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Abstract - An efficient approach is presented for Built-In Self-Test (BIST) and diagnosis of embedded cores in Sys-
tem-on-Chip (SoC) devices using an embedded Field Programmable Gate Array (FPGA) core. The approach tar-
gets multiple regular structure cores including memories, multipliers, etc., but can be used to test any set of multiple
identical cores in a SoC that also contains an embedded FPGA core with access to the cores to be tested. The ap-
proach can be used for manufacturing testing or in-system test and diagnosis for fault-tolerant applications. Ex-
perimental results are presented from the actual implementation of the BIST and diagnostic procedure in commer-
cial configurable SoCs and FPGAs that contain multiple regular structure cores.!
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1. Introduction

Built-In Self-Test (BIST) approaches have been developed for Field Programmable Gate Arrays (FPGAS)
by programming some of the programmable logic blocks (PLBs) to function as Test Pattern Generators
(TPGs) and Output Response Analyzers (ORAS) to test the remaining programmable logic and intercon-
nect resources [1][2][3]. These techniques can be used to test embedded FPGA cores in SoC devices
[4][5]. In addition, diagnostic procedures have been developed to identify the faulty PLBs in FPGAs
[1][2] and can also be used for FPGA cores in SoCs. While it has been proposed that the FPGA core in
SoCs can be used to test other cores in the SoC [4], this is only possible if the FPGA core has adequate
interconnect access to the cores to be tested [5].

Commercial configurable SoCs typically incorporate embedded processor and FPGA cores along with
multiple regular structure cores such as memories, multipliers, and digital signal processors [6][7][8]. In
order to maximize the efficiency of these devices in a large variety of applications, these regular structure
cores are also programmable. For example, Random Access Memory (RAM) cores can be programmed
for a range of address and data bus widths, synchronous and asynchronous write and read modes, and sin-
gle and multiple port operation. Furthermore, there are usually multiple instances of these programmable
regular structure cores. As a result, testing these cores presents a problem in that all of these cores must be
tested in their various modes of operation, requiring multiple reconfigurations of the device for complete
testing. Coupled with large configuration memory sizes, testing time and cost can be considerable both in
manufacturing and system-level test. The ability to test multiple cores in parallel helps to minimize the
testing time and cost. In-system BIST and diagnosis is an essential requirement for fault-tolerant applica-
tions since, once identified, faulty components can be avoided by reconfiguration of the intended system
function in the device.

In this paper, an efficient BIST approach and diagnostic procedure is presented for multiple embedded
regular structure cores in configurable SoCs. The implementation of the approach uses the Xilinx Virtex
11 Pro series SoC as the target device but this approach can be applied to most configurable SoCs. A brief
overview of BIST and diagnosis of FPGAs upon which this approach is based is presented in Section 2. A
description of the proposed BIST architecture for SoC cores is presented in Section 3 followed by its ap-
plication to the embedded RAMSs and multipliers in the Virtex Il Pro in Section 4. The diagnostic proce-
dure is presented in Section 5. Experimental results from actual implementations in Xilinx Virtex 11 Pro,
Virtex I, and Virtex 4 are presented in Section 6 and the paper concludes in Section 7.

! This work was sponsored by the National Security Agency under contract H98230-04-C-1177.
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2. Background in FPGA Logic BIST and Diagnosis
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along the edge of the array, all BUTs are monitored by two ORAs which compare the output response of
the BUT with those of two different BUTSs. As a result, there are very few cases where faults in the array
of PLBs can go undetected. Based on this BIST architecture, a diagnostic procedure called MULTICELLO
(multiple faulty cell locator) was developed to identify faulty BUTs based on the failing BIST results [1].
In most cases, MULTICELLO can achieve unique diagnosis, correctly identifying faulty and fault-free
PLBs. However, along the edges of the array, where BUTSs are observed by only one ORA, unique diag-
nosis is more difficult to achieve, requiring rotation of the BIST architecture by 90° with reapplication of
the BIST configurations and the MULTICELLO algorithm.
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3. SoC Multiple Core BIST Architecture

The proposed multiple core SoC BIST architecture (Figure 4) con-
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results can be retrieved at the end of the BIST sequence via a scan
chain incorporated in the ORA design (Figure 2). Alternatively, the Figure 4. Multiple core BIST
contents of the ORA flip-flops can be retrieved via partial configura-

tion memory read back [5]. This BIST architecture has several important differences from that of the off-
line logic BIST architecture for FPGAs [1][4][5]. First, all identical cores can be test simultaneously in
one test session such that test time is independent of the number of cores in the SoC. Second, only one
TPG is needed in the BIST architecture assuming that the logic and routing resources in the FPGA core
have been tested before being used to test the other embedded cores. This is important since the algo-




rithmic TPGs needed for testing embedded cores, such as memories for example, are typically more com-
plicated than those used to test PLBs and require a large number of PLBs for implementation. Therefore,
it may be impossible to fit two TPGs in smaller FPGA cores. The final distinction is that all CUTs are
monitored by two ORAs and compared with the outputs of a different CUT in each ORA in a similar
manner to the on-line logic BIST architecture. As a result, there is no loss in diagnostic resolution as is
the case off-line FPGA logic BIST along the edges of the array. Furthermore, there is an ORA for each
output of the CUT rather than an ORA for multiple outputs of the BUT as in the case in off-line [1] and
on-line [2] logic BIST; this increases diagnostic resolution for fault-tolerant applications.

4. BIST for RAMs and Multipliers

The Virtex 1l Pro series SoC architecture consists of an FPGA core, from 12 to 444 18Kbit dual-port
RAM cores, from 12 to 444 18-bit multiplier cores, and 1 or 2 PowerPC processor cores [6]. The 18 K-bit
RAMs are dual-port RAMs that can be programmed in six sizes ranging from 16Kx1-bit to 512x36-bits
[6]. A total of eight RAM BIST configurations (6 single-port and 2 dual-port) are required to completely
test these RAMSs. In each single-port configuration, both ports of the dual-port RAM are tested in turn
using the March LR algorithm [9]. Background data sequences (BDS) are used to test the RAMs for cou-
pling faults and pattern sensitive faults, but the use of BDS in all configurations is redundant. The March
LR algorithm will detect coupling and pattern sensitivity faults in single-bit memories. However, the
16Kx1-bit mode does not provide access to all 18K-bits of the RAM. Therefore, to test the complete
RAM for coupling and pattern sensitivity faults, and to test for bridging faults in the write and read data
busses of the RAM, March LR with BDS is used to test the 512x36-bit mode. Since the RAMs are dual-
port RAMs, two additional march algorithms (March d2pf and March s2pf [10]) are used to test dual-port
access of the RAMs. During these eight RAM BIST configurations, the other programmable features are
tested including active clock edge and active level for control signals, such as the RAM write enable,
clock enable, and synchronous set/reset, along with other programmable options such as write-first, read-
first and no-change on the output data port during write operations.

The 18-bit multipliers in the Virtex Il Pro can be programmed as combinatorial or registered multipliers.
A total of three BIST configurations are required to test all modes of operation, one combinatorial and
two registered to test the active clock edge and active level of the clock enable and reset control signals.
The multipliers must be tested algorithmically since the 38 inputs (including two 18-bit data values, clock
enable, and reset for the synchronous mode of operation) makes exhaustive test patterns impractical. The
multipliers use the modified Booth algorithm [6], hence we construct a TPG which produces a test pattern
sequence known to provide high fault coverage (>99%) in modified Booth algorithm multipliers [11][12].
This requires an 8-bit counter in the combinatorial mode of operation [11]. For the registered modes, the
TPG algorithm is modified to include a 10-bit counter to test the clock enable and reset control inputs.

To implement these BIST approaches, parameterized VHDL models were developed for the TPGs and
ORAs that can be used to test any number and size of multiple embedded RAM and multiplier cores in
any FPGA or SoC. In SoC applications, the input and output ports of the embedded cores must be acces-
sible from the FPGA core to be tested completely. Some support is needed from synthesis tools to control
the physical placement of the CUTs with respect to their ORA logic for diagnosis of faults in the embed-
ded cores. With control over the physical location of the CUTS, there is no need for control of placement
and routing of the PLBs used for ORAs and the TPG such that the typical design flow of VHDL synthesis
followed by automatic placement and routing in the FPGA core can be used to automate the BIST devel-
opment process and minimize the development effort. Xilinx synthesis tools allow this control of the
physical location of cores via a constraint file. Therefore, this parameterized VHDL approach is success-
ful for testing RAM and multiplier cores in Xilinx devices including the Virtex 1l Pro SoC as well as
Virtex I, Spartan Il, Virtex Il and Spartan 1l1 FPGAs as well as Virtex 4 FPGAs and SoCs. Furthermore,
the BIST configurations can be generated in a matter of minutes compared to the months typically re-
quired for developing BIST configurations for programmable logic and routing resources in FPGAs.



5. Diagnostic Procedure

Once the BIST configurations have been downloaded and executed, the faulty core(s) can be identified
based on the BIST results retrieved from the ORAs. The diagnostic procedure is based on the BIST archi-
tecture where the outputs of two cores are compared by a given set of ORAs to detect mismatches that
result from faults in one or both of the cores. It is possible that equivalent faults in two cores being com-
pared by the same set of ORAs will go undetected by that ORA. However, all cores are being observed by
two sets of ORAs and are being compared to a different core in each set of ORAs such that the few com-
binations of faulty cores that can go undetected by the BIST approach is highly improbable (for example,
if all cores in the SoC have equivalent faults, this would go undetected). The diagnostic procedure is an
extension of the original MULTICELLO algorithm developed for diagnosing faulty PLBs in FPGAs [1][2].
The extended MULTICELLO procedure assumes there are at most two consecutive CUTs in the circular
interconnection of alternating CUTs and ORAs with equivalent faults; supporting theorems and lemmas
for this assumption and the diagnostic procedure are the same as those of [1] and [2]. The steps of the di-
agnostic procedure (with an accompanying example applied to eight CUTs in Table 1) are as follows:

Step 1: Record the ORA results and set the faulty/fault-free status of all CUTs as unknown as indicated
by an empty entry in the table. This is illustrated in Step 1 of the diagnostic Example A of Table 1
where eight cores have been tested. The rows are denoted as C; for cores C, to C; and as O;; for ORAs
where i and j denote the cores (C; and C;) being compared by the ORA. Note that the ORA denoted as
O+ has entries at the top and bottom of the table to denote the circular nature of the comparison. A ‘1’
in an ORA row entry indicates that a failure was observed by at least one of the ORASs associated with
each output of the core. A ‘0’ indicates that no failure was observed by the ORA.

Step 2: For every set of two or more consecutive ORAs with 0s, enter a 0 for all CUTs observed by these
ORAs to indicate that the CUTSs are fault-free. This is illustrated in Step 2 of Example A in Table 1. At
this point, we have determined that six of the eight cores (Co-Cs and Cg-C-) are fault-free.

Step 3: For every adjacent 0 and 1 followed by an empty cell, enter a 1 in the empty cell to indicate that
the core is faulty. This is illustrated in Step 3 of Example A in Table 1. At this point we have deter-
mined that two cores are faulty (C, and Cs).

Step 4: Consistency check: If an ORA indicates a failure but the CUTs on both sides of the ORA are de-
termined to be fault-free, then there is a fault in the routing resources between one of the two CUTs
and the ORA. This is illustrated in Step 4 of Example A in Table 1 where there is an inconsistency in
ORA Oq; indicating a fault in the ORA or in the associated routing between the ORA and one (or
both) of the cores C, or C;. Note we do not assume routing associated with the cores has been tested.

Step 5: If all CUTs have been marked as faulty or fault-free then a unique diagnosis has been obtained;
otherwise, any CUT that remains marked as unknown may be faulty. A unique diagnosis has been ob-
tained in Step 5 of Example A of Table 1. Furthermore, it has been determined that cores C, and Cs
have equivalent faults since there were no failures in ORA Ogs.

In Example B of Table 1, a unique diagnosis is not obtained since core C4 could be faulty or fault-free. If
C, is faulty, it does not have equivalent faults with either of the other two known faulty cores (C; and Cs).
Example C of Table 1 illustrates a scenario where no diagnosis can be obtained; we cannot determine
which cores are faulty and which, if any, are fault-free. For example, among other scenarios, 1) all cores
could be fault-free with ORA inconsistencies in Og, O,3, O4s, and Og7, 2) all cores could be faulty with
equivalent faults in Cy and C;, C; and C,, Cz and Cy4, and Cs and Cg, 3) cores Cy, C,, Cs, and Cq could be
fault-free with equivalent faults in Coy and C; and in C3 and C,., or vice versa. Another scenario with no
diagnosis would be where all ORAs indicate failures. However, these scenarios are unlikely to occur in
practice and the likelihood decreases as the number of CUTSs increases. When a unique diagnosis cannot
be obtained, the pair-wise comparison of cores by the ORAs can be changed by changing the core loca-
tion in the physical constraint file, re-synthesizing, downloading, executing the new BIST configuration,
and re-applying the diagnostic procedure while taking the results of the previous diagnosis into account.



Table 1. Diagnostic Procedure Example

Example A Example B Example C
Step 112|3[4]5 1/2|3[4]5 112|3[4]5
Oz 0/|0j0]|0]O 0/|0j0]|0]O 0/|0j0]|0]O
Co 0/0j0]0 0/0j0]0
O 1(1]1]1]1 0/|0j0]|0]O 1(1]1]1]1
C, 0/0j0]0 0/0j0]0
Oy, 0/|0j0]|0]O 0/|0j0]|0]O 0/|0j0]|0]O
C, 0/0j0]0 0/0j0]0
Oy 0/|0j0]|0]O 111]1]1]1 1(1]1]1]1
Cs 0/0j0]0 111)1
Oz 1(1]1]1]1 111]1]1]1 0/|0j0]|0]O
C, 111)1
Oys 0/|0j0]|0]O 111]1]1]1 1(1]1]1]1
Cs 111)1 111)1
Oss 1(1]1]1]1 111]1]1]1 0/|0j0]|0]O
Cs 0/0j0]0 0/0j0]0
Og7 0/|0j0]|0]O 0/|0j0]0]O 1(1]1]1]1
C; 0/0j0]0 0/0j0]0
Oz 0/|0j0]0]O 0/|0j0]0]O 0/|0j0]0]O

It should also be noted that the examples shown here assume a single ORA failure indication for a com-
plete N-output core. In reality, the diagnostic algorithm is applied to the N ORAs, each associated with
one output of the core. As a result, it is more likely that unique diagnosis will be obtained without the
need for re-synthesis since any known faulty output of a core would indicate that the core is faulty. Fur-
thermore, the per-output comparison by the ORAs facilitates identification of the faulty bit(s) of a RAM
core, for example, for fault-tolerant applications by reconfiguring the system function to use other bits of
the RAM when the RAM is not fully utilized.

This diagnostic procedure and supporting examples show that the MULTICELLO algorithm can be extended
beyond the 4x2 array used in [2]. In addition, due to the circular nature of the CUT to ORA connections,
there is no loss in diagnostic resolution as was the case in the original off-line version of the algorithm for
PLBs in [1]. An alternative BIST and diagnostic approach is to generate (or store) the expected output
responses in the TPG for direct comparison with the output of the individual CUTSs. This ensures that a
unique diagnosis can always be obtained with a much less complicated diagnostic procedure since the
position of the ORA indicating a failure uniquely identifies the failing core and failing output of the core.
This is possible with algorithms such as March LR. However, for some cores and their associated test al-
gorithms, the complexity of generating (or storing) expected results can far exceed the complexity of test
pattern generation and make the TPG too large to fit in the embedded FPGA core.

6. Experimental Results

We have successfully implemented and downloaded the eight BIST configurations in a Virtex Il Pro
XCVP30 to test all 136 RAMSs simultaneously. The 136 multipliers are then tested simultaneously by a
separate set of three BIST configurations. Implementing the BIST approach with the capability to test all
of the embedded cores of a given type simultaneously requires sufficient PLBs in the embedded FPGA
core to implement the TPG and ORA functions. The actual number of slices required for implementing
each TPG and ORA in a Virtex Il Pro as well as Virtex Il and Spartan Il FPGAs are shown in Table 2 for
each of the eight RAM and three multiplier BIST configurations. The PLB count can be obtained by di-
viding the slice count by 4 since there are 4 slices per PLB in these devices. It should be noted the slice
count given in Table 2 represents a minimum number required for BIST since as the number of RAM
cores increases, additional slices are needed to buffer the heavily loaded nets driven by the TPG. Alterna-
tively the TPG can be replicated such that each TPG drives a subset of the RAM cores.



Table 2. BIST Slice Count for Virtex Il Pro

RAM BIST Multiplier BIST

BIST Test BDS Data | TPG | ORA BIST Test Mode TPG | ORA
config| Algorithm Width|Slices|Slices| |config| Algorithm Slices|Slices

1 1 62 9 Count [10] |combinational| 8

2 2 62 10 | Modified count | registered 10 |Nx36

3 MarchLR | No | 4 64 11 | Modified count | registered 10

4 9 64

5 18 | 68 |\

6 March LR | Yes| 36 | 174

7 | Marchs2pf| No | 36 64 N = Number of Multiplier Cores

8 |Marchd2pf| No | 36 | 113 D = Data Width

The size of the TPG is a function of the algorithm being implemented. The largest TPG size (174 slices)
is used for testing the RAM and multiplier cores in the Virtex Il Pro is the March LR with BDS for the
512x36-bit RAM mode of operation. While the size of each ORA is small (only one slice per ORA), the
number of ORAS, Nora, IS given by Nora=NcutxOcore, Where Neyr is the number of cores under test and
Ocore is the number of outputs of each core. The largest number of ORAs also occurs in BIST of the
512x36-bit RAM mode of operation and, since the RAMs are dual-port, there are a total of 72 outputs per
RAM (hence the Nx2D in Table 2). The number of slices available in the various Virtex 1l Pro devices is
illustrated in Figure 5 along with the total number of slices needed to implement BIST in those devices.
The number of RAMs and multipliers range from 12 in the XC2VP2 to 444 in the XC2VP100 but, as can
be seen from Figure 5, there are sufficient logic resources in all devices to accommodate simultaneous
BIST of all RAMs in the device. Due to power dissipation considerations, however, it may be important
to partition the RAMs into subsets and test each subset in separate test sessions.
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Figure 5. Programmable logic resources in Virtex Il Pro

The BIST implementation yields slightly higher slice counts for the embedded RAM cores in Virtex | and
Spartan Il FPGAs due to less functionality per PLB for those FPGAs. In addition, the PLB count in
Virtex | and Spartan 11 FPGAs is doubled since there are two slices per PLB in these devices. The RAMs
cores in Virtex | and Spartan Il are 4Kbit in size with a maximum data width of 16. As a result, March LR
with BDS, March s2pf and March d2pf algorithms are implemented on a 16-bit wide RAMs and the slice
counts obtained are 110, 49, and 76 respectively. We have successfully implemented and downloaded the
seven RAM BIST configurations needed to simultaneously test the 8 and 14 RAM cores in a Spartan 11
XC2S50 and Virtex 1 XCV200, respectively. There are no multipliers in Virtex | and Spartan 11 FPGAs.



The Xilinx Virtex 4 series of FPGAs and SoCs contain from 36 to 552 RAM cores of the same size as
those in Virtex Il but with additional modes of operation such as a First-In First-Out (FIFO) memory [8].
There are sufficient logic and routing resources in all Virtex 4 devices to facilitate implementation and
application of this BIST and diagnostic approach to all RAM cores simultaneously, assuming that power
limitations can be satisfied. In addition to the eight BIST configurations used for the RAMs in Virtex Il
Pro, additional BIST configurations will be required to test the remaining modes of operation. Instead of
multipliers, Virtex 4 contains digital signal processor (DSP) cores (referred to as Xtreme DSPs in Xilinx
terminology) than number from 32 to 512 depending on the device. We are currently investigating BIST
for these DSP cores and estimate a slice count of approximately 175 for the TPG. When combined with
the slice count for ORAs, it appears that there are sufficient resources to test all DSP cores simultaneously
in all Virtex 4 devices except the three 4VSX series devices which require two test sessions.

7. Summary and Conclusions

An efficient approach to BIST and BIST-based diagnosis of multiple identical embedded cores in config-
urable SoCs that contain an embedded FPGA core has been presented. The BIST approach and the diag-
nostic procedure are based upon the prior work done in BIST for FPGAs. However, the lower utilization
of logic and routing resources needed for testing embedded cores facilitates a number of improvements in
the BIST and diagnosis previously used for FPGAs. By including an extra set of ORAsS, the outputs of all
cores under test can be monitored by two ORAs with each ORA comparing the outputs to a different core
under test. This not only improves the fault detection capabilities of the BIST approach, but also improves
the ability to obtain unique diagnosis. The diagnostic procedure presented is an extension of the
MULTICELLO algorithm originally developed for off-line BIST and diagnosis of PLBs in FPGAs. The al-
gorithm was later extended to a small 4x2 array of PLBs during on-line BIST and diagnosis for fault tol-
erant applications. In this paper, we have further extended the diagnostic algorithm to apply to multiple
identical embedded cores in SoCs. We have successfully implemented this approach for Xilinx Virtex I,
Spartan I, Virtex I, Spartan 11, Virtex Il Pro, and Virtex 4 series FPGAs and SoCs.
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