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A novel approach to testing lookup table (LUT) based field programmable gate arrays
(FPGAs) is proposed in this paper. A general structure for the basic configurable logic array
blocks (CLBs) is assumed. We grdu@LBs in the column into a cell, whekelenotes the
number of inputs of an LUT. The whole chip is configured as a group of one-dimensional
iterative logic arrays of cells. We assume that in each linear cell array, there is at most one
faulty cell, and that multiple faulty CLBs in the same cell can be detected. For the LUT, a fault
may occur at the memory matrix, decoder, input or output lines. The switch stuck-on and
stuck-off fault models are adopted for multiplexers. New conditions for C-testability of pro-
grammable/reconfigurable arrays are also derived. Our idea is to configure the cells so as to
make each cell function bijective. This property is helpful for applying pseudoexhaustive test
patterns to each cell and propagating errors to the observable outputs. In order to detect all the
faults definedk + 2 configurations are required, and the resulting number of test pattérns is 2
A novel built-in self-test structure is also proposed in this paper. The input patterns can be
easily generated withlabit counter. The number of configurations for our BIST structures is
2k + 4. Our BIST approaches also have the advantage of requiring fewer hardware resources
for test pattern generation and output response analysis. To locate a faulty CLB, three test
sessions are required. However, the maximum number of configurations for diagnosing a
faulty CLB isk + 4.

Keywords:FPGA, fault detection, bijection, built-in self-test (BIST), C-testable

1. INTRODUCTION

Field programmable gate arrays are a popular type of component for emulation and
rapid prototyping of complex digital systems. Their applications include microprocessors
and telecommunication chips [1]. An FPGA consists of an array of configurable logic
blocks (CLBs) along with interconnection channels, and input/output blocks (IOBs). An
FPGA can be programmed to implement combinational or sequential logic functions. Be-
cause of its low manufacturing cost, short turnaround time and field programmability, the
FPGA has been widely used in many applications [1]. Several FPGA architectures have
been developed for different applications. The most widely used type is the lookup table
(LUT) FPGA, in which the functional unit consists of several lookup tables. This type of
FPGA can be reprogrammed any number of times. In this paper, we will focus on the testing
of LUT-based FPGAs.
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In recent years, advances in VLSI technology have greatly increased the degree of
circuit integration, and rapid development in packaging technology has greatly reduced the
controllability and observability of internal nodes. This has significantly complicated test-
ing of systems. If chips are not fully tested after being manufactured, quality may suffer.
Therefore, manufacturers of FPGAs all have the same need: an efficient test methodology
which will ensure that their products will have high quality. The testing of FPGAs can be
divided into two types: testing of unprogrammed FPGAs (configuration-independent testing)
and testing of programmed FPGAs (configuration-dependent testing). In configuration-
independent testing, no assumptions are made about the function of the FPGA that is con-
figured by the user. On the other hand, configuration-dependent testing involves testing
whether a configured FPGA is fault-free. Some techniques for testing FPGAs can be found
in [2, 3]. Here, we will focus on the testing of unprogrmmed FPGAS, on which many
research results have been published [4-19].

In [4], an array-based technique is proposed to test LUT-based FPGAs. The number
of chip configurations used to fully test all CLBs is the same as that needed to test a single
CLB with perfect controllability and observability. Universal and C-diagnosable tech-
niques are introduced in [5]. The proposed fault diagnosis procedure is urineyaed-
less of the logic functions to be realized and the fact that the time required to diagnose an
FPGA is independent of the array size. A simple testing arrangement is mentioned in [6].
This approach connects together all the input lines to the CLBs under test from the I0Bs,
and uses the remaining 10Bs to directly observe the outputs. The methodologies proposed
in [7, 8] connect each row of an FPGA as a one-dimensional unilateral array for single
stuck-at faults. In [9], BIST structures for FPGAs are proposed. The FPGA is repeatedly
configured as a group of C-testable iterative logic arrays (ILAs). Test generation and re-
sponse analysis are performed using internal BIST circuits. In [10, 11, 12], test approaches
for interconnects of FPGAs are proposed. Moreover, the testing of multiplexer-based FPGAs
can be found in [20].

In this article, we will propose a novel approach to testing LUT-based FPGAs. A
generalized structure for the basic configurable logic blocks is assumed. This structure can
be found in various Xilinx FPGA families. Since an FPGA is structured as<ax &fray of
CLBs, it can be naturally viewed as a two-dimensional array or as N one-dimensional arrays.
Unfortunately, a CLB does not have enough outputs to drive the inputs of a neighboring
CLB. This makes it difficult to configure an FPGA as an ILA. Therefore, if we treat an
FPGA as an X N array of CLBs directly, then we cannot exploit the testing advantages of
ILA's. Fortunately, this problem have been solved in [9], where some CLBs are used as
helpers-auxiliary cells whose goals are to generate “locally” the missing inputs and to
provide separate propagation paths for the output responses of blocks under tested (BUTS).
However, although some portion of the helper CLB may also be tested alongside the BUT,
it must be fully tested in a different test session. Therefore, more chip reconfigurations and
test patterns are required to complete the test process.

In order to deal with this problem, a novel cell structure is proposed here. In this
paper, a column of k CLBs is grouped into a cell, where k denotes the number of inputs of
an LUT. Then, the whole chip is partitioned into N/k disjoint one-dimensional arrays of
cells. We assume that in each linear cell array, there is at most one faulty cell, and that a
faulty cell may contain multiple faulty CLBs. In other words, multiple faulty cells can be
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detected if they exist in different linear arrays. By using this cell structure, the test pattern
generator and the output response analyzer can be easily implemented. All the cells in the
FPGA can be tested simultaneously to speed up the test process. Moreover, since each cell
is locally connected to its neighboring cells, there requires no considerable demands on the
global routing resources. This increases the probability of successful routing [9]. During
testing, the configurations of each cell will make its function bijective, which is helpful for
applying pseudoexhaustive test patterns to each cell and propagating errors to observable
outputs. In order to detect all the faults modeke#,2 configurations are required. For

each configuration, a minimal complete input sequence (consisting of all input combina-
tions for a cell) is applied to the leftmost cells of each linear array from 10Bs, and the
outputs of the rightmost cells can be observed directly from the remaining I0Bs. A novel
built-in self-test structure is also proposed in this paper. The input patterns can be easily
generated with &bit counter and the output response analyzed with a checksum analyzer
or comparator. Our BIST approaches also have the advantage of requiring fewer hardware
resources for test pattern generation and output response analysis. The number of configu-
rations for our BIST structures i« 2 4. To locate a faulty CLB, three test sessions are
required. However, the maximum number of configurations for diagnosing a faulty CLB is
k+ 4.
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Fig. 1. FPGA architecture.
2. PRELIMINARIES

Fig. 1 shows the FPGA architecture considered in this paper. The FPGA can be
considered as an AN array of CLBs. The CLBs can be programmed to implement combi-
national and sequential logic functions. All the CLBs are identical before they are configured.

There are also programmable interconnection networks and input/output blocks to
provide an interface between the package pins and the internal circuits. The structure of a
CLB is shown in Fig. 2, which consists of one lookup table, two multiplexers (MUX1 and
MUX2), and one D flip-flop (DFF). Lét denote the number of input lines of an LUT; then
an LUT can implement"2ogic functionsn = 2. The configuration memory cells (CMCs)
are used to configure its logic functions.
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Fig. 2. The structure of a CLB.

When programming an FPGA, we load the bit patterns corresponding to the function’s
truth table into the configuration memory cells and also configure the interconnection
networks. Such a programming process is called a configuration. It is well known that an
unprogrammed FPGA can be configured to implement different logic functions. Therefore,
testing this category of FPGAs implies that testing of all possible functions can be realized.
The procedure for testing CLBs involves repeatedly implementing a test configuration (TC)
and alternately applying test patterns (TPs) to this configuration. Since an LUT can realize
2" different functions, it is impractical to test each function exhaustively.

Fortunately, with our approach, the number of test patterns required for each test
configuration is the sama minimal complete input sequence (defined later) of a cell. The
cell array is pseudoexhaustively tested by applying exhaustive tests to each cell. Our test
patterns are independent of the size of the FPGA, i.e., they scale well with increasing FPGA
size. Therefore, the remaining problem is to determine how to configure the cells in order
to detect all the faults modeled using the defined fault models. It is evident that the task of
test configuration is very time-consuming. In general, the time needed for test configura-
tion is much greater than that needed to apply test patterns. Therefore, to test an FPGA, we
must seek out an efficient approach which requires fewer TCs and covers all the program-
mable resources of FPGAs. In other words, the proposed approach must speed up the test
process and guarantee the quality of the products being tested. It should also be noted that
the proposed approach must not place considerable demands on the global routing resources
within the FPGA, and that it should increase the probability of successful routing.

In general, the number of inputs, k, of a CLB is larger than that of its output counts.
As described in the previous sections, it is not beneficial to view an FPGANasarray
of CLBs. This is because a CLB does not have enough outputs to drive the inputs of a
neighboring CLB, so it is impossible to construct an iterative logic array directly. If we
treat an FPGA as ahx N array of CLBs, we cannot exploit the testing advantages of ILA’.
Therefore, many test approaches designed for ILA's cannot be applied in FPGA testing. To
solve this problem, we define a cell as a column of k neighboring CLBs with their corre-
sponding input lines tied together. In other words, a cekis h array of CLBs. This cell
structure is shown in Fig. 3, where each CLB contains k input kges, ...,X.., and one
output line,y;,, 0<i <k- 1. Therefore, we can regroup an FPGA consisting of &N
array of CLBs into atN/kx N array of cells. An FPGA consists of a CLB array as shown
in Fig. 4, whereCLB; denotes the CLB in rowand columr), 0<i, j < N-1. The cell array
corresponding to that in Fig. 4 is shown in Fig. 5. The outputs of one cell can be used to
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Fig. 3. Architecture of a cell.
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Fig. 5. The cell array corresponding to that in Fig. 4.

drive its neighboring cells. Therefore, N/k disjoint linear arrays of cells are obtained, and
their inter-cell communications are local (between adjacent cells). This will not violate the
routing limitations of FPGAs, and it will increase the probability of successful routing.
This is different from the approach proposed in [9], where helpers are used to generate
“locally” the missing inputs and to provide separate propagation paths for BUT output
responses. These outputs cannot be used as input patterns for the next BUT in the iterative
logic array. One of the main advantages of our approach is that all the cells in the same test
session are tested simultaneously. However, the helpers used in [9] must be tested in a
different session. Therefore, our approach will result in fewer test configurations and will
significantly speed up testing.
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We assume that at most one faulty cell exists in each linear cell array. Otherwise,
fault masking might occur. However, multiple faulty cells that exist in different linear
arrays can also be tested since all linear arrays are tested independently. For a faulty cell,
the faulty cell function can deviate in any manner, and the cell can contain multiple faulty
CLBs. Moreover, we assume that the interconnection networks are tested first. Related
approaches to the testing of interconnects can be found in [12-15]. The fault model adopted
in this paper is described physically as follows, and it has been shown to be suitable for
FPGAs [5, 6].

¢ For a lookup table, a fault may occur at the memory matrix, decoder, inputs and outputs of
a CLB. A faulty memory matrix has some memory cells that are incapable of storing the
correct logic values (i.e., stuck-at 1 or stuck-at 0 may occur at a memory cell). If a fault
occurs at the decoder, then incorrect access, non-access and multiple access faults may
occur. For the input and output lines, stuck-at faults are considered.

o A multiplexer is a group of switches controlled by the configuration memory bits. Only
one switch is allowed to be on. Either none or more than one on-switch is invalid. If all
the switches are off, we assume the output is either stuck-at-1 or stuck-at-0. Alternatively,
if two switches are on simultaneously, then the output is the logic wired-OR of the se-
lected inputs. In other words, switch stuck-on and switch stuck-off fault models [18] are
adopted. For a D flip-flop, we adopt the functional fault model. A fault may cause the
flip-flop to be unable to receive data, to be triggered by the correct clock edge, or to be
incapable of being set or reset [8].

3. TEST STRATEGIES FOR FPGAS

In this section, we will present our proposed test strategies for FPGAs. New condi-
tions for C-testability of programmable/configurable arrays will be proposed. With our
approach, all the cells in an FPGA can be tested concurrently as described in the following.
In order to simplify our discussion, some definitions will be given first.

Definition: An unprogrammed cell iskax 1 array of CLBs. Each CLB contains a lookup
table which can implement functions,n = 2

Definition: A programmed cell with the functidris a combinational maching (4, f),
wheref: > — Ais the programmed cell function ajt= A = {0, 1}*, wherek denotes the
number of inputs of a CLB.

Definition: A complete or exhaustive input sequemrcir a programmed cell with the
function f is an input sequence consisting of all possible input combinations for the cell. A
complete output sequence is defined analogously.

Definition: A minimal complete input sequen@dor a cell is the shortest complete input
sequence (which has a length &fiz.,0 = 6,6, ...6,).
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Definition: We say that the function f of a programmed cell is bijective wh&mt 6,, f
(6y) # f(8,), and that the length of the minimal complete input sequence and that of the
minimal complete output sequence are identical, kg, J|.
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Fig. 6. The connection structure.

A. Testing of LUT’s

We consider initially that a CLB consists of a single LUT. Then, all the input lines of
the leftmost cells and the output lines of the rightmost cells for each linear array are con-
nected to IOBs, so that they can receive their test patterns and observe the corresponding
outputs, respectively. The number of IOBs required for inputting test patterns and observ-
ing the results is at mosk?2 If all the linear arrays use the same 10Bs to input test patterns,
then the number of 10Bs will be reduced\ta- k. This number will not tend to exhaust the
limited I/O resources available at the periphery of the chip. During testing, the k output
lines of cell, are appropriately connected to the k input lines ofggll0< p<N/k—-1 and
0<g<N-1. This connection structure is shown in Fig. 6, where each array receives its
test patterns from the TG (test pattern generator) through the same I0Bs. The outputs are
then sent to the output response analyzer so that the responses can be analyzed in order to
produce a pass/fail indication.

After the interconnection network has been configured, there are still three remain-
ing questions to be answered before the LUT'’s can be tested. (1) Which test set should we
apply to test all the linear arrays and ensure acceptable fault coverage? (2) Verifying a cell
function involves generating inputs for each cell (i.e., controlling the cell) and propagating
faults from the cell (i.e., observing the cell). How can we solve the controllability and
observability problems for FPGAs? (3) Unlike general iterative logic array structures, each
cell in an FPGA can be configured to have up"tfuBctions. What functions should we
choose to ensure their fault detection capability and minimize the number of configurations.
The first question can be answered by applying pseudoexhaustive patterns to each cell. The
answers to the last two questions can be found in the following paragraphs.

Besides control signals, each cell kasput lines and output lines, respectively. The
function of a cell can be described with a truth table. If the cell function satisfies the
bijectivity conditions, then testing each linear array is easy. Therefore, we can configure a
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cell so as to make its function bijective. The LUT input is assumed to be represented by the
k-bit word, X1 X .. Xo, While the cell output is represented by the werdy., .. ¥o. If Bis
a feasible configuration of values for the output entries of the truth tableftienotes3
confined to the output variabjg 0<i <k- 1. In other wordsf; is configured with only
the values foy; andf = B Bz ---fo- We also assume that the truth table is fully expanded,
i.e., there are no don't-care terms. Next, we produce a feasible test configytation,
each cell, which contains all the possible binledyit values. In other words, the cell
function is configured to be bijective. Moreover, the test configurgtida the comple-
ment of configuratior8°. An example of a bijective configuration withe 3 is shown in
Fig. 7. In this example, the configuration is for the variajples00001111y; = 00110011,
andy, = 01010101, respectively.

Without loss of generality, we can re-permute the output variable assignments so as
to obtain other configurations required to completely test a cell. In other words, the output
assignments for configuratighi can be expressed as

B = Buersiy modk Bikea+iy modk «- By modie 1T <k —1.

We will use the assignment shown in Fig. 7 as an example, \Wherd,3, 5., B* =

BoB: Br, andB? = BB o
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Fig. 7. An example configuration whose outputs contain all 8 possible binary 3-bit values.
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Observation: The output configuration contains all the possible bikait values. That
is, the cell function with configuration' is also bijective.

Proof: This follows directly from the definition of a bijective cell function. O

Observation: For a fault-free cell, if a minimal complete input sequethiseapplied to the
inputs of a cell with configuratiofi’, 0< i <k, then the output sequence will also be a
complete sequence if it is fault-free.

Proof: Since the cell function is also bijective with the configuraigro<i <k, it follows
that if the cell is fault-free, the outputs will also be a complete sequence from the definition
of a bijective function. O

Theorem 1:If a minimal complete input sequen@és applied to the inputs of a cell with
configurationg8* and3°, respectively, then all the stuck-at faults in the LUT memory cells
can be detected with 100% fault coverage. O

Proof: Assume that a stuck-at-0 (1) fault occurs atitthememory cell in CLBof a cell;

then, tha’th entry ofv; will have the same value for configuratigh®andf . However,
sincef* andg3°® make the cell function bijective and their corresponding assignments are
complemented, this fault will make eith&ror 8« to not be bijective. It is evident that this

fault can be detected by examining whether the output is a complete output sequence.
Therefore, we conclude that all stuck-at faults in the LUT can be detected with 100% fault
coverage.

Theorem 2:1f a minimal complete input sequen@és applied to the inputs of a cell with
configurationgB*?, %2, ..., andB°respectively, then any fault within the decoder can be
detected.

Proof: If a fault occurs within the decoder, then incorrect access, non-access or multiple
access faults may occur. All these faults must be detected Tiye proofs for each type of
faults are given in the following.

1. Incorrect access faults

If the decoder cannot generate the correct memory address, then a faulty memory
address is accessed. That is, if we try to accessttmemory cell of a LUT, then thi&h
memory cell will be accessed if there exists a incorrect access faplf<j<2<-1. A
large number of such faults may exist in a cell. To test this type of fault, we must first
activate this fault. In other words, we must find a configuration such that the values stored
in thei’th andj'th memory cells (MCs) are different, i.8C(i) # MC(j). Fortunately, with
the configurationg*?, g2, ..., andB®, there exists at least one such configuration that the
accessed values of the correct and faulty memory addresses will have different stored values.
If the fault is activated by a specific configuration, then its corresponding outputs will not
again be a complete output sequence. This is useful to detect this fault. Therefore, we
conclude that all the incorrect access faults can be detected with 100% fault coverage.
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2. Non-access faults

If a non-access fault exists, then the output of the LUT will stick at 0 (1). Then, we
can treat it as a stuck-at 0(1) fault. This type of fault can be detected with configyBations
kandB° as described in the previous paragraph. Therefore, we conclude that non-access
faults can be detected with 100% fault coverage.

3. Multiple access faults

If a multiple access fault occurs within a CLB, then the output value of this CLB is
equal to the wired-OR (wired-AND) of the stored values of all the accessed addresses. That
is, the output valug = MC(i) + MC(j) (wired-AND) ory = MC(i) ® MC(j), whereMC(i)
andMC(j) denote the values of the correct and extra accessed memory-€gl3< j < 2
— 1. To activate this type of fault, there must exist a configuration suckl@{@t= 0 and
MC(j) = 1 (wired-OR) oMC(i) = 1 andMC(j) = O (wired-AND). Then the wired-AND
(wired-OR) output of this CLB will have logic value 0/1 (wired-AND/wired-OR) and the
faulty effect is activated. Fortunately, the configuratifhs, 82, ..., and3° can be used
to activate this type of fault. The outputs of the faulty cell will no longer be a complete
sequence and can be observed from the cell’'s outputs. We conclude that all the multiple
access faults can be detected with 100% fault coverage. |

B. Testing of D flip-flops

D flip-flops are tested using the functional model. That is, D flip-flops are treated as
pipelined latches. A fault may cause a flip-flop to be unable to receive data, to be triggered
by the correct clock edge, or to be incapable of being set or reset. With our configurations
3 throughpX, there exists at least one configuration which contains the sequences 010 and
101. It should be noted that the configuration memory must be configured so as, to direct
the outputs from the LUT through the highlighted path to the CLBs output. Fortunately,
this will not increase the number of configurations and can be done during the process of
testing the LUT's. Therefore, D flip-flops can be used as pipelined latches and can be fully
tested using the same configurations and test patterns that are used for an LUT.

C. Testing of multiplexers

As with the fault model defined above, switch stuck-on and stuck-off faults are
assumed. For stuck-off faults, we assume that the output is either stuck-at 1 or stuck-at 0,
and that it can be collapsed like stuck-at faults at the output line of an LUT. This type of
fault can be simultaneously tested as in the testing of an LUT according to Theorem 1. For
stuck-on faults, wired-operations are performed, and the faults can be detected in the same
manner as described in Theorem 2.

Now that we have proven the testability conditions for a single cell, we can turn to the
problem of testing a whole array. The first task is to send the test patterns to each cell in an
FPGA (controllability) and propagate the fault effects to the primary outputs (observability).
The controllability and observability problems can be solved using the following theorem.

Theorem 3:For an FPGA cell array, all the faults defined can be tested with a minimal
complete input sequence and configuratiBlhs3*?, ..., ands° for each cell.
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Proof: As shown in Theorem 1 and Theorem 2, a complete input sequence and test
configurationg’, 0<i <k, can be used to test all the faults within a cell. For an entire cell
array, we must solve the controllability and observability problems. First, all the cells must
have the same configurations during each test phase; i.e., they are configured to have the
same bijective cell function. Since all the linear arrays are identical, we connect all the
inputs of the left-most cells to IOBs and use an external test pattern generator (TG) to
generate test patterns for all the arrays as shown in Fig. 8. Since all the input I0Bs also
receive a minimal complete input sequence, the faults that occur in an IOB can also be
detected. The output IOBs can also be tested in the same manner. The input to each linear
array is a minimal complete sequence, so the simplest approach to implementing the test
pattern generator is to usdé-hit binary counter, which counts from 0 to-21.

It is well known that, a minimal complete input sequence is sufficient to completely
test a cell. Le® be a minimal complete input sequence. We apptythe input of the
leftmost cell of each linear array. Since each cell is configured as a bijective cell function,
it follows that if celly, is fault-free, the output sequenégis also a minimal complete
sequence. This sequence can then be used as the input sequesitg fdstaining com-
plete sequenc8,. We can then applg, to celly,, producing complete sequengg By
reiterating this process, we can construct a complete input sequence for each cell in the
linear array. The same mechanism can be applied to the other linear arrays. This solves the
controllability problem.

Now, we will turn our attention to the observabiltiy problemcéfly, is faulty, a
faulty effect must occur at the outputs of this cell. Then, since the cell function is bijective,
the faulty effect will be propagated througéll,; and appears at its outputs. This is be-
cause any input change is propagated to an output change. Bijectivity ensures that the
change will continue to ripple to the outputs of the rightmost cell, which in turn are con-
nected to the IOBs and output response analyzer for observation. The output sequences of
all the linear arrays are identical if no faults exist in the FPGA chip. The output response
analyzer is simply a comparator and can be used to compare these outputs and produce a
pass/fail indication. Other types of analyzers can also be used. For example, a checksum
checker can be used to check the sum of the output sequence. Since we assume that there
exists at most one faulty cell in a linear array, the propagating path cannot mask each fault.
We conclude that the cell faults in each linear array can be detected using the complete
input sequence. O

An additional configuration must be added to test the c input of MUX1. With this
configuration, the output of the LUT is forwarded to the input of MUX1. The c input is
propagated through the highlighted path as shown in Fig. 2 to the paipdiused as input
for the neighboring cell. Therefore, the number of configurations needed to completely
test the whole FPGA array list+ 2.

4. Built-In Self-Test

The proposed BIST structure is shown in Fig. 9, where some of the cells are config-
ured as test pattern generators (TPGs) and some as output response analyzers (ORAs). The
remaining cells are cells under tested (CUTs). The TPG is a didlyiidinary counter,
which provides pseudoexhaustive test patterns to the leftmost CUT of each linear array. As
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Fig. 9. Built-in self-test structure of FPGAS!@ession).

a result of the tessellation of test patterns described above, each CUT will receive exhaus-
tive test patterns. The outputs of the rightmost CUTs are the same if all the CUTs are fault

free. Due to the special characteristic of the test patterns—a minimal complete input se-

quence for each cell-there are novel techniques for output response analysis. The first one
is the check-sum method: each ORA in Fig. 9 is configured as an accumulator, i.e., a binary

adder. Since the output response of the rightmost CUT is also a minimal complete sequence,
the accumulated output becomes

k k

5 = 2(2* -1
2

For example, ik = 4, then the accumulated result is 111000. Judging from the bit positions

of zeros and ones, one can determine immediately whether the output sequence is faulty or

not. This approach can detect all the single-bit errors, resulting in higher fault coverage.

The only undetected errors are those multi-CLB faults in different CLB rows that generate

different permutations of the correct output sequence.

Another approach is to use parity checkers. A minimal complete sequence implies
that the number of 1s and Os in the sequence, at each bit position, must be equal. That is,
even parity must be true for every output bit. Fig. 10 shows the logic diagram of a simple
parity checker. The short thick segment stands for a unit delay, which can be implemented
using the internal flip-flop of a CLB. This approach requires fewer FPGA resources than
does the previous one and can achieve relatively high coverage. The third approach is to
use equality checkers. Based on the tessellation property of the test patterns, the output
sequences from the rightmost CUTs are identical. We can compare these sequences using
an equality checker, which is composed of XOR gates. In each of the analysis approach, the

- 2k—1(2k _1) - 22k—1 _ 2k—1.

M=

o J

Fig. 10. The parity checker.



FPGA TESTING 745

outputs of the ORAs can be sent to a shift register (SR) chain, which performs parallel-to-
serial conversion. The results are then shifted out sequentially for external go/no-go
judgement. These BIST structures nearly exclude the need for an external ATE (automatic
test equipment).

Our BIST structure contains two test sessions. The first session is shown in Fig. 9. In
the first test session, the CUTs are tested with various test configurations as described in
section 3. Then, we have to swap the functions of TPGs and ORAs with those of CUTs
such that each CUT will be tested in at least one test session. This goal is achieved by using
the second test session as shown in Fig. 11. The test configurations are the same as that for
session 1. In this session, we assure that each CUT is tested at least once. The number of
configurations for our BIST structures ik 2 4 since two test sessions are required. This
is better than [9], where 3 test sessions are required.

2] OB ks | | o ]

E CUT s TR TP | CLT E
B + + =3
= | o vas L l
g ¥ . v B
: ¥ ¥

E DU =i 84 = - = CUT = CUT g

¥
[ ) L3 :] o8 | | op (]
¥ PawwFmi

Fig. 11. 29test session.

5. FAULT DIAGNOSIS

FPGA fault diagnosis is also an important task. If we can locate a faulty CLB, then
the fault-tolerant mechanism can be activated to bypass it, and the FPGA can implement its
logic function using only fault-free CLBs. Our FPGA diagnosis process consists of a se-
guence of steps: (1) horizontal diagnosis, (2) vertical diagnosis, and (3) CLB diagnosis.
Step 1 and step 2 can be used to locate faulty cells. Since our diagnosis resolution is one
CLB, step 3 must be added for CLB diagnosis.

e Step 1 (horizontal diagnosis): For horizontal diagnosis, the corresponding interconnect
structure is shown in Fig. 12(a). The outputs of the rightmost cells are compared with the
correct results to identify faulty rows.

e Step 2 (vertical diagnosis): The interconnect structure is changed to that shown in Fig. 12
(b). The outputs of the bottommost cells are compared with correct results for identify-
ing faulty columns. Note that multiple cells can be detected if they are in different rows
(columns).
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Tist P

Fig. 12. (a) Horizontal diagnosis and (b) vertical diagnosis.

e Step 3: After stepl and step 2 are performed, faulty cells can be located by means of
intersecting faulty rows and faulty columns. In order to locate faulty CLBs, we reconfigure
the cells right to the faulty cells and bypass its logic as shown in Fig. 13. This provides us
direct observation of faulty cells. The other cells retain their original configuration. Due
to the special characteristics of the test patterns, the output sequence of the rightmost
cells can be predicted before test patterns are applied if faulty cells do not exist. Then, we
can compare the output sequence at each bit position with the correct sequence to locate
faulty CLBs. For example, ¥ is different from the correct sequence, thenGh&, of
the faulty cell is faulty.

Thwl Futiemn
o - X Tyjas
F x Paypupis Dy jeas

Fig. 13. CLB diagnosis.

6. EXPERIMENTAL RESULTS

In order to establish, verify, and evaluate our testing approach, a fault simulator was
implemented using theé language for the generic FPGA architecture. This architecture can
be easily applied to the FPGA families from Xilinx [21], e.g., XC3000, XC4000, and XC5200,
with minor modifications. Note that the fault simulation information, including the number
of configurations and the fault coverage, is for a single cell. The experimental reskilts for
= 4 are summarized in Table 1. From this table, we find that the total number of faults
within a cell is 1696, and that all these faults can be detected with 6 configurations. The
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Table 1. Test configurations and test patterns fok = 4.

Lookup Tables Multiplexers Stuck{aIFFS | otal
Functional Multiple] Incorrect] Non-| Multipl¢ Incorredt Stufk-Functiohal ~ Fults
Faults | Access| Access| Access Stuckton Switch-on |off  Faults
Faults | Faults | Faulty Faulty Faults Faplts

Number of 32 480 960 8 8 16 16 16 144 16 169
Faults

Number of 16 16 16 16 32 32 2 32 3 R 3R
Test patterns

Number of 32 480 960 8 8 16 16 16 144 16 169
Faults detected

Number of 4 4 4 1 2 3 2 2 6 2 6
Configurations

Faults Coverage 100%| 1009 100% 100%  100%  100%  100% 100% 100% | 100% 100%

required number of test patterns is 16 (a complete input sequence for a cell) for almost all
test configurations. It should be noted that not all types of faults require the use of 6
configurations to complete the test. For example, the number of configurations needed to
completely detect the functional faults of an LUT is 4, and 2 configurations are required to
test DFFs. The row “Number of Configurations” has different values for each fault type.
However, the total number of test configurations is only 6 since they can be repeatedly used
for different fault types. For multiplexers, more fault types than were defined previously
were simulated. These include multiple stuck-on faults, incorrect switch-on faults, stuck-
off faults, and functional faults.

The relationship between the number of configurations and the fault coverage is
shown in Fig. 14. For example, if only 1 configuration is programmed, the resulting fault
coverage for functional faults is only 48%. However, if 4 configurations are programmed,
then all 32 functional faults are detected, and the accumulated fault coverage is 100%. We
compared our approach with that in [5] since the same CLB structure is used. However,
instead of the single-CLB fault model used in [5], multiple-CLB faults can be detected with

= 5

Tumnber ol Tesl Confiiraon

Fig. 14. The relationship between the number of configurations and the fault coverage.
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Table 2. Comparisons

APPROACH GOAL NTP NTC NCD NTS REGULARITY
T. Inoue [5] Fault Diagnosis k2 | 2k+4 4k+8 - Low
C. Stroud [9] Built-In Self-Test K2 - - 3 Low
This paper Fault Detection, k2 k+2 k+4 2 High
BIST, and
Diagnosis

our approach. Table 2 summarizes the results obtained in this study. In this table, we list
the goals of various studies, and compare the number of test patterns required for each
configuration (NTP), the number of test configurations required for fault detection (NTC),
the number of configurations for fault diagnosis (NCD), and the number of test sessions for
BIST (NTS). The number of test configurations for fault detection (NTC) is only half that
required in [5]. The parameter “Regularity” denotes the complexity of the corresponding
BIST structures. From this table, we can find that our approach improves the detection
time significantly. Moreover, the number of test sessions is smaller than that in [9] if the
BIST structure is considered.

7. CONCLUSIONS

A novel approach to testing field programmable gate arrays based on lookup tables
has been proposed in this paper. A column of k CLBs is grouped into a cell, kvhere
denotes the number of inputs of an LUT. We use a cell as the basic test element instead of
using a CLB. The whole chip is partitioned into disjoint one-dimensional arrays of cells.
We assume that in each linear array, there is at most one faulty cell, and that a faulty cell
might contain multiple faulty CLBs.

For a faulty lookup table, a fault may occur at the memory matrix, decoder, input and
output lines. Stuck-on and stuck-off fault models are adopted for multiplexers. Moreover,
we assume that the interconnection network has been tested. Our idea is to configure each
cell function as bijective. We ne&d- 2 configurations to test all the faults defined. The
number of configurations is less than that in previous works, and the test time can be signifi-
cantly reduced. For each configuration, a minimal complete input sequence is applied to
the leftmost cells of each linear array from the I0Bs, and the outputs of the rightmost cells
can be observed directly from the remaining IOBs by using an output response analyzer.
The complete input sequence can be easily generated using a k-bit binary counter. Experi-
mental results show that the resulting fault coverage is 100%, and that the time required to
test the whole chip is independent of the array size. Our approach is very suitable for BIST
structures since the test pattern generator and the output response analyzer are easier to
implement. The routing complexity and the required number of IOBs are also reduced
significantly. To locate a faulty CLB, three test sessions are required. However, the maxi-
mum number of configurations for diagnosing a faulty CLB is4.
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