration memoris j2]. Programmable routing
resources can be classified as local and globaiingpuesources. Local routing
resources are specific to a given CLB and usedmmect the CLB to global routing
resources or to adjacent CLBs. Global routing resesi interconnect all logic
resources in FPGAs [2][4][5]. Fig. 1.2 illustratesimplified view of programmable
routing resources.

Global routing resources consist of horizontal aedical wire segments of
varying length along with programmable interconrmmnts (PIPs) which are used to
connect or disconnect wire segments to create Isgaths through the FPGA [4][5].
The PIPs are controlled by configuration memorg,bés illustrated in Fig. 1.3(a).
The PIPs can be classified as three types: brewt-BiP, cross-point PIP, and
multiplexer PIP [4][5]. A break-point PIP, illustedd in Fig. 1.3 (b), can be activated
to form longer wire segments, either vertical omituntal. A cross-point PIP,
illustrated in Fig. 1.3 (c), makes it is possibtedonnect horizontal wire segments
with vertical wire segments. The multiplexer PlRustrated in Fig. 1.3 (d), is
directional and buffered. One of multiple inputsc@nected to a single output wire
by activating the appropriate configuration memadnit. Most recent FPGA

interconnect resources are primarily constructethfbuffered multiplexer PIPs [2].
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Figure 1.2 Programmable routing resources
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Figure 1.3 Basic PIP structures

In Xilinx Virtex-4 FPGAs, all wire segments are catted to switch boxes,
each of which is associated with a programmablécletement. There are many
multiplexer PIPs internal to the switch box whiobnoect the paths between logic

elements and global routing resources [6].



1.3 Overview of Built-In Sdf-Test

There have been many approaches developedapplied to test FPGAs
including external testing with automatic test @amuent (ATE), design for test (DFT)
techniques and Built-In Self-Test (BIST) [2]. BISi&s been proved to be a more
effective approach than other approaches. The praiciple of BIST is to build test
circuitry internal to a chip to test itself. BISB$ithe potential of being not only fast
and efficient but also economical of cost [7].

A basic BIST architecture requires three garst pattern generator (TPG),
circuit under test (CUT) and output response amal{@RA) [8], as illustrated in Fig.
1.4. The TPG generates test patterns which witl ttess CUT. The test patterns run
through the CUT into the ORA which analyzes thepatiresponse signals from the
CUT [8]. A pass/fall indication is given by the ORahich indicates if the CUT is

fault-free or faulty.

TPG

1L

CUTs

1L

ORA

Pass/Fail

v

Figure 1.4 Basic BIST architecture



1.4 BIST of FPGASs

In BIST of FPGAs, TPGs and ORAs are configuredrimdeto FPGAS using
existing FPGA logic and routing resources. Becaesery BIST element is
configured internal to the FPGAs and there are cdit@nal resources needed for
implementing BIST, the area overhead for BIST o5RRB can be regarded as 0% [4].

The BIST process consists of a series of test gordtions, where each
configuration follows the following steps: (1) canfring the FPGA to create BIST
structures for target resource, (2) applying BI®§t tpattern sequences, and (3)
analyzing output responses [2][4][9]. The compl&gst of target CUTs generally
requires a set of multiple test configurations, ahhis collectively referred to as a test
session. The BIST of the FPGAs requires multipt sessions to completely test all

logic and routing resources [2].

1.5 Overview of Prior Work In Testing FPGA Routing Resour ces

Testing the FPGA routing resources is an ngmb and potentially difficult
task. Wire segments and PIPs take up the largesbp#he total configuration bits
and faults are most likely to appear in routingorteses [2]. In addition to stuck-open
and stuck-closed PIPs faults, the fault modelsRER routing resources also include
wires stuck-at O or 1, shorted wires, and opensy4ég. Test patterns need to be able
to test all of these fault models. For exampleporider to test shorted wires, the
applied test patterns should not only check if gweire segment and PIP are able to

transmit both 0 and 1, but should also ensurelib#t (0,1) and (1,0) values can be



passed along every pair of adjacent wire segméiits [

Several approaches have been proposed to testigaasources in the FPGAs.
Before BIST was applied for testing routing resegtdesting was mainly dependent
on externally applied vectors [10]-[13]. The fiBiST-based approach for FPGA
interconnects was developed in [4], and it providednplete test of interconnect
faults in both global and local routing resourcHse strategy was to construct a set of
CLBs into TPGs and ORAs and two groups of wiresaenrtiest (WUTs) which receive
identical test pattern signals, as exemplified ig. E.5. The outputs of WUTs were
then compared by the ORA. The implementation in @RXT series FPGAs was
described and the experiment results were offered[4]. Using a similar
comparison-based BIST structure, a BIST-based d&gn approach for
programmable interconnect resources in FPGAs fitreeion-line or off-line was
latter proposed [5]. This diagnostic approach ik db detect, locate and indentify

single and multiple faults on the routing resources

TPG

WuUT WUuT

Pass/Fail

v

ORA

Figure 1.5 Basic routing BI ST structure



The first parity-based routing BIST approacds proposed in [14]. The TPG
consists of aM-bit binary counter and aN-bit parity generator. The ORA consists of
an N-bit parity generator and check circuit. The pabised approach overcomes the
potential problem of the comparison-based appraaethich equivalent faults in two
sets of WUTs which feed into the same ORA wouldpsdaetection.

A modified parity-based approach was proposed b b test the routing
resources in Atmel AT94K FPGAs. The TPG is confeglias a 2-bit up-counter with
even parity or a 2-bit down-counter with odd parithis BIST approach is able to
detect stuck-at faults, bridging faults and openswire segments, along with
stuck-open faults in PIPs [15].

The parity-based BIST approach was furthevelbged in [16] where a
cross-coupled parity approach was proposed fomXiVirtex-4 FPGAs. A 2-bit
up-counter and a 2-bit down-counter are configuasdlPGs. The next state of the
most significant bit of each counter is used asaaty bit. The parity bits are
cross-coupled to the ORAs receiving count valuesnfrthe other counter. This
cross-coupled parity approach ensures that anysfaffiecting one of the counters
will be detected. Both cellular automata registeAR) approach and cross-coupled
parity approach were examined and compared in Hi@] [17]. However, the

cross-coupled parity approach was determined thdbest for Virtex-4 FPGAs [17].



1.6 Thesis Statement

This thesis presents the implementation & ¢hoss-coupled parity BIST
approach for testing global routing resources ifinXi Virtex-4 FPGAs. The
structures, actual implementations as well as Spe@IST configurations are
presented. The remainder of this thesis is orgdnaefollows: Chapter 2 presents
details about Virtex-4 FPGA architectures, prograahla routing resources, and prior
work in routing BIST. In Chapter 3, the cross-caapparity approach is described in
detail as well as its implementation in the BISThiogurations developed to test
specific routing resources in Virtex-4 FPGAs. Exmpental results obtained from
implementing routing BIST configurations and evdiloas on routing BIST
configurations are provided in Chapter 4. Finalljaapter 5 presents a summary and

conclusion of the thesis, along with suggestiomgufture work.



CHAPTER 2

BACKGROUND

This chapter provides background information the Virtex-4 FPGA
architecture, primarily focusing on the programmeabbuting resources. A brief
overview of the architecture of some logic resosydrcluding configurable logic
blocks (CLBs), block random access memories (RAME) digital signal processors
(DSPs) will also be given. More background knowlkeddpout BIST is presented in

this chapter, as well as an overview of prior wiorkouting BIST.

2.1Virtex-4 FPGA Architectures

Xilinx Virtex-4 FPGAs comprise various configble logic elements and
embedded cores. The basic logic elements for VidtePGAs are CLBs which
provide combinatorial and synchronous logic capigbilThe embedded cores
include: block RAMs, DSPs and Input/Output block$Bs) which provide the
interface between internal configurable logic artémal resources [18].

Virtex-4 FPGAs contain three families: LX, SX anX.FAmong the three
families, Virtex-4 LX FPGAs offer largest number 6LBs for logic applications,
Virtex-4 SX FPGAs are optimized for digital sigmabcessing applications and FX
FPGAs include embedded PowerPC cores (PPCs) wlanhsapport embedded

system functionality and embedded platform appbeet [18][19]. All elements are

10



arranged in a column-based architecture and thébarsrof all types of elements are

summarized in Table 2.1.

Table 2.1 Virtex-4 family devices

V4 CLBs Block DSPs I/OBs PPCs| Total
Devices RAMs Rows
Total | Cols| Total | Cols | Total | Cols | Total | Cols
LX15 1536 | 24 48 3 32 1 320 2 N/A 64
LX25 2688 | 28 72 3 48 1 448 2 N/A 96
LX40 4608 | 36 96 3 64 1 640 2 N/A 128
LX60 6656 | 52| 160 5 64 1 640 2 N/A 128
LX80 8960 | 56| 200 5 80 1 768 2 N/A 160
LX100 | 12288| 64 | 240 5 96 1 960 2 N/A 192
LX160 | 16896/ 88 | 288 6 96 1 960 2 N/A 192
LX200 | 22272| 116 | 336 6 96 1 96( 2 N/A 192
SX25 2560| 40| 128 8 128 4 320 2 N/A 64
SX35 3840| 40| 192 8 192 4 448 2 N/A 96
SX35 6144| 48| 320 100 512 8 640 2 NIA 128
FX12 1536| 24 36 3 32 1 320 2 1 64
FX20 2304 | 36 68 5 32 1 320 2 1 64
FX40 4224 | 44| 144 7 48 1 448 Y, 2 96
FX60 6656 | 52| 232 8 128 2 576 2 Y, 128
FX100 | 10880 68 | 376 10| 160 2 768 2 2 160
FX140 | 16128 84 | 552 12| 192 2 896 2 2 19p

CLBs are the basic logic components for imm@ating both combinatorial
and sequential logic. Each Virtex-4 FPGA CLB cotssif four slices, as illustrated in
Fig. 2.1. Each slice contains two flip-flops, tweirgut look-up tables (LUTSs),
multiplexers and fast carry logic [18]. The VirtdxCLB has two separate carry
chains, as shown in Fig. 2.1. The carry chainsupmard and can be used to cascade
the whole column of CLBs. A simplified structurelddlf of a slice is illustrated in Fig.

2.2.

11
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D oe———— Carry chains

Outputs

Virtex-4 FPGAs include a large number of 18Klbck RAMs. Each block

RAM consists of two independent access ports wiata can be written or read.

Virtex-4 block RAMs can function as either dualfpor single-port RAMs [18].

Block RAMs are arranged in columns in Virtex-4 FPGANd the total number of

block RAMs is dependent on the family and size iffiecent devices, as listed in

Table 2.1.
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DSPs are included for implementing digitgnsil processing algorithms [18].
There are two DSP slices per tile and all tilesaranged into vertical columns. The
number of DSPs as well as the number of DSP coluwang according to different
families and sizes, as listed in Table 2.1.

Virtex-4 FPGA FX devices contain one or twowerPC processor cores,
depending on the size of the chip [18]. For VirteX=X12 device, there is one
PowerPC core which is located in the left parthedf thip and takes up an area of 9
cols X 24 rows, including 7 columns of CLBs and 2 colunaisblock RAMs.
PowerPC cores block the normal propagation of etiical and horizontal routing

resources.

2.2Virtex-4 Programmable Routing Resour ces

Programmable routing resources account for over 80Pothe total
configuration memory bits in Virtex-4 FPGAs [2].dgrammable routing resources,
along with the switch box which resides with evéogic resource, make up the
programmable interconnect network. Routing resauiomnsist of wire segments and
programmable interconnect points (PIPs).

Programmable routing resources are classified eal lmuting resources or
global routing resources. Local routing resouredsrrto the wire segments and PIPs
which bring the signals associated with logic reses into and out of the switch box
and those dedicated routing resources which coredjeicent logic resources. For
example, the carry chains in Fig. 2.1 existing werg CLB are considered as local

13



routing resources. Global routing resources intanect switch boxes associated with
the logic resources [2][4][5].

Global routing resources in Virtex-4 FPGAs basicaticlude three types of
wire segments: double lines, hex lines and longslifiL7], as illustrated in Fig. 2.3.
Double and hex lines are referred to by the nurobswitch boxes they span. Double
lines span two switch boxes and hex lines spaswitch boxes. Double and hex lines
are directional, where a given wire segment prof@sga one of four directions: north,
south, east or west. For each double and hex wgeent, there are BEG, MID and
END terminals [17]. The BEG terminal is locatedtire switch box where the wire
segment begins, the MID terminal resides in thedteidwitch box along the wire
segment, and END terminal refers to the termina¢netthe wire segment ends, as
shown in Fig. 2.3. The BEG terminals only providehs out of switch boxes while
MID and END terminals only provide paths that faatb switch boxes. For each
switch box, there are 10 double wire segments dt agel0 hex wire segments
associated with each terminal type (BEG, MID andDiEbr each direction. In this
way, there are 40 BEG terminals, 40 MID terminald 40 END terminals for double
lines and hex lines in each switchbox for a tofe240 double and hex line terminals
[17]. Terminal names follow certain rules: the ffitetter (N/S/W/E) indicates the
signal propagation direction of the wire segmetnte tfollowing number (2/6)
represents double line or hex line; next comes ethcharacters referring to
BEG/MID/END terminal, and the last number rangesrfrO through 9 with respect to

the wire segment number. For example, the BEG teahain a north double line wire
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segment 9 is named as N2BEGY9; the END terminalgalnwvest hex line wire
segment 2 is referred to as W6END2.

Long lines have terminals every six switch boxed pass by a total of 24
switch boxes [17], as shown in Fig. 2.3. Amongfikie terminals along its span, the
two end terminals can source signals onto longslgiace they provide paths into or
out of switch boxes. The other three terminals @aly be used as inputs since they
only offer connections fed into switch boxes. Lolirges are bi-directional since
signals can be sourced from either end of the ségment. There are only 10 long
line terminals associated with each switch box.ittortal long line terminals are
named as LHO, LH6, LH12, LH18 and LH24, where LHOdaLH24 are the
bi-directional terminals. Similarly, LVO, LV6, LV12V18 and LV24 are the vertical

long line terminals, where LVO and LV24 are thedbictional terminals.
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Figure 2.3 Virtex-4 global routing resources: double, hex and long lines

Each switch box consists of 3,312 PIPs. A PIPtisuasistor switch which can
be programmed to be activated or deactivated [@@jen a PIP is activated, the wire
segments that are controlled by the PIP are coededthe switch box acts as a
connection matrix between local routing resouraas$ global routing resources. The
switch box offers thousands of possible paths aamch epath consists of internal
multiplexer PIPs. In addition to CLBs, there iswitsh box residing in non-CLB
components such as I/OBs, DSPs and block RAMs.each CLB and non-CLB
component, all terminals of global and local rogtiesources are tied to a switch box.
Therefore, any signal sourced from or fed into ¢hesibedded components must be

passed through the switch box.
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A screen image from FPGA Editor, shown in Fig. #ldstrates detailed CLB
switch box connections in Virtex-4 FPGAs. The foight-hand rectangles represent
the four slices and the left-hand rectangle remtssthe switch box. The horizontal
wire segments between the switch box and fourssliae well as their associated wire
segments internal to the switch box are referrembttmcal routing resources, while all
other wire segments are global routing resourdé® terminals associated with

double, hex, and long lines are labeled in Fig. 2.4

N6BE S ; .
\ M Slices .
N2BE \ 9 B
V& .
A '<\ Y
N
/ N , ///,
. // \\ e -/
N6MI / NP7
-, / >// /\\\_
N2M | /. PR -
S6BE NS b
' | omE w2/eMID&  E:
E2/6MID0-4 5 Pt
_ i L L ocal routing—» D

Figure 2.4 CLB switch box structurein FPGA Editor

When the routing resources arrive at the eadgehe array, internal loopback
connections can be activated to turn the routintp dhe routing resources of the
opposite direction. Take north double line wirersegt O for instance, at the top edge
of the array, a loopback connection is activatetuta the routing onto south double
line wire segment 0. Loopback connections are albkalat the four edges of FPGA:

top, bottom, left and right.
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2.3 Built-In Self-Test

BIST is a design for test (DFT) technique that doe$ require external
devices [8]. Test generation and test applicatisn accomplished through built-in
hardware features. BIST has the potential of béasg and efficient since all of its
elements are built into the hardware [7].

In general, BIST includes a test pattern gener@I®G), circuit under test
(CUT) and an output response analyzer (ORA). BIBduitry can be classified into
centralized and distributed architectures, astited in Fig. 2.5 and Fig. 2.6 [8]. In
centralized BIST architectures, all CUTs are dribbgra shared TPG and CUT outputs
are routed through a multiplexer into the ORA. Thisucture leads to more test
sessions since one test session is needed for @&Ah In distributed BIST
architectures, each CUT is driven by its own TP@ has its own ORA. In this way,

all CUT outputs can be tested in the same testose[y.

CuT

A 4

TPG CuT

|

ORA

A 4

A 4

CuT

Figure 2.5 Centralized BI ST architecture
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TPG » CUT » ORA

TPG » CUT » ORA

TPG » CUT » ORA

Figure 2.6 Distributed BIST architecture

In general, test patterns can be classified inte following types:
deterministic test patterns, algorithmic test patie exhaustive test patterns,
pseudo-exhaustive test patterns, random test psttpseudo-random test patterns,
and weighted pseudo-random test patterns [7][8$t patterns generated by TPGs
pass through CUTs and converge at ORAs, where Quipputs will be examined.
TPG implementations could be counters, FSMs, RONh vgtored test patterns,
cellular automata registers (CARs) and linear fee#shift registers (LFSRs) [7] [8].
Different types of TPGs may result in varying factiverage in a certain amount of
test time, depending on the CUT and the ORA used.

CUT output responses are examined in ORAs several ways.
Comparison-based ORAs use comparators to detect naisynatches between
identical CUTs. The basic comparison-based ORAcsira is illustrated in Fig. 2.7.
Other ORA implementations also include concentstocounting techniques,
signature analysis, accumulators and parity cheduitry [8]. Concentrators are
valuable in reducing the total number of outputthef CUT that are monitored during
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test. Counting techniques can be implemented astioguthe number of 1s or Os or
counting toggles in output responses. Signaturdysisauses an LFSR to obtain a
signature to determine if the CUT is fault or fafuéte. Accumulators are often used
for checksum circuits where the final sum provittesspass/fail indication [8].

CUT i output 1

CUT | outp@ . Lh

CUT i output n
CUT j output n ;i:

Figure 2.7 Comparison-based ORA structure

2.4 Routing BIST

It's important to make sure that routing resourass fault-free because they
are often assumed to be fault-free when testingratbsources in FPGAs [2][4][5].
Only a small portion of the routing resources can umder test in a given test
configuration. Due to the large number of wire segta and PIPs, the total number of
test configurations required to completely test ralliting resources is large [2].
Routing BIST generally consists of groups of logisources which are configured as
TPGs and ORAs as well as targeted routing resowoeer test, including wire

segments and PIPs, which form the wires undeY&siTs).
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2.4.1 Routing BI ST Fault Models

Fault models are used to emulate faults teaie to evaluate the effectiveness
of a set of test patterns or a TPG. They are reduw accurately reflect any possible
behavior of manufacturing defects or faults in ategn during operation. In general,
the fault models used in routing BIST include wistisck-at O or 1, shorted wires and
open wires, as well as stuck-open and stuck-cl@$ed [4]. PIP fault models are also
included since any faults affecting PIPs can makes v8egments connected or
disconnected. Detection of stuck-at PIP faults alstects the stuck-at faults in
configuration memory bits which control PIPs.

Open wires and shorted wires can result fowar-etching or under-etching
problems during the fabrication process [8]. Operesvprevent signal propagation
beyond the open point. Faults on shorted wiresefegred to as bridging faults. The
probability of bridging faults between any two wisegments depends on actual
physical layout information [8]. Bridging faultseamore likely to occur between two
wire segments which have larger area of adjacendyshorter distance between each
other [8].

In order to detect shorted wires, test vectors)(@rid (1,0) both should be
applied at the inputs while monitoring both WUTgha outputsOpen wire faults can
be detected via applying both 0 and 1 to one eral wire and monitoring the other
end of the wire segment. This method also detéatkpen faults for any activated
PIPs along the WUTSs. Stuck-closed PIP faults canddiected by applying opposite
logic values at the ends of wire segments connebte@ deactivated PIP while
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monitoring both sides of the PIP since a stuckexddBIP will produce the same effect

as a bridging fault [4].

2.4.2 PreviousWork In Routing BIST

Several approaches have been proposed toot#stg resources in FPGAs.
Routing tests were mainly dependent on externajplied test patterns and
monitored devices before BIST was introduced to AP@uting resources [10]-[13],
[21]. Externally applied test vectors are only plolesat wafer and device level test.
On the other hand, routing BIST approaches fatlitdl levels of testing since the

whole test circuitry is implemented using FPGA intd programmable resources.

2.4.2.1 Comparison-Based BI ST Approach

The first BIST approach was developed for FPGArgudenect in [4], as
shown in Fig. 2.8. This approach was proposed amdemented in ORCA 2C series
FPGAs. The methodology is to configure two group&€bBs into TPGs and ORAs,
respectively, and configure two sets of wire segsand PIPs as WUTs. The two sets
of WUTSs are driven by a single counter-based TP&thae WUT output responses are
compared by the ORA. As shown in Fig. 2.8, thedsbihies represent WUTs, while
the dashed lines represent some logic elementg dlen WUTs since WUTs may
consist of multiple global and local wire segmefitse black solid circles represent

PIPs along the WUTs which are activated to connéet segments.
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Comparison-based ORAs, as shown in Fig. &&,used in this strategy. An
ORA compares the output responses from a pair off'8YUheir output responses
should be exactly the same if no faults exist sithey are driven by a single TPG.
Otherwise, any faults affecting any set of WUTs| Wi detected by the ORA. Fault
escape will not happen unless identical faults ntauwo sets of WUTs at the same
time. The possibility of fault escape can be redulog comparing one set of WUTs
with two other sets of WUTs [4]. In this BIST sttuee, the CLBs which are
configured as TPGs and ORAs are assumed to beffaaltlt was assumed that faults
only happen along the WUTSs.

The same off-line routing BIST approach waterl used in [22] and first
development for interconnect faults diagnosis wesp@sed in [23], by defining

interconnect fault equivalence.

WUTS
_———— r -} _———— @
TPG ORA
~— - ® l
WUTS

Figure 2.8 Basic BI ST structurefor FPGA interconnects

2.4.2.2 Roving STARsApproach

Roving STARs (Self-Testing Areas) was first progbder on-line FPGA
testing and diagnosis in [24]. It was later introeld to both on-line and off-line

testing of FPGA routing resources in [5]. The ravBTARS structure is illustrated in
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Fig. 2.9. The grey area represents the logic ressuwhich are configured into a
horizontal STAR and a vertical STAR. The other squareas represent the logic
resources for system applications. Roving STARsrmapemented using spare logic
resources. After the current STARs complete théstdbe STARS rove to a new
location. By periodically roving STARS, every porti of FPGA resources will be

eventually tested [5].

ilal

Figure 2.9 Roving STARs structure

Roving STARs was extended to off-line testing ih. [Because there is no
system operation executed during off-line testihg, entire FPGA can be configured
into horizontal or vertical STARS to test all hanal or vertical routing resources, as
shown in Fig. 2.10. Multiple horizontal STARs runparallel to reduce test time and
test sessions [5]. After a horizontal STARs tess&m is completed, the entire FPGA
will be configured into vertical STARS to test vedl routing resources.

Compared to the off-line BIST approach in [4], therallel STARs approach
improved diagnostic resolution [5]. The BIST apmiogroposed in [4] could only

deduce information on possible types of intercohf@alts but could not determine
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the location of the faults. On the other hand, B#8T approach introduced in [5]
could provide higher diagnostic resolution becaigepossible fault location can be

narrowed down to the area of a STAR [5].

T (@)
T (@)
T (@)
T (@)
T (@)

Figure 2.10 Off-line H-STARs testing

2.4.2.3 Parity-Based BIST Approach

A BIST scheme using error coding control was preposor Xilinx 4000
series FPGAs in [14], as shown in Fig. 2.11. Thethod is the first parity-based
routing BIST approach. The TPG implementation idNawit counter which applies an
exhaustive set of'2test vectors. The TPG also provides the parityfdsithe count
values and the parity bit is sent to the ORA, labels WUTs_Parity. As shown in Fig.
2.11, the ORA includes a parity generator whichsed to generate another parity bit
from the binary values at the destination end efWUTSs, labeled as PG_Parity. Both
parity bits feed into a comparator where any mismat the two parity bits indicates
a fault in WUTs. The ORA then latches up any misies and produces a pass/fail

signal after all test vectors are applied.
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This parity-based BIST approach is capable of dietgcall single andm
multiple faults, wherel<m<N [14]. The parity-based BIST approach has some
advantages over the comparison-based BIST apprédaehmajor advantages are the
support of an odd number of WUTs and the fact tiatWUTs are easier to route [2].
However, there are some important issues assoaiatiedhis approach. It is assumed
that the parity bit is transmitted on fault-freaiting resources [14]. In addition, any
fault that inhibits the count sequence may escagiection if the parity remains
correct.

This approach was later adopted and modified fané\tAT94K FPGAS in
[15], as illustrated in Fig. 2.12. The TPG is cgafied as a 2-bit up-counter with even
parity or a 2-bit down-counter with odd parity. Tharity bits are considered as
WUTs. And the TPGs drive multiple ORAs to increts® number of WUTSs. The test
patterns produced by combining the count-up TPGauht-down TPG ensures the
detection of stuck-at faults on wires, open wined ahorted wires since (0,1) and (1,0)
can be provided on any possible pair of the WU3sseeens in Table 2.2. This method
is able to detect not only stuck-open PIPs but sisok-closed PIPs since both types

of TPGs are used on opposite sides of a deactivatedto apply opposite logic

values.
. Comparator
Gepr?ggtor PG_Parity
WUTs| ! > |
PG N | J)) >o | Latch joass/Fa
| WUTs_Parity Y i
| ORA !

Figure 2.11 Parity-based BI ST structure
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) DFF
WUTs

Figure 2.12 Modified parity-based BI ST structure

2.4.2.4 Cross-Coupled Parity Appraoch

A cross-coupled parity approach was proposed foteX44 FPGA routing
resources in [16]. As illustrated in Fig. 2.13,-bBiRup-counter initialized to all Os and
a 2-bit down-counter initialized to all 1s are usedthe TPGs. The next state of the
most significant bit of each counter is used agtimety bit and is cross-coupled to the
ORAs with respect to the count values. Each ORAswcb®m of a 3-bit
exclusive-OR/exclusive-NOR gate for even/odd padheck, an OR gate, and a
flip-flop.

In the original parity-based BIST approach, a fafiécting the counter may
escape detection when the parity remains correaus problem can be solved by
reading the current state of the counter as welkthaes ORA results via partial
configuration memory readback [16]. However, thesskcoupled parity approach
makes it unnecessary to examine counter statestd®g-coupling the parity bits, any
fault that affects one of the counters will be detd by ORAs. The test patterns are

summarized in Table 2.2. As illustrated in thiséalest vectors (0,1) and (1,0) can be
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formed from any pair of bits of the six bits of thest patterns which ensures the
detection of shorted wires. Any one of test padgmroduces both 0 and 1 logic values

which ensures the detection of open wire faultsRIR$ stuck-open faults.

Count-down TPG | WUTs : Even parity ORA
N E E
D 1 Cdl |
g : Cdo N Pass/Fail
> Pevel ) S
> E |
Count-up TPG Odd parity ORA
~ | Podd !
5 cul 1) Pass/Fail
! CuC b, S
> ] |

Figure 2.13 Cross-coupled parity approach structure

Table 2.2 Cross-coupled parity test patterns
Cul CUO Peven Cdl Cdo Podd
0 1 1 1

R, OO

ROk |O

1 1 0 0
1 0 1 0
0 0 0 1
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Analysis of the cross-coupled parity approach vegiin [16] and [17]. Due to
the large number of routing resources, routing B&éhs at maximizing the number
of WUTs in any given test configuration [2]. Theoss-coupled parity approach
supports a larger number of WUTs since the TPGQ@IRA feedback connections can
be considered as WUTSs [16]. Comparison betweersarospled parity approach and
other commonly used BIST approaches such as LF&siar automata registers
(CARs) as well as the previously discussed comparend parity approaches was
given in [16] and [17]. The cross-coupled paritygach was found to be the most
effective in the terms of fault coverage, the numlioé WUTs and practical
implementation. The cross-coupled parity approaak implemented for double lines

in Virtex-4 FPGAs in [17].

2.5 Thesis Satement

TheCross-coupled parity BIST approach has been impiéedefor double
lines in Virtex-4 FPGAs and proved to be the besthod for testing Virtex-4 FPGAS
routing resources [16][17T his thesis aims at implementing the cross-couphaity
approach in the routing BIST for hex and long limeXilinx Virtex-4 FPGAs. BIST
of hex lines and long lines in Virtex-4 FPGAs wile described in the subsequent
chapters. The description of how the cross-coupgbedity BIST approach is
implemented for hex and long lines in Virtex-4 FPGWill be presented in Chapter 3

and the implementation results will be given in Qiea 4.
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CHAPTER 3

CROSS-COUPLED PARITY ROUTING BIST APPROACH IN VIRTEX-4

The cross-coupled parity routing BIST is ierpented to test the hex lines and
long lines in Virtex-4 LX and SX FPGAs. The detdilest architecture is presented in
this chapter. The BIST of CLB column hex lines regented in this order: north,
south, west and east, followed by the BIST of nawB€olumn hex lines in north and

south directions. Long lines BIST is presentecatdnd of this chapter.

3.1 Hex LinesBIST

Virtex-4 FPGAs hex lines can be classified into Ce@umn hex lines and
non-CLB column hex lines. Hex lines propagate infalr directions: north, south,
east and west. For CLB column hex lines BIST ifalr directions, TPGs and ORAs
are configured in every CLB column. As for non-CtBlumn north and south hex
lines BIST, for each non-CLB column, only its nédigh CLB column which is three
columns to the left or right will be used for impienting TPGs and ORAs. Non-CLB
column west and east hex lines do not have spdesicconfigurations since they are
tested during CLB column hex lines BIST as wellnasm-CLB column north and

south hex lines BIST.
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3.1.1 CLB Column North and South Hex Lines BIST

The structure of a CLB column north hex lisepresented in Fig. 3.1. As

shown in this figure, every hex line has one so@t8 through BEG terminal and

two destination CLBs via terminals MID and END. TIBEG terminal offers

connections coming out of the CLB while MID and EX#minals provide paths fed

into the CLB.

BEG
MID
END

A 4

BEG
MID
END

BEG
MID
END

BEG
MID
END

A 4

BEG
MID
END

BEG
MID
END

BEG
MID
END

CLB i+6

CLBi+5

CLBi+4

CLB i+3

CLB i+2

CLBi+1

CLBi

Figure 3.1 North CLB column hex line structure
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The TPG and ORA structures for hex lines BIST #usstrated in Fig. 3.2.
There are two types of TPGs, labeled as Te andTéois configured as a 2-bit
up-counter initialized to all 0s, generating evamity, and To is configured as a 2-bit
down-counter initialized to all 1s, generating quidity. Two types of ORAs are used
as well, labeled as Oe and Oo. The Oe ORA checksvien parity on the counter-bits
from To (Cd1, CdO) as well as the parity bit from (Peven). The Oo ORA checks for

the even parity on the counter-bits from Te (CuaQ)Calong with the parity bit from

To (Podd).
fe:;c;ck To Podd Oe
0
—\
D
Peve
S e | &dl | Pass/Fail
feedback >
_I>C Cdc
>
TPG Te Oo
feedbac Peven
:D Cul
Pod
> Rl e Pass/Fail
feedback >
_I>O CuC
>

Figure 3.2 Cross-coupled parity TPG and ORA architectures
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For any hex line which is sourced from any giverBGlboth types of TPGs
are configured in CLB, and both types of ORAs are configured in G&B and CLB
i+6, with each TPG driving two ORASs, as illustratedrig. 3.3. In every CLB, slice 2
and slice 3 are configured as the TPGs; slice Osioel 1 are configured as the ORAs.
The solid lines represent the test patterns sent ffe and the dashed lines represent
the test patterns from To. The black lines repregentest patterns which are sourced
from CLB i while the blue lines represent the test patterngtwhre sourced from
CLB i+1, as illustrated in Fig. 3.3.

Four counter bits and two parity bits comprise lsiixtest patterns. They are
routed onto six north hex lines via BEG terminalshe switch box in CLB, and fed
into their respective ORAs via MID terminals in thwitch box in CLBi+3 and END
terminals in the switch box in CLB-6. The parity bit, obtained from the next state of
the most significant bits of each counter, is cromspled to the ORAs along with the
counter bits generated from the other counter.féadback paths in the TPGs as well
as the six hex lines under test are considered @$svgo that there are 18 WUTSs in
total in this cross-coupled parity BIST architeet{t6].

One point to note is that the wire segments whrehsaurced from the same
slice in adjacent CLBs are adjacent to each otheorder to avoid the same signal
passing through adjacent wire segments, the lowataf Te and To alternate in

adjacent CLBs. Accordingly, the locations of Oe &ulalternate in adjacent CLBs.
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Figure 3.3 North CLB column hex line BIST architecture



Loopbacks are used at the top edges of the arregrooite the WUTSs in the
opposite direction using south hex lines. Fig. resents the routing BIST
architecture at the edges of the array. The swiesIrepresent north hex lines and the
dashed lines represent south hex lines. As illtesddran Fig. 3.4, the WUTs are
sourced from CLBi-3 and reach the top edge of the array. Loopbaoksused to
route the WUTSs onto the south hex lines and prajgaigaopposite direction. In CLB
i-2, south hex line END-to-BEG connections are aquried to make the WUTs
propagate to the bottom edge of the array. Thesghsbex line END-to-BEG
connections are also used in the remaining CLBsgatbe way down to the bottom
edge of the array. At the bottom edge of the arfag,routing is turned back onto
north hex lines via loopbacks. Finally, the WUTeddnto the ORAs via north hex
line terminals, thereby completing the test architee. Therefore, all BEG, MID and

END terminals are tested along with their assodiagx lines.
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Loopback E
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Figure 3.4 North CLB column hex lines BI ST loopbacks implementation

There are only six WUTSs, but ten hex lineechéo be tested. At least two
configurations are required to test the completeo$den hex lines. However, the
number of BIST configurations for north CLB colurhex lines is four since MID
terminals and END terminals are tested in sepamatéigurations. This results from
the limited connections in the switch box between hne terminals and the LUTs

which are due to the limited supply of availabl@®®khssociated with hex lines. For
36



example, north hex line wire segment 2 MID and EMminals (N6MID2 and
N6END?2) both have to pass through switch box cotime®©MUX4 into the LUTSs.
In order to avoid conflict, MID and END terminaleed to be tested separately.

The four BIST configurations are summarized in €BI1. In the table, the
first column shows which wire segment is under. t€ee BEG column shows which
of the six test signals is connected to the BE@Gitals, as well as the PIPs required
to complete the connection, shown in the third gwiuThe MID column represents
which LUT input in slice 1 is connected to the Mi&minal, along with the required
PIPs shown in the next column. The END column dredfollowing column follow
the same principle. The four BIST configuration® assigned as follows: wire
segments 3 through 8 along with their MID terminalise tested in the first
configuration, while their END terminals are tesiadthe third configuration; wire
segments 0 through 3 as well as 8 and 9 are testib@ second configuration along
with their MID terminals, while their END terminalare tested in the fourth
configuration. The MID and END terminals of wiregseents 3 and 8 are connected
to different LUT inputs in different configuration§he configuration number is
indicated by labeling®] 2", 39, and 4 in the last four columns. For example, MID
terminal of wire segment 3 is connected to LUT inp8-1 via connection N6MID3
-> E2BEG3 -> F3-1 in the first configuration. Itéennected to LUT input G4-1 via
connection N6MID3 -> E2BEG3 -> BYP_INT_BOUNCE4 ->YB_BOUNCE4 ->

G4-1 in the second configuration.

37



Table 3.1 CLB column north hex line BIST configurations

Wire| BEG | PIP | MID PIP END| PIP

0 Y2 | OMUX | F3-1 W2BEGO -> G2-0 S2BEGO ->

(Peven) 0 BYP_INT_BOUNCE2 BYP_INT_BOUNCEOQ
-> BYP_BOUNCE2 -> BYP_BOUNCEO

1 X2 F4-1 G4-0 N2BEG1
(Cd0)

2 | YQ2 |omux | G3-1 W2BEG?2 F2-0 E2BEG2 ->
(Cul) 4 N2MID2 ->

BYP_INT_BOUNCE®6
-> BYP_BOUNCE®6
BYP_INT_BOUNCE5
-> BYP_BOUNCES5

3 X3 F3-1 E2BEG3(f) G3-0 N2BEG3
(Cu0) (1% E2BEG3 -> (3% (3%and &)
G4-1| BYP_INT_BOUNCE4| F3-0
(2) | ->BYP_BOUNCE4 | (4")
(")

4 X2 G3-1 W2BEG4 F3-0 N2BEG4 ->
(Cdo) BOUNCE1
5 Y2 G2-1 F2-0 N2BEG5
(Peven)
6 | YQ2 | OMUX | F2-1 W2BEG6 G2-0 S2BEG6
(Cul) 9
7 | YQ3 | OMUX | G1-1 W2BEG7 -> F4-0 E2BEG7 ->
(Cd1) 11 N2MID7 BYP_INT_BOUNCE1
-> BYP_BOUNCE1
8 Y3 F1-1 E2BEGS -> G1-0 W2BEGS
(Podd) (1% N2MID8 (3% (3%and 4"
G1-1 (1**and 29 F1-0
(an) (4th)
9 YQ3 | OMUX | F1-1 W2BEG9 -> G1-0 E2BEGY
(Cd1) 15 N2MID9

The BIST architecture for the south CLB column Hiees is similar to that
for north CLB column hex lines except for the resegt signal flow direction. The test
signals are routed onto south hex lines via BE@Gitals from the TPGs in CLB

and via MID and END terminals into respective ORASCLB i-3 and CLBi-6.
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Loopbacks are used at the bottom edge of the &oragroute the WUTs from south
hex lines onto north hex lines and as well at the edge of the array to turn the
routing back to south hex lines. North hex line ENEBEG connections are
configured in every CLB. In a similar way, all BEKJD and END terminals as well
as associated south hex lines are completely tefiear test configurations are

required to test the ten south CLB column hex lines

3.1.2West and East Hex Lines BIST

In west and east CLB column hex lines BIST, the-@&B columns must be
taken into account, as shown in the west hex IBKSI example in Fig. 3.5. The
non-CLB column is highlighted in gray. There aresthstrategies when a non-CLB
column locates within the span of the hex linesaunrtdst. As illustrated in Fig. 3.5(a),
in a normal situation, the non-CLB column does mdluence the normal BIST
structure. The test signals are routed onto thd tes lines via the BEG terminals
and terminate at the CLBs, which are three coluammd six columns to the west,
respectively, via MID and END terminals into thewspective ORAs. For the
situation illustrated in Fig. 3.5 (b), the MID temal connects to a non-CLB column;
the test signals sourced through BEG terminals iietedthe ORAs via END terminal
along the west hex line under test. The MID terhalang the west hex line will be
tested by the BIST configurations for north/soutm+€CLB column hex lines, which
will be discussed later in this chapter. Fig. X} i{lustrates the situation when the
END terminal connects to a non-CLB column. The EAIdl BEG terminals in the
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switch box of the non-CLB column are connected @asspon the test pattern to the
next ORAs.

Fig. 3.6 illustrates the usage of loopbacks in GdBimn west hex lines BIST.
At the western edge of the array, the test sigasdsrouted onto east hex lines via
loopbacks and propagate in the east direction. li&astine END-to-BEG connections
are formed to pass the test signals to the eastige of the array. When reaching the
eastern edge of the array, the routing is route# bato west hex lines via loopbacks
and complete the connections from the MID, END iaais to the ORAs, therefore
completing the test architecture. The solid linegresent west hex lines and dashed
lines represent east hex lines.

Colj-6 Colj-5 Colj-4 Colj-3 Colj-2 Colj-1 Colj

END MID BEG
A A
(a)
A
END MID BEG
(b)

A T A
West hex line

END MID MID BEG

END-to-BEG

connection

(c)
Figure 3.5 West CLB column hex lines BIST
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C | BEG L

.............. ’
Loopbacks East hex line East hex line
END-to-BEG END-to-BEG
connectios connectiois

Figure 3.6 L oopbacksimplementation in west hex lines BI ST

The TPG and ORA structures used in west astl leex lines BIST are the
same as illustrated in Fig. 3.2. Slice 2 and sicaae configured as the ORAs while
slice 0 and slice 1 are configured as the TPGs.affamgements of Te and To, as well
as Oe and Oo, alternate in adjacent columns irr ¢od@void the same signal passing
through adjacent lines. Four configurations arededeto completely test of all ten
west hex lines. The four configurations for CLB woh west hex lines are
summarized in Table 3.2. Wire segments 2 througlu$ 9 MID terminals and END
terminals, which are highlighted in gray, are tdsterring the first and the third test
configurations, respectively, while wire segmenti®ugh 2 plus 7 through 9 MID
terminals and END terminals are tested during teeosd and the fourth test
configurations, respectively. As for wire segmeatasnd 9, since their MID terminals
are tested in the first and the second configunataind their END terminals are tested
in the third and the fourth configurations, the LUWAputs and the PIPs used in

different configurations are distinguished by lahgh®, 2", 39 and 4.
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Table 3.2 CLB column west hex line BIST configurations

Wire| BEG PIP | MID PIP END PIP
0 YO G1-2 S2BEGO F1-3 N2BEG1
(Peven)
1 Y1 OMUX | F1-2 N2BEG1 G1-3 S2BEG2
(Podd) 2
2 YQO | OMUX | F1-2 S2BEG2(%) G2-3 N2BEG3
(Cul) 4 (2% S2BEG2 -> (3% (3%and 4")

G3-2| BYP_INT_BO-> | F2-3
(2™ BYP_BOUNCEO | (4™

(2")
3 YO F2-2 N2BEG3 G1-3 S2BEG4 ->
(Peven) BOUNCEO
4 Y1 G1-2 S2BEG4 -> F1-3 E2BEG4 ->
(Podd) BOUNCEO BOUNCE2 ->
BYP_INT_B1->
BYP_BOUNCE1
5 X1 F3-2 N2BEG5 G3-3 S2BEG6
(Cu0)
6 X0 G2-2 S2BEG6 -> F3-3 W2BEG6
(Cdo) BYP_INT_B1 ->
BYP_BOUNCE1 ->
BYP_INT_B2 ->
BYP_BOUNCE2
7 X1 G4-2 N2BEG7 F4-3 E2BEG7 ->

BYP_INT_B3 ->
BYP_BOUNCE3
8 X0 G3-3 W2BEGS ->
BYP_INT_B5 ->
BYP_BOUNCE5
9 YQ1l | OMUX | G3-2 N2BEG9 -> F4-3 E2BEG9
(Cd1) 15 (2% BYP_INT B5-> | (39 (3%and 4"
F4-2 | BYP_BOUNCE5(®) | G4-3
(2" N2BEG5 (29 (4"

The east hex lines are tested similar to the wegtlimes, where non-CLB
columns also get involved. At the eastern edgdefarray, the test signals are routed

onto west hex lines using loopback connectionswshim Fig. 3.7. The test signals
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are passed through west hex lines to the westeya efdthe array by connecting the
END and BEG terminals. The routing loops back tst é&x lines and feed into the
ORAs via MID and END terminals. The solid lines negent east hex lines and the
dashed lines represent west hex lines in Fig. Thé.east hex lines BIST also require

four test configurations to test all ten lines.

I Loopbackg
L BEG | |
4 ________________ ] e o e e o e e e o e e e e e e e e e o I e e e e e e e e e >
WEST hex line WEST hex line
END-to-BEG END-to-BEG
connection connection

Figure 3.7 L oopbacks implementation in east hex lines BI ST

3.1.3Non-CLB Column Hex Lines BIST
The primary difference between CLB column northu(ed hex lines BIST

and non-CLB column north (south) hex lines BISThat the nearby CLB columns
are used to implement the TPGs and ORAs when ¢estin-CLB column hex lines.
However, the number of BIST configurations for MobB column hex lines varies
due to the different architectures of different ides. BIST for LX devices is
presented first, followed by SX devices. MID andEMrminals are tested separately
due to the limited connections internal to the slwibox, as discussed in CLB column
hex lines BIST. However, additional limitations accince double and hex lines in
west and east directions are all used to completdest for non-CLB column north

and south hex lines. For example, some wire segteemtinals (like W2BEG9 or
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E2BEG1) which were originally used to connect WWiith TPGs/ORAs in switch
boxes can not be used in order to avoid conflicts.

Fig. 3.8 illustrates the BIST architecture fmn-CLB column north hex line
MID terminals. The columns highlighted in gray repent non-CLB columns while
the other columns in white represent CLB columredu®r implementing TPGs and
ORAs. As illustrated in Fig. 3.8, for a given nobEcolumnj, CLB columnj+3 is
configured into TPGs and ORAs. The TPGs are locatedCLB column j+3
(according to the Virtex-4 LX FPGA architecturelwuon j+3 is a CLB column if
columnj is a non-CLB column). The test signals are rowetb west hex lines via
BEG terminals and turned onto non-CLB north hexdirvia W6MID-to-N6BEG
connections. When reaching the MID terminals aloagh hex lines, the test signals
are rerouted onto east hex lines via N6MID-to-E6Bte@nections and feed into their
ORAs via east hex line MID terminals. At the eastedge of the chip, CLB column
n-3 is used for the non-CLB columm which is the rightmost column on the chip.
The test signals are routed onto east hex lindseteonnected to the WUTSs, then
turned onto west hex lines and fed into the ORAse Folid lines represent the
non-CLB column north hex lines and the dashed Irepsesent the east and west hex

lines.
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<
<

E6MID W6MID
N6MID-to-E6BEG N6MID-to-W6BEG
connection connection
W6MID-to-N6BEG E6MID-to-N6BEG
WG6BEG E6GBEC
Non-CLB CLB Column CLB Column Non-CLB
Columnj j+3 n-3 Columnn

Figure 3.8 BIST architecturefor non-CL B column north hex lineMID terminals

Fig. 3.9 illustrates the BIST architecture fmn-CLB column north hex line
END terminals. It is similar to that for MID ternafs except that N6END-to-W6BEG
and N6END-to-E6BEG connections are used to contmectWUTs with TPGs and
ORAs, respectively. One point to note is that serogh hex line END terminals do
not connect to either west or east hex lines. Resd wire segments, their END
terminals are routed onto east and west doubles,liva N6END-to-E2BEG and
N6END-to-W2BEG connections, as illustrated in RBgL0. The dashed lines in Fig.
3.9 and Fig. 3.10 represent west and east hex @amnalallines used for connecting the
WUTs with TPGs/ORAs. The solid lines represent @ column hex lines under

test.
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E6MID W6MID '
NGEND-to-E6BEG N6END-to-W6BEG
connection connection
W6MID-to-N6BEG E6MID-to-N6BEG
connection connection
W6BEC E6BEG
Non-CLB CLB Column  CLB Column Non-CLB
Columnj j+3 n-3 Column n

Figure 3.9 BIST architecture for non-CL B column north hex line END terminals

E2END-to-E2BEG

connection N6END-to-W6BEG

R T :ll-------nl connection
! A AN \ 4

N6END-to-E2BEG | | !

connection W2END-t0-W2BEG

connection
Figure 3.10 BIST architecturefor non-CLB column
north hex END ter minals(cont.)
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Fig. 3.11 illustrates the loopbacks at thgesdof the array in the BIST for
non-CLB column MID terminals. The loopback struetus similar to that of CLB
column north hex lines. The loopbacks at the togeeof the array make the WUTSs,
shown as the solid lines, route onto non-CLB colwoath hex lines, shown as the
dashed lines. The END and BEG terminals are cordeict pass the test patterns to
the bottom edge of the array through south hessliiiée test patterns are then routed
back onto non-CLB column north hex lines via theploacks at the bottom edge of
the array. The similar structure is applied to EMPminals based on the BIST

structure shown in Fig. 3.9.
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Turn to
south hex lines

W6MID-to-N6BEG
connection

W6BEG
I
____»\
>
Fo--- 3
v
[ ]
[ ]
[ ]
e
- E2MID
5 [ v
: / E6MID
: jN6MID-to-EBBEG
| r connection
v

\ Turn to

north hex lines

Figure 3.11 L oopbacksin the BIST for non-CL B north hex line MID terminals

The BIST structure illustrated above only works ¥intex-4 LX devices since
the number of CLB columns between two closest nbB-Columns is equal to or

larger than four, as illustrated in Fig. 3.12 @&)r SX devices, BIST architecture and
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the total number of configurations change since@bB columns appear every third
column or every fifth column, as shown in Fig. 3(b3. This structure prevents the
BIST architecture on a portion of the non-CLB cohsmand requires alterations
which lead to a large increase in the number offBi@nfigurations.

In SX devices, for any non-CLB columjn if columnj+3 orj-3 is a CLB
column, BIST architectures can be implementedlastihted in Fig. 3.8 and Fig. 3.9.
Only the four DSP columns can not follow the BISThatecture and therefore require
additional configurations. The BIST architecture fioose DSP columns is illustrated
in Fig. 3.13. The east and west hex lines END teafsiare used to connect the ORAs
and TPGs instead of the MID terminals. The numib@I8T configurations for north

hex non-CLB lines increases to 8 in SX25/35 devimed increases to 20 in SX55

devices.
O=1/0 Cdlls
X=DCMs& 1/0
(a) LX60
o< =< = B o < o = B
(b) SX55

Figure3.12 Virtex-4 L X and SX column structures
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N6MID-to-W6BEG
W6END connection

v \k*

EGBEC EG6END-to-N6BEG
connection

Figure3.13 The BIST architecture of additional configurationsfor SX devices

The BIST architecture for non-CLB column dobex lines is the same except
for the reversed signal flow direction. In additidinere is no need to set up additional
test configurations for non-CLB column east andtvwex lines since their BEG and
END terminals are tested during the BIST for east west CLB column hex lines

and their MID terminals are tested during the BISiT non-CLB column north and

south hex lines.

3.2LongLinesBIST

Long lines span 24 CLBs with five terminals alortg span. Long lines
propagate horizontally and vertically. There anee fhorizontal long lines and five
vertical long lines associated with each switch;kitvereby there are ten long line
terminals connected to each switch box. Among itreeterminals along the long line,
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the three terminals in the middle can only be usednputs into the switch boxes
while the two end terminals can be used as bothtsnpnd outputs. The horizontal
and vertical long lines structures are shown in Big4. Long lines are regarded as

bi-directional since the two end terminals serveath input and output terminals.

PR L\VO CLBi+24
[ ]
[ ]
[ ]

> LV6 CLBi+18
[ ]
[ ]
[ ]

> V12 CLBi+12
[ )
[ )
[ )

> V18 CLBi+6
[ )
[ )
[ )

«—» Lv24 CLBi

(a) Vertical long lines

Coli Coli+6 Coli+12 Coli+18 Coli+24

LH24 |*®°| LH18 |[**°* LH12 |**°*| LH6 |**°*| LHO

A A A A A

(b) Horizontal long lines

Figure3.14 Long line structures

51



3.2.1CLB Column Vertical Long LinesBIST

Since there are five long lines tied to each dwiiox, there are five long line
terminals, LVO, LV6, LV12, LV18 and LV24, associdteiith each switch box. As for
each switch box, the TPG signal is sourced frormitetl L\V24 onto the long line for
the north direction, and from terminal LVO onto tlbeg line for the south direction.
For the north direction, the other four long liredeng with the terminals, LVO, LV6,
LV12, and LV18, are observed by ORAs. For the salitbction, the other four long
lines along with the terminals, LV6, LV12, LV18 ahW24, are observed by ORAs.
Accordingly, the TPG structure is changed into hit3dp-counter or down-counter
with even parity and the ORA structure is altere@xamine four inputs and latch up
any parity errors, as illustrated in Fig. 3.15. [Edd®G requires two slices and each
ORA requires one full slice. The test pattern segas are summarized in Table 3.3.
The parity bits from the up-counter TPGs and dowunter TPGs are not
cross-coupled into the ORAs since both TPGs prodwan parity bits. However,
since each TPG only sources one of the four teastrpa, any fault affecting a given
TPG will produce failures in all four ORAs the TRiEves. By examining the four

ORAs, the faulty TPG will be detected.
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Pass ORA
IFail Even
parity

! G LUT|
Peven --—------ |
Cu0-3 :
Cdts 1 TR,
LSS~ | Peven
Li___G_ LUT
IR £ ey
: Cu?2
| ___FlLUTI E
I ~~——_  ~_ ~ |
1 |
! Cul
L __GLUT' &
- .-~ |
| [: ! Cu0
L FLUT' B
Tcu

Figure3.15 Long line BIST TPG and ORA structures

The long line BIST architecture for the nodinection is illustrated in Fig.

out count values.
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LS~ | Peven
|£ _GLuT,
RS pap—
|
W Cd2
T _FLUT E
l~~——_ - - |
1 |
! Cdi
L __GLUT! B
| I 1
I D | Cdo
| __FuuT' B
Tcd

3.16. For each CLB, one TPG and one ORA are corddyuaking up three full slices
in total. Each TPG drives four ORAs and the TP@\wadry sixth CLB sends out one
of the test patterns, including Peven, Cu0/CdO0,/Cd1, or Cu2/Cd2. In addition,
every set of adjacent six CLBs is configured todseuat the same set of test patterns.
As illustrated in Fig. 3.16, CLBthroughi+5 all send out the parity signal while these
six CLBs are configured into alternating count-upGs and count-down TPGs. In
this way, the bridging faults on adjacent lines bantested because the even parity
bits of the two types of TPGs produce oppositedagilues, as can be seen in Table

3.3. The same situation happens to the adjacents@ildch are configured to send



TATAI
I.
'-J:--:-—— Peven [ Tcd
Br== oe Oe
M= :
i : CLB1+24 CLBI+S Table3.3LonglinesBIST
Ar cuz Teu test pattern sequence
r.;____g O CLgei+4 TPG count-up|[TPG countdowr]
i | CLB+18 - even parity (Tcugven parity (Tcd)
: : 5 CU2CU1CU|PeyefCd2Cd1CdPeve
I cul =53 [0 o0ofol111
rizg Oe TCL'J 00 1|11 1 0] 0
[ CLB i+12 Oo 01 0|11 O0 1| O
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L T cuo SEns |0 1 1010 01
e o o0 | i ToTe o
li{] CLBi+6 Oe
i ClB+l |1 1 0]loflo o0 1] 1
iPeven Teu 11 1(1|]0 0 0] O
b Oe Oe
!r CLBI CLB |
i

Fig 3.16 CLB column north long line BIST architecture

The BIST architecture for CLB column north dphnes is illustrated in Fig.
3.17 (a). The dashed lines used in Fig. 3.17 (@esent the hex lines, the dotted lines
represent the double lines and the solid linesesspit the WUTs. Due to the
limitation of the connections between long linenerals and the LUTs, north double
and hex lines are used to connect the WUTSs to TPI&AS. The TPG is configured in
CLB i-2 instead of CLB, the test signals pass through north double lareksthen
turn to long lines through terminal LV24 becausemieal LV24 does not have
connections from the LUTs. Since there are no patbgided in the switch box from
terminals LV18, LV12, LV6 and LVO into the LUTSs,dbe terminals are connected to

north hex lines and then fed into the ORAs whiahlacated at CLB+12, CLBi+18,

54



CLB i+24 and CLBIi+30. Each long line terminal is connected to spediex line
wire segments, as shown in Table 3.4. This tabiestiates how the long line
terminals are routed into the ORAs as well as #egltback connections in the TPGs
and ORAs. For example, terminal LVO is routed omboth hex line wire segment 1
and fed into the LUTs in slice 0 through the F2uinpia wire segment connections
N6END1, N6BEG1 and N2BEG1

At the edges of the array, loopbacks are used exalihes as well as double
lines to route the test signals to the oppositeeediythe array. In Fig. 3.17 (b),
loopbacks are used at the top edge of the arrayhenigst signals turn onto south hex
lines to the bottom edge of the array. The ORAtéaminal LVO is placed at the
bottom of the array. The dotted lines used in Bi@j7 (b) represent the north hex lines,
the solid lines represent north long lines undst #nd the dashed lines represent
south hex lines. The BIST architecture for CLB ecotusouth long lines is arranged in
the same way as the north long lines. Both northsamuth directions require one test

configuration.
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N6BEG3
Lvi2

--P» N6END1

N6BEG1

LV18

Lv24
N2END8

L N2BEGS

(@)

CLB i+3C
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IS S AV
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Figure3.17 CLB column north long line BIST architecture (cont.)
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Table 3.4 North CLB column long line BIST configurations

Sart PIPs End
XQ2(CU0/CDO)/ OMUXS
YQ2(CUL/CDL)/ N2BEGS-> Lv24
XQ3(CU2/CD2)/ NPENDS
Y3(Peven)
N6END1 ->
LV18 N6BEG1 -> F4-0
N2BEG1
. N6END3 ->
"T(;rr‘?n'l‘r:;f LV12 N6BEG3 -> F3-0
E2BEG3
N6END7 ->
LV6 N6BEG7 -> F2-0
E2BEG7
N6END4 ->
N6BEG4 ->
VO S2BEG4 -> F1-0
BOUNCE3
F2-2 OMUX6
G2-2 OMUX6
XQ2
F2-3 OMUX6
P G23 OMUX6
eedback G1-2 OMUX2
YQ2 F1-3 OMUX2
G13 OMUX2
Y03 F4-3 OMUX13
G4-3 OMUX13
oRA X0 G1-0
Feedback YQO G4-0 OMUXO ->
S2BEGO

3.2.2 Horizontal Long LinesBIST

According to long line architectures, the BIST ieplentation for CLB
column west and east long lines is illustratedign B.18. The TPG and ORA designs
remain the same as illustrated in Fig. 3.15. Assitlated in Fig. 3.18, each TPG drives

four ORAs. For the west long lines which sourcarfr€LB i, the TPG have to be
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located at CLH+2 since terminal LHO is not connected to LUT irgoutherefore, the
TPG is located in CLB+2 and west double lines, shown as dotted lindsgn3.18,
are used to route the TPG to terminal LHO. The ORrssconfigured at CLB-12,
i-18, i-24 andi-30 due to the lack of connections between LH teafsi and LUT
inputs. The dashed lines represent the west hes lused to route the long line
terminals into the ORAs. The WUTs are representethb solid lines. For example,
west hex lines are used to route test patternsGiés since LH terminals are only
connected to hex line BEG terminals. An example safch connections,
LH6-to-W6BEGO connection, is shown in Fig. 3.18. d¢imilar way, there are

LH12-to-W6BEG4 connection, LH18-to-W6BEG6 connenfidH24-to-W6BEGS8

connection.
CLB i-3C CLB i-24 CLB i-18 CLB i-12 CLB i-6 CLB i CLB i+2
ORA4 ORA3 ORAZ2 ORA1 TPC
LH24 LH18 LH}<
f A A A A A A AV
I [ I

Tt LH6-to-W6BEGO W2END2-to-LHO
connection connection

Figure 3.18 BI ST implementation for CL B column west long lines

Three test configurations are needed to test ak Veag lines. For any CLB
columni, terminal LHO is tested if columr+2 is a CLB column, terminal LH6 is
tested if column-12 is a CLB column, and LH12 through LH24 areddsf columns
i-18,i-24,1-30 are CLB columns, respectively. The long linesrsed from a CLB

column will be tested in the first configuratiororFany non-CLB columm, the long
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lines sourced from columinwill be tested in the second configuration. Ifoohi is a
CLB column while columni+2 is a non-CLB column, the long lines sourced from
columni will be tested in the third configuration. In thertl configuration, TPGs are
configured in column+4. The terminals which are not tested in the fast the

second configurations are also tested in the ttordiguration.

3.2.3 Non-CL B Column Vertical Long LinesBIST

For non-CLB column north and south long lines Bl&djacent CLB columns
are used for implementing TPG and ORA, as illusttah Fig. 3.19. TPG signals are
sent from the TPG located in CLiBn adjacent CLB columj+ 1 and routed onto the
WUTs via double line wire segment 8. In non-CLBwuohj, W2MIDS8 is connected
to terminal LV24 to pass TPG signals onto the WWNerth hex line terminals are
then connected to long lines terminals. Four OR&scanfigured in CLB+12,i+18,
i+24 andi+30, respectively. The loopbacks are the same @setfor CLB column
long lines. In Fig.3.19, the dotted, dashed, aridl $oes stand for east (west) double
lines, long lines and north hex lines under testpectively.

The BIST architecture for non-CLB column long lingganges slightly when
it comes to the non-CLB column at the eastern exdge chip. As illustrated in Fig.
3.20, for the non-CLB column at the right edge ch#, the adjacent CLB column is
used to implement TPGs and ORAs. Ci-Bis configured as TPGs, and CLB42,
i+18,1+24 andi+30 are configured as ORAs. TPG signals are seanthoough north

double lines, connected to east double lines aed thuted onto long lines through
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terminal LV24. When reaching terminal LV18, tesjreils propagate onto north hex

lines, arriving at CLB+12 where north hex lines are connected to weshlddines

to feed test signals into ORAs in CLB columns. ™utted, dashed and solid lines

stand for double lines (east, west and north), mbex lines and north long lines

under test, respectively.

[N6BEG1

» LV18

Lv24

connectiol

A LV12-to-N6BEG3

Switch bx

i+12

Switch box

i+6

Swtch box
i

# wamips

Nonr-CLB columnj

E2MID1

N6END1-to-E2BEG1
connection

W2BEGS8

CLBi+12

CLBi

CLB columnj +1

Figure 3.19 BI ST architecturefor non-CLB column north long lines
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N2MID7
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AA LV12-to-N6BEG3
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CLB i+12 N Switch box
+ »
LBi+12 — ] .
....................... . N6END1-to-W2BEG1
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i N6BEG1 .
v Switch box
| - .+
d LV18 +6
v
_ E2MID7 Switch box
CLBi LV24 i
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Non-CLB column

Figure 3.20 BI ST architecture for non-CLB column long lines at the eastern edge
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3.3 BIST Configuration Summary

The number of BIST configurations is summarizedable 3.5. The BIST for
CLB column hex lines in all four directions requr&6 configurations in total, four
configurations for each direction. The number o§Blconfigurations for non-CLB
column hex lines vary among different devices doedifferent arrangements of
non-CLB columns. Two configurations are required@.B column north and south
long lines, as well as for non-CLB column north awdith long lines. As for CLB
column east and west long lines, each requires tboafigurations since non-CLB

columns are involved.

Table 3.5 BIST configuration summary

Routing Direction Total
Resource N|S|W|E Configs
CLB hex lines 4( 4 4| 4 16
LX 4 | 4 8
Non-CLB column hex lines | SX25/35| 8| 8 16
SX55 20| 20 40
CLB long lines 11 1| 3 3 8
Non-CLB column long lines y 1 2
LX=34
Total BIST Configurations SX25/35=42
SX55=66
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CHAPTER 4

VIRTEX-4 ROUTING BIST IMPLEMENTATION RESULTS

The actual implementation screen images from thiexXdesign tool--FPGA
editor for BIST configurations are given in thisagiter The implementation results of
the cross-coupled parity approach for Virtex-4 FPE#syPath parts are presented,
focusing on CLB column hex and long lines as weglhan-CLB column hex and long
lines. This is followed by evaluations of the rogtiBIST implementations, including

timing analysis and memory usage.

4.1 Virtex-4 FPGAs Routing BI ST Implementation Results

Detailed Virtex-4 FPGAs routing BIST architectures for hexdalong lines
have been described in Chapter 3. By presentingtive implementation images of
routing BIST configurations from FPGA Editor, Vige routing BIST
implementation results are illustrated. All the Ierypentation results illustrated are

based on a Virtex-4 FPGA LX60 device.
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4.1.1 CLB Column North and South Hex Lines BI ST

For each CLB column north and south hex lihe, MID terminal and the
END terminal are tested in separate BIST configonat Fig. 4.1 illustrates the
implementation of BIST for CLB column north hexdirMID terminals. Internal to
each CLB, slices 2 and 3 are configured as the Tdfdsslice 1 is configured as the
ORAs. Fig. 4.2 illustrates the BIST implementation CLB column north hex lines
END terminals. Internal to each CLB, slices 2 anakr@ configured as the TPGs and
slice O is configured as the ORAs. For the loopbamknections used at the top edge
of array for north hex lines, Fig. 4.3 illustratie® actual implementation in Virtex-4

FPGAs.
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Figure 4.1 BIST for CLB column north hex line MID terminal.
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Figure 4.2 BIST for CLB column north hex line END terminal.
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L oopbacks

<
<

Figure 4.3 Loopback connectionsfor CLB column north hex line.

The BIST architecture for CLB column southx Himes is similar to that for
CLB column north hex lines except for the reverseghal flow direction. An
illustration of the BIST structure for CLB colummwh hex line MID terminal is

given in Fig. 4.4.
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Figure 4.4 BIST for CLB column south hex lineMID terminal.

4.1.2 West and East Hex Lines BIST

The main difference between north, south hex lares west, east hex lines is
the involvement of non-CLB columns. Fig. 4.5 ilizges the implementation of the
strategies for bypassing non-CLB columns by diyectbnnecting END and BEG
terminals in non-CLB column switch boxes. Fig 4thws an example of loopback
connections at the left edges of the chip for vaest lines. Fig 4.7 shows an example

of loopback connections at the right edges of tiip for east hex lines. The arrows in
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Fig. 4.6 (c) and Fig. 4.7 (c) indicate the signahfdirection of loopback connections.

END-to-BEG Connectionsin non-CL B columns

AR BT BT NE
L

il

Figure 4.5 END-to-BEG connectionsin non-CL B column switch boxes

.

\.Q "

P A | A
h BEG

East hex line >

Loopbacks END-t0-BEG
connectio
(a) BIST structure
] i 1] | RIN ] i i | 1] 1 | i
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<M Hi - i Tt i ]

<

o

oopbacks }
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- p4o-pEGE

| . T o
| I k! ! 11—

(c) Actual implementation of (a)

Figure 4.6 Examples of loopback connection implementations for west hex lines.
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(c) Detailed loopback connections

Figure 4.6 Examples of loopback connection implementations for west hex lines.
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BEG P
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(a) BIST structure with loopback connections
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(b) Actual implementation of (a)

<
<

(c) Detailed loopback connections

Figure 4.7 Example of loopback connection implementationsfor east hex lines

70



4.1.3Non-CLB Column Hex LinesBIST

The primary difference between CLB column hex lii#ST and non-CLB
column hex lines BIST is that neighboring CLB cohsrare used to implement TPGs
and ORAs when testing non-CLB column hex lines. dptcfor the right most
non-CLB column which uses the CLB column three cula to the left, other
non-CLB columns use the CLB column three columnthéoright. Fig. 4.8 illustrates
the BIST structure and the actual implementatioagen The arrows in Fig. 4.8 (b)

indicate the signal flow direction.

' v A :
E6MID WEMID
N6MID-to-E6BEG N6MID-to-W6BEG
connection connection
W6BEG E6BEC

_L oéi‘; oRA. I_ : ix“

L

TPG ’l TPG!
: . i_

(b) Actual implementation of (a)

N —

[1

Figure 4.8 BIST implementation for non-CL B column hex lines (north)
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4.1.4 CLB Column North and South Long Lines BIST

Fig. 4.9 and Fig. 4.10 illustrate the BISiusture for CLB column north long
lines. Fig. 4.9 (a) shows that the TPG is firstrogsted to a north double line and then
routed onto a long line; Fig. 4.9 (b) shows thetirmufrom north hex lines to the
ORAs. Fig. 4.10 shows the loopback connectiond@ttdop edge of array, including
double lines and hex lines. Both double and heasliare used for connecting the

targeted long lines under test with TPGs and ORAs.
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from doubledineonto long lin

4

=

(a) Connections from TPG to double line and turtotg line

Figure 4.9 BIST structurefor CLB column north long lines
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(b) Connections from hex line into the ORA

Figure 4.9 BIST structurefor CLB column north long lines

Hex line loopbacks

A / Double line loopbacks

Figure 4.10 Doubleline and hex line loopback connections
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4.1.5 CLB Column West and East Long LinesBIST

For CLB column west long lines BIST, TPGs and WWe&gd to be connected

via west double lines; WUTs are routed into ORA8 wiest hex lines. For CLB

column east long lines BIST, east double lineseast hex lines are used. This is due

to the limited connections between horizontal Iting terminals and LUTs. Fig. 4.11

illustrates the usage of west double and hex im&gest long lines BIST.

| | [
1l Long lines || LM | L1

\ \ el

Turn from deuble I West l '
linestolong lines doublé€ line

Il —3

P
I L
(a) Connections between TPGs and WUTSs via westlddines

Turn from hex lines

/ into ORAsS

W

Turn from long lines
to hex/lines

Hex lines

s

gl

nalin

T T
(b) Connections between WUTs and ORAs via westlines

Figure4.11 BIST structurefor CLB column west long lines
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4.1.6 Non-CL B Column North and South Long Lines BIST

Non-CLB column long line BIST needs to impkmh TPGs and ORAS in
adjacent CLB columns. The rightmost non-CLB colunses the CLB column which
is one column to the left; and all other non-CLBuoons use the CLB columns which
are one column to the right. Test signals are batdo east or west double lines, and

turned to long lines, as illustrated in Fig. 4.82. (The routing turns from long lines

onto west (or east) double lines and feed intdR&s, as illustrated in Fig. 4.12 (b).

IO M

/ ! TPGs
W douEeIin&s %]
=i
1L S ——==

\
|
(a) West double lines are used between TPGs and WUTs

Figure4.12 BI ST structurefor non-CLB north long lines
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(b) East double lines are used between WUTs and<ORA

Figure4.12 BIST structurefor non-CLB north long lines

4.2 Experimental Resultson Virtex-4 FPGA EasyPath Parts

Virtex-4 FPGA EasyPath parts are devices witlsting faults which failed
Xilinx manufacturing tests before going to the nedrkAll developed routing BIST
configurations were executed on Virtex-4 FPGA EaslgAParts, including nine LX60
devices and four SX35 devices.

The routing BIST results are listed in Table 4.1d amable 4.2. All
configurations are listed in the table column sw#aegs with pass or fail indication
in table entries for all EasyPath parts. The lelrandicates that the configurations
passed on specific EasyPath parts. The letter iEates$ that the configurations failed
on specific EasyPath parts. As shown in Table #d ®able 4.2, all routing BIST
configurations passed on nine LX60 EasyPath p&®s1 through EP-9) and three

SX35 EasyPath parts (EP-15, EP-17 and EP-19), whéeg failed on one SX35

1



EasyPath part (EP-16). In other words, the ORAscaidd failures in each routing

BIST configuration on the EP-16 chip.
Table 4.1 Routing BIST resultson L X60 EasyPath parts
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Table 4.2 Routing BIST results on SX35 EasyPath parts

Based on BIST diagnosis, the possible faxdations were narrowed down to
row one on the left half of the array. For examplee BIST results from the
configurations for CLB column north hex lines shaWat ORA failures appear at row
four as well as row 7 on the left half of the agayhese ORA failures indicate that

the faults reside in row one on the left half of #rray. The same diagnosis results
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were achieved on other BIST configurations. Furtbeperiments showed that the
configuration memory write circuitry was faulty. &Haulty circuitry wrote logic 1s
into bits 22, 23 and 24 of all frames in row onghia left half of the array, resulting in

multiple stuck-closed PIPs, which is consistentwiite failing BIST results.

4.3 Virtex-4 Routing BIST Analysis
Analysis of Virtex-4 FPGA routing BIST configuratis is given in terms of

timing analysis and memory resource usage forgagconfiguration.

4.3.1 Timing Analysis

Timing analysis was performed on all developedinguBIST configurations
on a Virtex-4 FPGA LX60 device. The maximum BISDak frequency for each
configuration is recorded in Table 4.3. The routBI& T configuration for non-CLB
column south long line has the lowest maximum Bt®Ek frequency.

For all Virtex-4 FPGA LX and SX devices, thember of rows is larger than
the number of columns. This makes the maximum cliveguency of the BIST
configurations for vertical hex and long lines lowtghan that of the BIST
configurations for horizontal hex and long lines jlustrated in Table 4.3. In addition,
compared to hex line BIST architectures, long IBEST architectures are more
complex and consume more routing resources. Edlyeaimn-CLB column long
lines BIST consume the most routing resources sadcktional connections between

each non-CLB column and its neighbor CLB column aesded. Therefore, the
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configurations for non-CLB column long lines resitthe lowest maximum BIST

clock frequency.

Table 4.3 Maximum BIST clock frequency for routing BIST configurations
on L X60 device
Max frequency (MHZ2)
130.993
133.351
132.608
130.907
130.617
126.056
133.565
129.333
151.08
155.4
158.003
155.521
151.24
158.755
158.655
159.084
121.183
120.322
123.885
123.993
121.699
120.788
123.732
124.673
67.412
66.494
97.79
95.776
95.429
65.945
64.375

North

South

CLB Cal
Hex
Line

West
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North

Non-CLB Col
Hex Line
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North
South

LongLine

West

Non-CLB Col | North
LongLine | South
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Further timing analysis was done on the BIST camfigjon for non-CLB
column south long line. The maximum BIST clock freqcy for each LX and SX
device is summarized in Table 4.4. Since LX100, 6X%and LX200 devices have the
same number of rows, which is the largest numbesngrrall LX and SX devices,
they have the same lowest maximum clock frequemyilustrated in Table 4.4 and

Fig. 4.13.
Table 4.4 Maximum BIST clock frequency on L X and SX devices

Device | Max frequency (MH2z)
LX15 103.125
LX25 79.271
L X40 64.375
L X60 64.375
L X80 54.195
L X100 46.792
L X160 46.792
L X200 46.792
SX25 103.125
SX35 79.271
SX55 64.375

MHz
120

100 A

&0 A

€0 A

40 -

20 A

Ix15 %25 [x40 [x50 [x80  Ix100 Ix160 Ix200  sx25 sx35 sx55

Fig 4.13 Maximum BI ST clock frequency on L X and SX devices (Cont.)
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4.3.2 Memory Resour ce Usage for Partial Configurations

For vertical hex and long lines, each colugwregarded as a BIST unit and the
BIST implementation is repetitive among columns: korizontal hex and long lines,
each row is regarded as a BIST unit and the BISJlementation is repetitive among
rows. Therefore, it is the most efficient to gemer@ompressed routing BIST
configuration bit files due to the repetitivene$85T application.

An even more efficient way is to generate pogased partial configuration bit
files. By generating partial configuration bit Blememory usage can be saved due to
the similarity between routing BIST configuratiorBased on an initial download
compressed full configuration bit file, each of #est of the BIST configuration bit
files is generated, including only the configurativame differences between itself
and the reference configuration. Take CLB columr liree BIST configurations for
example; all CLBs are configured into TPGs and ORAke only differences
between different configurations are the configoraimemory bits controlling LUT
functions and WUTs, which account for a smallertipor of overall configuration
memory bits. As illustrated in Table 4.5, the refese configuration is the first
configuration for CLB column north hex lines. Theler of download files should be
in the same order as listed in Table 4.5 (fromttipeto the bottom). Xilinx design tool
BITGEN.EXE is used to generate all partial confagions, and all partial
configurations should operate correctly in thedralli of them are downloaded in the
correct order. However, the third configurationGifB column north hex lines failed

to operate correctly. This is due to some issuedTIGEN.EXE: partial configuration
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generation does not work correctly when there are rmany changes on routing
resources involved.

Table 4.5 lists the comparison on memory esagween full configuration bit
files and compressed full configuration bit fildsased on LX60 device. 83.3%
memory usage is saved by generating compressedduafiguration bit files. The
comparison on memory usage between compresseddufiguration bit files and
compressed partial configuration bit files is alsoluded, based on LX60 device.

45% memory usage is saved by generating compressedl configuration bit files.
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Table 4.5 Memory usage for routing BIST configurations on L X60 device

Full Compressed full Comprgssed
. , . . . partial

C(.)nf!gurat'l on conf!gurat'lon bit configuration

bit files (bits) files (bits) bit files (bits)

1| 17717632 2653248 2653248

. [2] 17717632 2653248 1603424

North =3 17717632 2666304 1603424

4| 17717632 2653248 1603424

1| 17717632 2654880 1683040

couth |2 17717632 2653248 1454144

3| 17717632 2666304 1683040

CLB Col 4| 17717632 2666304 1522176

Iji; 1| 17717632 2744640 1808704

2| 17717632 2731584 1464128

West T 17717632 2826816 1731648

4| 17717632 2839872 1606976

1| 17717632 2744640 1795648

2| 17717632 2744640 1464128

Bast T 17717632 2817600 1788992

4| 17717632 2839872 1606976

1| 17717632 3029472 2201824

North |2 17717632 3015456 952224

3| 17717632 2939424 948928

NO”*ﬁLB 4| 17717632 2976480 864928

Hefiine 1| 17717632 3064800 1087040
. [2] 17717632 3007488 922784

South = 7717632 2915616 925088

4| 17717632 3106944 1065536

North | 1| 17717632 2653248 1848544

cLB g | South [1] 17717632 2651616 1561984

Long Line 1| 17717632 4904064 3884320

West [2| 17717632 4165536 2812672

3| 17717632 3490656 1329568

NozjiLB North | 1| 17717632 2932704 1925312
Lon;iine South | 1| 17717632 2943072 883776
o 549246592 91353024 50287648
(65.47MB) (10.88 MB) (5.99 MB)
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CHAPTER S

SUMMARY AND CONCLUSION

5.1 Summary of Cross-coupled Parity Approach

Thecross-coupled parity approach was first developetimplemented in the
routing BIST for double lines for Virtex-4 FPGAs [ih6]. It is proved to be the most
effective method to test the global routing resesrdn Virtex-4 FPGAs. The
cross-coupled parity approach supports larger nusnbewires under test and has
advantages over previously developed routing Bigdr@aches.

The cross-coupled parity BIST approach hasmagor advantage over the
comparison-based BIST approach: any fault affedivegTPG will be detected. This
is due to the fact that the parity bits from bofiraounter TPG and down-counter
TPG are cross-coupled into the ORAs with respetitéaount bits.

The cross-coupled parity BIST approach ovele® some problems which
reside in the parity-based routing BIST approadappsed in [14]. It is assumed that
the parity bits are transmitted on fault-free rogtresources in [14], where the routing
resources used to transmit the parity bits areidersd as WUTSs in the cross-coupled
parity approach. In addition, the possibility ofifteescape is reduced. For example, if
the TPG affected by a fault skips some test pagtbut the parity bit remains correct,

fault escape would occur in the parity-based apgroBut this problem is solved in
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the cross-coupled parity approach by cross-couglwegparity bits generated from

two TPGs.

5.2 Summary of Routing BIST in Virtex-4 FPGAs

The work in this thesis presented routing BIST irtéx-4 LX and SX devices,
focusing on CLB column and non-CLB column hex liaesl long lines. The number
of BIST configurations for all LX devices is 34. @mumber of BIST configurations
increases to 42 for SX 25/35 devices and to 66S¥r55 device. The different
arrangements of non-CLB columns in LX and SX devitsad to the variation on
total number of BIST configurations.

Hex lines are classified into CLB column Hees and non-CLB column hex
lines. Hex lines propagate in all four directionsrth, south, west and east. There are
10 hex lines for each direction as well as 3 teaisimlong each hex line, associated
with each switch box. Therefore, there are 120 lirex terminals in total associated
with each switch box. Four configurations are reeplito completely test all CLB
column hex lines in each direction, where two ogunfations are for testing MID
terminals and two configurations are for testinglEtdrminals. The number of BIST
configurations for non-CLB column hex lines areywnag between different devices.
SX devices require more configurations compared_Xodevices since non-CLB
columns are arranged more densely in SX devices ithd_X devices. As for the
BIST for non-CLB column hex lines, only north arath directions require specific

test configurations since west and east hex linesested in the BIST configurations
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for CLB column hex lines and non-CLB column northidasouth hex lines. Four
configurations are required to test non-CLB columer lines for each direction.

Long lines are divided into CLB column loniges and non-CLB column long
lines. Long lines propagate horizontally and veaitic There are 5 horizontal long
line terminals and 5 vertical long line terminailsdtto each switch box. The total
number of BIST configurations for long lines is f® all LX and SX devices. Since
long line terminals do not connect to LUT inputsuble and hex lines are used for
connecting WUTs with TPGs and ORAs. This leads torancomplex BIST

architecture for long lines than hex lines.

5.3 Future Work

The developed BIST architecture was based on Vité&X and SX devices.
Further work needs to be done for FX devices inafea where PowerPC cores are
located, since the PowerPC cores prevent the ngoneglagation of global routing
resources.

Complete testing of the switch boxes alsoaiesito be done for all Virtex-4
FPGAs. The developed routing BIST configurationdyotest a portion of PIPs
internal to each switch box. Only the PIPs as wsllOMUX connections used for
forming signal paths in the switch box are testetthia time.

The developed program for Virtex-4 FPGAs dobe modified for Virtex-5
FPGAs. The cross-coupled parity approach may nkedhons corresponding to the

structural changes in global routing resourcesiite¥-5 FPGAs.
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