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Design-Specific Path Delay Testing in Lookup
Table-based FPGAS
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Abstract—

Duetotheincreased useof field programmable gate arrays (FP-
GASs) in production circuitswith high reliability requirements, the
design-specific testing of FPGASs has become an important topic
for research. Path delay testing of FPGAs is especially important
since path delay faults can render an otherwise fault-free FPGA
unusable for a given design layout. This paper presentsanew ap-
proach for FPGA path delay testing which partitions target paths
into subsets that are tested in the same test configuration. Each
path is tested for all combinations of signal inversions along the
path length. Each configuration consists of a sequence generator,
response analyzer and circuitry for controlling inversions along
tested paths, all of which are formed from FPGA resources not
currently under test. Two algorithms are presented for target
path partitioning to determine the number of required test con-
figurations. Test circuitry associated with these methods is also
described. The results of applying the methods indicate that our
path delay testing approach requires seconds per design to cover
all paths with delay within 10% of the critical path delay. The
approach has been validated using Xilinx Virtex devices.

I. INTRODUCTION

circuits is very large, testing must be limited to a smaller set of
paths. Testing a set of paths whose computed delay is within a
small percentage of the clock period may be sufficient in most
cases. Thus, our goal is to determine by testing whether the de-
lay along any of the paths in the set exceeds the clock period.
Our approach is general enough to target a range of contempo-
rary LUT-based FPGAs, including recent commercial offerings
from Xilinx and Altera.

Il. PREVIOUS WORK

Several methods for testing field programmable gate arrays
for faults other than delay faults have been published in the lit-
erature, e.g., [1], [2], [3], [4], [5], [6], [7], [8], [9]. Most of
these methods utilize built-in self-test (BIST) by configuring a
pattern generator and a signature analyzer from unused FPGA
resources. These methods have been applied to test for logic
block faults [5], [6], interconnect faults [4], [7], [9] and bridg-
ing faults [8]. BIST techniques have also been applied to delay
testing, using test pattern generators which generate two-pattern

Field programmable gate arrays are widely used, not just f@sts [10], [11]. However, the fault coverage obtained by apply-

rapid prototyping, but also for production circuits. The tesing linear feedback shift register (LFSR) generated tests was
ing of FPGAs has therefore become an important topic of riaund to be low.
search. FPGA tests are of two typemanufacturing testsand ~ Krasniewski [12], [13], [14], [15] has proposed a num-
user tests. The former, performed as part of the manufacturinger of techniques for improving the fault coverage obtained
process, test components and interconnections in the arrayfgrpseudo-random testing. These methods are based on re-
faults, such as stuck-ats, shorts and opens. Components @@gramming logic blocks on the paths under test so as to fa-
also be tested to determine their switching speeds. User téili¢ate testing. This re-programming will not affect path delays
are intended to detect FPGA faults that occur after a devicesigce the delay through a logic block implemented by a LUT is
programmed for a specific application. The faults of interest iRdependent of the function implemented by it. In [12], every
this type of testing are only those that can affect the operatilft@ic block is re-programmed to implement the parity function
of the specific circuit. These consist of stuck-at faults, shor@ its inputs. Although this transformation increases the prob-
opens, and faults that affect circuit timing, usually called delapility of detection of delay faults, the signal transitions along
faults. Faults to be tested by user tests depend not only on the tested path may not be the same as those in the original cir-
logic implemented by the circuit, but also on its placement adit. The test results may not truly indicate whether the original
routing in the FPGA. circuit would operate correctly at the rated clock speed, since
This paper is concerned with testing paths in lookup-tabRith delays may depend on the direction of signal transitions
(LUT) based FPGAs after they have been routed. While thdong it. This deficiency is corrected in [13] by re-programming
may be regarded as user testing by the above definition, we &@€h logic block so that all input/output signal pairs in the orig-
considering an environment in which a large number of manipal LUT are also contained in the modified LUT, and the num-
factured FPGA devices implementing a specific design are tolger of output transitions is maximized. This, however, led to
tested to ensure correct operation at the specified clock spegne conditions where signal propagation was blocked along
It is thus akin to manufacturing tests in that the time needed f&sted paths. An improved method proposed in [14] facilitates
testing is important. Ideally, we would like to verify that thePropagation of fault effects by reducing such blocking condi-
actual delay of every path between flip-flops is less than the di@ns. While these methods have been shown to produce very

sign clock period. Since the number of paths in most practidph fault coverage with reduced test sequence length, they can-

, _ , not guarantee that all delay faults will be detected.
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test and every LUT on these paths is programmed to propagatepagate a transition along the path and produce a combina-
an input value to its output. The same transition is applied sien of side-input values that maximizes the path delay. This
multaneously to the inputs of all these paths. A fault is detectagproach is not usually feasible because of the difficulty of de-
when the difference between the arrival times at the destirtarmining the inversions that maximize the path delay and the
tions of the first and last signals exceeds a specified threshaidcessary primary input values to produce them. Instead, we
The accuracy of the method depends on the variation in dejayppose to test each target path for all combinations of inver-
of different segments, the length of the paths and the allowsithns along it, guaranteeing that the worst case will also be in-
difference between the fastest and slowest paths. Moreover, ¢theded. Although the number of combinations is exponential in
method does not test for delay faults in paths in the customizid number of LUTs along the path, the method is feasible be-
circuit, but only the path delay along specific paths. A simzause application of each test requires only a few cycles of the
lar technique for FPGA interconnect delays is proposed in [LThted clock. However, the results may be pessimistic in that a
Using an iterative logic array model, it tests a number of simpath that fails a test may operate correctly in the actual circuit,
lar sections of interconnects simultaneously, and also provideecause the combination of inversions in the failing test may
information to locate faulty sections. not occur during normal operation.

Tahoori and Mitra [18] have proposed a method of testing all We shall first explain our method of testing a single path in a
paths in a combinational network for delay faults with only tweircuit and describe a test circuit for implementing it. Applica-
tests. By changing all LUTs to implement the AND of their intion of this method to test a number of paths simultaneously is
puts, all paths are simultaneously tested for slow-to-rise fauliiscussed in the next section.
by applying 0>1 transitions at all inputs. Slow-to-fall faults Our approach, first suggested in a recent paper [19], re-
are similarly tested by changing LUT functions to ORs and aprograms the FPGA to isolate each target path from the rest
plying 1->0 transitions at all inputs. A 4-phase test methogf the circuit and make inversions along the path controllable
based on the same principle has also been proposed for seqbgnan on-chip test controller. Every LUT along the path is
tial circuits. While this approach is very efficient in the numre-programmed based on its original function. If it is positive
ber of tests needed, all interconnects undergo signal transitigigte in the on-path input, the LUT output is made equal to the
in the same direction during each test. Since the delay of @n-path input independent of its side inputs. Similarly, negative
interconnect depends on the direction of signal transition, thisate functions are replaced by inverters. If the original func-
method cannot test the paths for the combinations of transitiaiish is binate in the on-path input, the LUT is re-programmed

that occur during normal operation. to implement the exclusive-OR (XOR) of the on-path input and
one of its side-inputs, which we shall call itentrolling side-
[1l. BASIC APPROACH input. As mentioned earlier, this change of functionality does

Before presenting the proposed test method, we define sBgt affect the delay of the path under test because the delay

eral terms. Our method is applicable to FPGAs in which tH8rough an LUT is unaffected by the function implemented. In-
basic logic elements are implemented by look-up tables. versions along the path are controlled by the signal values on
the controlling side-inputs. For each combination of values on

A Definitions the controlling side inputs, we apply a signal transition at the
, source of the path and observe the signal value at the destina-
A path consists of a sequencflo, co, 1, ¢n—1,ln} Of  {ion after one clock period. The absence of a signal transition
LUTs I; and connections;, such thate;—; is an input ofl;, iyl indicate that the delay along the tested path exceeds the
1 <4 < n. Linec;, is called theon-path input of LUT ;. ¢|ock period for the particular combination of inversions.
All other inputs of!; are called itsside inputs. The paths 10 the pasic method described above can be implemented by
be tested start and end at flip-flops, which are calledsOiece ¢ cjrcyitry shown in Fig. 1, consisting of a sequence genera-
anddestination flip-flops (or simply source and destination), réy,; 4 response analyzer and a counter, that generates all com-
spectively. i ) binations of values in some arbitrary order. A linear feedback
The goal of this work is to test a set of paths, callaxiet gty register modified to include the all-0's output [20], [21]
paths, to determine whether the maximum delay along any gh, pe used as the counter. The controlling side inputs are
them exceeds the clock period of the circuit. These paths &ig,nected to the counter. The controller and the circuitry for
selected based on static timing analysis using nominal delgy,yinq tests and observing results are also formed during con-

values and actual routing information. Circuitry for applyingiguration in parts of the FPGA that do not affect the behavior
test patterns and observing results is configured using partg,pf,,o path(s) under test.

the FPGA that are not under test. The sequence generator produces a sequence of alternating

0's and 1's, with period equal @7, whereT is the operational
B. Introduction to Approach clock period. The response analyzer checks for an output tran-
The delay of a path segment usually depends on the dirsition for every test, and sets an error flip-flop if no transition

tion of signal transition in it. The direction of the signal tranis observed at the end of a test. The flip-flop is reset only at
sition in any segment is determined by that of the transition #ite beginning of the test session, and will indicate an error if
the source and the inversions along the partial path leadingated only if no transition is produced in some test. The counter
the particular segment. A test to determine whether the makias as many bits as the number of binate LUTs along the tested
mum delay along a path is greater than the clock period mypstth.
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Fig. 1. Testing a single path for a negative edge-triggered design. For a positive edge-triggered design, all negative edge-triggered canmppiwgd by
positive edge-triggered counterparts.
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Fig. 2. Timing diagram for clock with perio@

The test for a path for each direction of signal transition comdicate an error. In Figure 2, a test for the rising edge starts
sists of two parts, an initialization part and a propagation past, time37’, with the s steady at O for the preceding three clock
each of duratiolT'. A path is tested in timé7" by overlapping cycles. A test for the falling transition starts@t, with the in-
the initialization part of each test with the propagation part @fut steady at 1 for the preceding three clock cycles. Results are
the preceding test. In addition, the change of counter state $mmpled at/ at time4T (for rising edges transition) andrT’
testing a path for a new combination of inversions is also doffer falling edges transition), respectively. Thus, both rising
during the initialization phase of rising transition tests. and falling transitions are applied at the source for each combi-

Figure 2 shows the timing of the signals during applicationation of inversions in timéT".
of a test sequence. It can be seen from the figure that the sourcas the falling transition is applied &f", the enable input
s of the test path toggles every three clock cycles. For corrasftthe counter is set to 1. This action starts a state (counter)
operation, the input transition occurring 3’ must reach the change at7 to test the path for the next combination of inver-
destination within timél” (i.e., before3T + T'). On the follow- sions. A counter change at this time point all@®{sof settling
ing clock edge a87 + T, the result of the transition is clockedtime before the following transition occurs at the sousc®y
into the destination flip-flop af. A change must be observedensuring that the counter reaches its final value witfiand
at the destination for every test, otherwise a flip-flop is set pyopagates to the path destinatidmvithin an additionall’, d



is ensured to be stable before the following source transitiarsed for each path. The transition detectors of all paths are then
Thus, the destination will reach the correct stable value cort®@Red together to produce an error indication if any of the paths
sponding to the new combination of inversions if no path froiis faulty. Alternatively, a separate error flip-flop can be used for
the counter to the destination has a delay greater2fiaiThis each tested path, connected to form a scan chain and scanned
delay explains the need for#’ period betweers transitions out to identify the faulty path(s).

(1T to perform the testlT for possible counter state changes,

and17 for subsequent propagation of the counter changg.to B. Multi-phase Method

The single phase method described above requires that all
i ) ) ) ) aths tested in a session be disjoint. The number of test ses-

The method described in the preceding section requires g5 needed for a large target set is therefore likely to be very
test control circuitry to be re-configured for every path t0 bgye The muiti-phase method attempts to reduce the number
tested. The total time for testing a set of target paths in & Cffast sessions needed by relaxing the requirement that all paths
cuit consists of the test application time and the re-conflguratl%gted in a session be disjoint. This, however, increases the test

t|me_. Our goal_lg to reduce both components_ of the total time fprlication time because non-disjoint target paths may interact
testing a specified set of paths. Since the time needed for CAAd cannot be tested simultaneously.

figuring the test structure is usually larger than that for applying Consider sets of target pathis, S, ... S, such that all paths

test Eatte:cns gener?ted op-ch|p, vx:je Zhé‘" fOCl,JS on reducing fhe 3, set are disjoint except for common sources. Clearly, all
number of test configurations needed by testing as many p%%?hs in each s&; can be tested simultaneously, as in the single

as possible in each COﬂfigL.Jl’a.tiOH. .phase method, if each set can be selected and logically isolated
Two approaches to maximize the number of paths tested ﬁgm all other paths. This allows the testing of the s&tsn

test configuration suggest themselves. F_irst, we can try to _selg &uence, and is the basis of our multi-phase method. We also
a set of target paths that can be tested 5|_mu!tangously, This trict the target paths for each session to simplify the control
also have the effect of reducing test application time. Secon Yrcuitry needed

we can try to select a set of simultaneously testable sets t Aye assume th.at the LUTs in the FPGA are 4-input LUTSs, but
can be tested in sequence with the same configuration. In & method can be easily modified to allow a larger number of
case, the number of s.lm.ultaneously tested paths may have tO0e < Since each LUT may need up to two control inputs, one
reduced_so as to maximize the total number (.)f paths tested ¥ path selection and the other for inversion control, at most
the configuration. These two gpproache_s will be elaboratedtwo target paths may pass through any LUT. Target paths satis-
the next two subsections, but first we define a few terms. 5ying the following conditions can be tested in a single session.

The simultaneous application of a single rising or fallin ) o
transition at the sources of one or more paths and obsen/ingl) Thfere is a path to egch .target path destination, called the
main path to the destination.

the response at their destinations is calléesa The set of tests 2) Main paths mav not intersect. but thev mav hav m
for both rising and falling transitions for all combinations of ) mgn irﬁ)ﬁlialssec?é)no ersect, butthey may have a com-

inversions along each path is calledeat phase, or simply, a . N .
phase. As mentioned earlier, a single path withbinate LUTs 3) Additional paths to each destination, call_edstie paths, .
must meet only the main path and continue to the desti-

will have 2 - 2* tests in a test phase. The application of all test i | th : th
phases for all target paths in a configuration is calléssisses- hation along the main path. .
4) Main paths and side paths may not intersect any other

IV. TESTSTRATEGY

sion.
path, except that two or more paths may have a common
source.

A. Single Phase Method 5) No more than two target paths may pass through any

This method, first presented in [19], attempts to maximize  LUT.
the number of simultaneously tested paths. A set of paths may) The number of target paths to all destinations must be the
be tested in parallel if it satisfies the following conditions: same.

1) No two paths in the set have a common destination. The above conditions allow us to select one path to each out-

2) No fanout from a path reaches another path in the set. put and test all of them in parallel. The first two conditions

The above conditions guarantee that signals propagatiggarantee that the signal propagating along main paths to differ-
along paths in the set do not interfere with one another. Morent destinations will not interact. The main paths can therefore
over, if the same input is applied to all paths in the set, two be tested in parallel. The restriction that a side path can meet
more paths with a common initial segment will not interact ibnly the main path to the same destination (Condition 3) allows
they do not re-converge after fanout. a simple mechanism for propagating a signal through the main

All LUTs on paths to be tested in a session are rgath or one of its side paths. Together with Condition 4, it guar-
programmed to implement inverters, direct connections antees that a set of main paths or a set of side paths, one to each
XORs as discussed in the preceding section. The LUTs witlestination, can be tested in parallel. Condition 5 allows for two
control inputs are levelized, and all control inputs at the samgentrol signals to each LUT, one for controlling inversion, and
level are connected to the same counter output. The source ftige other for selecting the path for signal propagation. A single
flops of all paths to be tested in the session are connected tolfreary signal is sufficient for selecting one of the target paths
same sequence generator, but a separate transition detecttiratsmay pass through an LUT. The last condition is required



to produce a signal change at every destination for every test,

simplifying the error detection logic. Destinationly Destination:z
Session1 dAEJLy hCGKMz
eAEJLy JCGKM~z
With the above restrictions, LUTs on target paths will have cEJLy nDGK Mz
one or two target paths through them. These LUTs are called fBFJLy qHK Mz
1-path LUTsand2-path LUTs, respectively. The inputs that are
not on target paths will be calldcee inputs. Session2 gBEJLy gHK Mz
gFJLy kDGKM:z
The following procedure selects a set of target paths satisfy- Session 3 gBF.JLy mDGK Mz

ing the conditions for multi-phase testing by selecting appropri- _
ate target paths for each sgtfrom the set ofill target paths in Session4 hCFJLy

the circuit. The union of these sets is the set of paths targeted in JCFJLy
a test session. The procedure is then repeated for the remaining kDGLy
paths to obtain the target paths for subsequent test sessions until

all paths are covered. Session 5 nDGLy

Session 6 mDG Ly

Procedure 1 The set of sessions may not be unique and depends on the
choices made. Also note that not all sessions obtained are multi-
phase sessions. Session 3, for example, became a single-phase

1) Select a path that does not intersect any already selectég>'on becau§e no path qualified as a §|de pathia K Mz,
path, as the main path to each destination which was arbitrarily chosen as the main path. No paths could
2) For éach main path, select a side path suc:h that be concurrently tested with those in Sessions 4, 5, and 6 because
" aJ| paths toz had already been targeted.
a) Itmeets the main path and shares the rest of the pa{ he sets of target paths obtained by Procedure 1 are such

with it. : :
b) No other path meets the main path at the same LUtF.at each 2-path LQT has_a main patr_l f’md a side path through
Thus, a single binary signal is sufficient to select the input

. i
c) Itdoes notintersect any aIread_y selected_target p%tmough which the signal is to be propagated. Since the side
(except for se_gments oyerlappmg the main path). path continues along the main path, selecting the appropriate
3) Repeat Step 2 until no new side path can be found for ajy, ¢ o the 2-path LUT where it meets the main path is suffi-
main path. cient for selecting the side path for testing. By using the same
4) Find the number, of paths such that o path selection signal, one side path to each destination can be
a) There are: target paths to each destination. selected simultaneously and tested in parallel.
b) The total number of paths is a maximum. The FPGA configuration for a test session is obtained by the
5) Select the main path and— 1 side paths to each desti-following procedure:
nation as the target paths for the session.

Procedure 2
1) Configure a sequence generator and connect its output to
the sources of all target paths of the session.
Example 1: Figure 3 shows all the target paths in a circuit. The 2) Configure a counter to control inversion parity, with the
source and destination flip-flops are omitted for the sake of clar-  number of bits equal to the largest number of binate LUTs

ity. We start Procedure 1 by (arbitrarily) selectidd £'.J Ly along any target path for the test session.

andhCGK M z as the main paths to the destinatiognand z. 3) Configure a path selector to select the set of paths tested
Adding paths AEJ Ly, cEJ Ly andf BF'J Ly to the first path, in each test phase, with the number of bits equal to the
andjCGK Mz, nDGKMz andgH K M = to the second, we number of side paths to a destination.

get the set of target paths shown in heavy lines. Since there ard) Designate a free input of each LUT as its inversion con-
four paths to each destination, the eight target paths shown can trol input p, and connect it to the counter output corre-
be tested in a single four-phase session. sponding to its level.
5) Designate another free input of each 2-path LUT as its
selector input s, and connect it to the path selector.

The procedure can be repeated with the remaining paths t®&) Modify the LUT of each 1-path LUT with on-path inpat
select sets of target paths for subsequent sessions. One possible to implementf = a & p, if the original function is binate
set of test sessions is given in the following table, where the in a; otherwisef = « if it is positive ora if it is negative
path(s) in the first row of each sessions were those chosen as in a.
the main path(s). 7) Modify the LUT of each 2-path LUT to implemerft =



c d e f g h k m n ¢
|_IIJ |_II_
A B C D
I I I I
| | |
E F G H
[ | [ |
J K
I
L M
y z

Fig. 3. Selected target paths

5-(a®p)+s-(b®p), wherea andb are on the main thei'” session and; the largest number of LUTs with control

path and a side path, respectively.

inputs among the paths tested in the session. iTheession

The above modification for 2-path LUTs assumes that thaill have p; - 2 - 2%: tests requiring - p; - 2% clock cycles. IfT,.
are binate in both on-path inputs. If the output of a 2-paih the reconfiguration time per test session, the total test time is

LUT is unate ina or b or both, a slightly different functiorf is
needed. For example, if the LUT output is binate iand nega-
tive in b, the modified LUT mustimplemerft= 5-(a®p)+s-b.

is given by:
6-T-3 0 pi-2%+n T.
For the single phase methog, = 1 for all 4, and the above

formula reduces to:

Example 2:
Figure 4 shows the test structure for the circuit of Fig. 3.
Only target paths that were selected for the first test session

6-mn-T-3" 2% 4n -T.=n-(6-T -1 2% +T,).

are shown, and all LUT functions are assumed to be binateln Limitations and Assumptions

their InpUtS. The test CIrCUItry consists of a sequence generatOSevera| assumptions were made in the deve|opment and eval-
that produces a sequence of alternating 1's and 0's, a fouriftion of our approach:

counter for inversion control and a path selector. The path se-,
lector is a shift register that produces an output sequence, 000,
100, 010, 001 for the 4-phase test of the first session in our
example.

It can be verified from the figure that the main paths are se-
lected when all selector outputs are 0. When any output is 1,
exactly one side path to each destination is selected. Input tran-
sitions are applied to all paths simultaneously, but propagate,
only up to the first 2-path LUT on all paths except the selected
ones. Thus, only one path to each destination will have transi-
tions along its entire length. Since these paths are disjoint, no
interaction can occur among them.

C. Test Timefor Single and Multi-Phase Methods

The total test time for all target paths using the single phase.
or multi-phase method can be computed as follows: rLée
the number of test sessions. Lgtbe the number of phases in

Constant LUT delay - As mentioned earlier, for this work
we assume LUT delays are independent of the function
they implement. Although this assumption has recently
been drawn into question [22] for certain logic functions,
it is accurate for most functions. Additionally, the fraction
of the FPGA path delay within LUTs is usually a small
percentage (less than 5%) of overall path delay.

LUT-only logic - The current approach is only targeted
to paths which connect LUT logic resources. Although
testable paths including non-LUT logic, such as fixed
adder carry chains, could be determined via the approach
outlined in [23], the programming of off-path inputs to
propagate signal transitions would require additional cir-
cuitry.

Effectsof crosstalk - Left unaddressed, crosstalk can have
a significant impact on delay in FPGA circuits. To address
this issue, commercial FPGA routers actively control the
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Fig. 4. Multi-phase test structure

assignment of design nets to wires to limit the effect dfications.
crosstalk. As aresult, we neglect the possible delay effects
of crosstalk in this work. V. EXPERIMENTAL APPROACH
« Isolation of test circuitry - Since all test circuitry is im-  To demonstrate the benefits and costs of our path delay test-
plemented using wires and logic that are unused by tiiy approach, a fully integrated computer-aided design (CAD)
paths under test during a test session, this circuitry doggstem was developed. This system incorporates an implemen-
not affect the size of circuit nor the number of paths thahtion of the algorithms described in Section IV with commer-
can be tested. cial and academic FPGA synthesis and physical layout tools.
« Delaysin test circuitry - It was mentioned in Section Ill- The following specific steps are performed in order to deter-
B that our design allow&T" for the circuit to settle after mine the number of test sessions required and the paths as-
a change of counter state. This guarantees the validity $¥fjned to each test session.
the tests even in the presence of delay faults in the tesf The design under test is synthesized, technology mapped,
circuitry, provided that the above restriction is satisfied.  placed, and routed using FPGA CAD software.
The restriction can be relaxed by increasing the test cycle, A static analyzer is run on the placed and routed design to

period from67"to 8T, thus allowing a settling time of".  enumerate all design paths in terms of path delay. All paths
The test cycle period can be increased by adding one flip-  which have delay within 10% of the critical path delay are
flop to the sequence generator. selected for test. This path selection approach has been

Currently, it is not possible to make incremental changes in  used in several previous studies [24] [25].
test sessions in response to incremental design changes. The en-The test algorithms outlined in Section IV are applied to
tire test procedure must be restarted following any design mod- the circuit to determine the test session and phase for each



path in the test set. This effectively assigns each testedThe total time needed to test each of the benchmarks in our
path to a specific test session. experiments was determined from the number of LUTs in the
Each circuit was technology mapped to a target Xilinx Virtejongest path in each test phase and the number of test ses-
FPGA using Xilinx XSE tools and placed and routed using ations (Table 1lI). Test time is determined using the method
enhanced version [26] of the Versatile Placement and Routiptgsented in Section IV-C. The total test time is based on the
(VPR) FPGA tool suite [27]. A static timing analyzer develminimum clock cycle for each circuit (shown in Table I) and
oped for VPR was then used to identify the paths with delayre-configuration time per session. The re-configuration times
within 10% of the critical path delay. Existing commercial Xil-for the XCV100 (1.2 ms), XCV300 (2.9 ms), and XCV600 (6.2
inx XSE tools could have also been used for place and routs) were determined assuming one byte is transferred to the
and static analysis. respective device each 66 MHz configuration clock cycle [30].
To perform the path delay tests in the FPGA hardware, oB@ch total test time is the sum of the re-configuration time mul-
FPGA circuit is required per test session. This circuitry cortiplied by the number of design test sessions and the number of
sists of the logic and routing resources for the paths under test clock cycles multiplied by the test cycle time. In general,
and the test circuitry shown in Figs. 1 and 4. Specific stepest time is kept to a few seconds.
performed to create each test session circuit include: A perusal of the test sessions obtained in our experiments in-
« Test circuitry for the test session is synthesized, technalicate that the most efficient test method selected depends very
ogy mapped and clustered using Xilinx XSE and VPRch on circuit structure. In most cases, Procedure 2 initially
tools. This circuitry is subsequently combined with thebtained multi-phase sessions with several paths tested in paral-
path wires and logic blocks under test by merging tHel. As the number of untargeted paths decreased, the amount of
netlists with a script. parallelism decreased. Some sessions also became single phase
« The combined test session circuitry is placed and routsdssions. The last few sessions often tested individual paths.
using our modified VPR system. With this system, it is Large numbers of paths could be tested in parallel in some
possible to constrain the tested paths to the routing wires, our examples. In particular, Procedure 2 generated purely
multiplexers, and internal logic block connections used iparallel (i.e., single-phase) sessions for the circbitgap and
the original design routing so that the target path delayslo$ort. Many of the sessions idiffeq andtseng also targeted a
the original design can be tested. Added test circuitry iglatively large number of paths in parallel.
implemented in logic that is not used by the paths underin one of our experimentgseng), the total test time with
test. the single-phase method was less than that with the multi-phase
« Final test session placement and routing information is imethod, while the latter required fewer test sessions. This cir-
put to Xilinx XSE tools to verify valid chip routing and cuit has relatively long paths (14 to 16 LUTS). In this case, test
to verify that all test circuitry operates at the target clockpplication time, which is exponential in the number of LUTs
frequency. A configuration bitstream for the test sessiondm the longest path in a test session, dominates reconfiguration
then created. time and leads to longer total test time. Our multi-phase algo-
The middle step of this 3-step process was performed witithm, as currently implemented, attempts to reduce the num-
academic place and route tools due to the difficulty of readimgr of test sessions needed by trying to maximize the number
and manipulating detailed routing information that is generatedl paths tested in each session. This could lead to a solution
by commercial FPGA CAD tools. Although the Xilinx XSEthat has more test sessions than a single-phase one, although an
tools provide a straightforward user interface to allow for theptimal multi-phase solution must have no more sessions than
pre-defined placement of logic, it is difficult to determine tha single-phase one. A slight modification of the method pre-
exact routing resources used by paths during the original desggmted here can be used to obtain test sessions that reduce the
route and to constrain the route of these paths during the stast time. The use of a measure such as the total test time per
sequent route of test session circuits. Commercial tools coyldth tested may lead to multi-phase solutions with lower total
be used in place of VPR for our approach if commercial FPGt&st time.
CAD software provided straightforward interfaces to read andAs a final test to validate the practicality of the approach,
constrain path routing. Alternatively, our test session circuite test configuration circuits required to test all paths within
creation methodology could easily be integrated into a corm®% delay of the critical path delay were created for designs
mercial FPGA CAD flow by a tool vendor as a test generatiaiu4, apex2, andseq and applied to a Virtex XCV100. For
flow option. the multi-phase approach, the required test session totals are
shown in Table II. As stated in Section V, one configuration
VI. EXPERIMENTAL RESULTS circuit is generated per test session. For this experiment, all re-
To validate our approach with the steps outlined in Secti@uired test circuitry (as shown in Fig. 1) for each test session
V, we evaluated a series of MCNC [28] and RAW [29] benchwas created, combined with LUTs and programmable intercon-
mark circuits targeted to Xilinx Virtex FPGAs. Logic blocknects in the test paths, and synthesized. As described in Section
(CLB) counts, target devices, and the achieved clock speedwfafter placement and routing with our enhanced VPR, results
the mapped designs appear in Table . Each Virtex CLB cowere input into the Xilinx XSE tools for timing performance
tains four LUTs. Test session counts were determined for thes®d routing verification. For all test sessions it was found that
paths using both the single phase and multi-phase methatisias possible to successfully place and route all test circuitry
Test statistics for the circuits are given in Table II. and interface control signals to the paths under test. Since the



Design| Source| Virtex Part | Array Size| CLBs | Wires | Speed (MHz)
bsort RAW | XCV600E 48x72| 2,815| 11,204 16.1
bheap RAW | XCV600E 48x72 | 2,733 | 10,909 23.1
alu4 MCNC | XCV100E 20x30| 391| 1018 39.4
apex2 | MCNC | XCV100E 20x30| 491| 1438 33.1
clma MCNC | XCV600E 48x72| 2133| 6134 14.4
diffeq | MCNC | XCV100E 20x30| 379 1180 27.3
elliptic | MCNC | XCV600E 48x72| 906 | 2450 15.0
frisc MCNC | XCV300E 32x48| 894 | 2280 14.2
seq MCNC | XCV100E 20x30| 457| 1320 39.3
tseng | MCNC | XCV300E 32x48| 166 828 29.9
TABLE |

DESIGN STATISTICS FOR BENCHMARK CIRCUITS

Circuit | Tested Pathg Multi-phase Single Phase
Sessions Phases Phases = Sessiors
bsort 101 1 1 1
bheap 295 4 4 4
alu4 80 15 56 56
apex2 27 5 13 13
clma 136 17 55 55
diffeq 482 231 263 263
elliptic 155 24 26 26
frisc 379 34 84 84
seq 150 24 89 89
tseng 4,169 993 | 1,758 1,377
TABLE Il

TEST STATISTICS FOR BENCHMARK CIRCUITS

Circuit Multi-phase Single Phase
Sessions Test Clock Cyclesf Test | Sessions TestCycles| Test
Time (s) Time (s)
bsort 1 24 | 0.006 1 24 | 0.006
bheap 4 192 | 0.025 4 192 | 0.025
alu4 15 86,016 0.021 56 81,408| 0.069
apex2 5 39,936| 0.007 13 39,936| 0.017
clma 17 4,184,064| 0.377 55 2,758,656 0.522
diffeq 231 11,796,480, 0.725 263 | 11,649,024 0.769
elliptic 24 9,338,880 0.764 26 9,142,272| 0.764
frisc 34 77,568| 0.104 84 40,320| 0.246
seq 24 136,704| 0.031 89 135,168 0.112
tseng 993 165,789,696 8.351 1,377 | 131,776,512 8.347
TABLE IlI

RESULTS FOR SINGLE AND MULTFPHASE TEST

placed and routed test circuitry for all test sessions (includirmgcuitry and overall (including tested logic). All tests were
the counter) was successfully restricted to operate at the satoaducted at the clock speed of the respective design (Table
clock speed as the original design, it was possible to test edchNote the decrease in the number of paths tested during the
path at the target clock speed. later test sessions.

Table IV indicates the number of paths tested during each
test session and the amount of logic resources used by the test



alud apex2 seq
LUTs | FFs | Paths| LUTs | FFs | Paths| LUTs | FFs | Paths

Session| Test/ | Test/ Test/ | Test/ Test/ | Test/

Total | Total Total | Total Total | Total
1| 23/49 | 18/27 6 || 21/47 | 19/28 8 || 26/64 | 21/36 12
2 | 23/56 | 18/26 6 || 21/47 | 18/26 6 || 23/57 | 19/30 9
3| 20/51| 17/24 6 || 21/45| 18/26 6 || 20/52 | 19/27 10
4 | 20/50| 18/28 8 || 21/42| 17/23 4 || 23/59 | 19/31 9
5| 20/52 | 18/27 8 || 23/46 | 18/24 3 || 20/47| 19/31 10
6 | 17/37 | 17/22 5 23/56 | 19/30 9
7 | 20/48 | 17/25 6 20/48 | 17/25 7
8 | 18/41| 18/25 6 23/51 | 19/30 9
9| 17/39| 16/21 4 25/50 | 19/27 4
10| 22/41 | 17/22 3 20/47 | 17/25 6
11| 17/40| 17/23 5 18/39 | 18/23 6
12 | 17/36 | 17/23 5 18/39 | 18/25 6
13| 17/34 | 16/21 4 17/35 | 17/23 5
14| 17/37| 17/23 5 18/38 | 18/25 6
15| 17/31| 15/19 3 17/35 | 17/23 5
16 17/35| 17/23 5
17 17/31| 17/22 5
18 20/41 | 16/22 4
19 22/40| 17/21 3
20 18/39 | 18/24 6
21 17/31| 16/21 4
22 22/41 | 17/23 3
23 17/35| 16/21 4
24 17/29 | 15/19 3

| total | | | 80 | |27 | | 150]
TABLE IV
PER-TEST SESSION STATISTICS FOR SELECTED DESIGNS
VII. CONCLUSION rithms presented are greedy algorithms that simply maximize

the number of target paths tested in each configuration. They

In this paper, we have presented a new approach to testinga%— by no means optimal and may not result in the smallest

lected sets of paths in FPGA-based circuits. Our approach eitinber of configurations or total test time. The use of other

these paths for all combinations of inversions along them 53) eria, such as the total time for configuration and test appli-

guarantee that the maximum de'?‘ys along the teste_zd paths_\é/ ion for each configuration, or better heuristics may lead to
not exceed the clock period during normal operation. Wh'Fﬁore efficient testing with the proposed approach.

the test method requires reconfiguring the FPGA for testing,
the tested paths use the same connection wires, multiplexers
and internal logic connections as the original circuit, ensuring
the validity of the tests. Following testing, the test circuitry is

removed from the device and the original user circuit is profl] M. Abramovici, C. Stroud, C. Hamilton, S. Wijesuriya, and V. Verma,
- “Using roving STARSs for on-line testing and diagnosis of FPGAs in fault-
grammed into the FPGA. . tolerant applications,” InEEE Int. Test Conf., Atlantic City, NJ, Sept.
Two methods have been presented for reducing the number 1999, pp. 28-30.

of test configurations needed for a given set of paths. In orlél '(\j/!-AbraWOVfi?:ibCG. ASItrOt_Jdb?ncli( JiEgEmTert' “Onli\r}f SEI”;/T and BISITigased
: _ lagnosis o 0gIC blocks ! rans. on stems, vol. s

method, calle_d the smgle_ phas_e method, paths_are selected so, 12, pp. 1284-1294, Dec. 2004,

that all paths in each configuration can be tested in parallel. Thg 1. G. Harris and R. Tessier, “Interconnect testing in cluster-base FPGA

second method, called the multi-phase method, attempts to test architectures,” inACM/IEEE Design Automation Conf., Los Angeles,

the paths in a configuration with a sequence of test phases, eT h CA; June 2000, pp. 49-54.
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