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Abstract 

A Built-In Self-Test (BIST) method is seen in Virtex-5 field 
programmable door clusters for the justification assets in the 
programmable information/yield (I/O) tiles (FPGAs). To evaluate 
the I/O cell programmable justification assets in all methods of 
operation, an aggregate of 15 BIST designs were developed. The 
technique utilizes dedicated I/O help sidestep guiding in the I/O 
tile with the overall aim of bundling the BIST free and ideal for 
all degrees of testing from wafer to framework level. The 
technique includes BIST implementation power and full 
symptomatic targets of split I/O tiles for autonomous testing of 
the gadget and package. For BIST implementation, monitoring, 
and review free from the arrangement interface, either the 
Boundary Scan interface or a simple system level interface may 
be used. Exploratory findings, like the potential to find 
shortcomings, are shown. 

Keywords - Built-In Self-Test; Programmable Gate Array field; 
Input/output programmable tiles; Virtex-55 

1. INTRODUCTION 
Usually, JTAG compatible devices' input/output (I/O) 
buffers are checked using the Boundary Scan 
EXTEST feature [1]. However, field programmable 
gate arrays (FPGAs) have a large number of I/O 
buffer-associated configurable logic resources that 
cannot be evaluated in this way. Multiplexers and 
flip-flops/latches usually provide these configurable 
logic tools, as shown in Fig. 1, to boost device timing 
criteria such as set-up and hold times as well as 
latency of clock-to-output. Additional logical 
services are used to enable the transmission and 
receiving of single data rate (SDR) and double data 
rate (DDR) as well as for operating modes of 
serialization/deserialization (Serves). For instance, 
there are at least 32 multiplexers and 47 flip-flops 
included in the configurable logic associated with 
each I/O cell in Xilinx Virtex-5 FPGAs to support 
different modes of operation. For checking 
configurable logic services in an I/O cell [1], the 
Boundary Scan INTEST function may be used. 
However, few FPGA manufacturers support the 
INTEST functionality. Although some previous work 
has been done to evaluate I/O cells [2] [3] [4] [5], 
previous work has mostly ignored I/O cells and their 
related logic tools in Built-In Self-Test (BIST) for 
FPGAs. It has, however, been found that FPGA 
synthesis tools often use programmable logic in 
unused or un-bonded I/O cells for the implementation 
of device logic functions[5]. 

The work discussed in this paper is mainly focused 
on the prior work in [5], which proposed and 
introduced I/O cell BIST architecture for Atmel 
AT40K series FPGAs and Atmel AT94K series 
programmable system-on-a-chip (Sock) [6]. This 
article, however, makes some enhancements over the 
previous approach to BIST. This paper also explains 
the actual deployment, application and verification of 
BIST configurations established for Virtex-5 FPGAs 
[7] whose I/O cells are far more complicated than the 
AT40K and AT94K devices [6]. The BIST 
configurations provided here measure the complete 
functionality of the logic tools used in the application 
of the Virtex-5 I/O cells, including input logic 
(ILOGIC), output logic (OLOGIC), as well as 
serialize/deserializer input and output (Serves). The 
paper starts in Section II with a summary of the prior 
work in I/O cell BIST, accompanied by an overview 
of Virtex-5 I/O tiles in Section III. Section IV 
outlines the overall BIST method and descriptions of 
individual BIST setups are addressed in Sections V 
and VI for the Logic and Serves modes, respectively. 
In Section VII, we present experimental findings 
from real implementation in Virtex-5 FPGAs. Before 
the description and conclusion in Section IX, Section 
VIII addresses a BIST method for the configurable 
I/O buffers.  

 

                Figure 1. Simplified programmable I/O cell 

2. PRIOR WORK 

In the field of measuring I/O cells in, or applicable to, 
FPGAs [2] [3] [4] [5], there has been little prior 
work. Via FPGAs. The overall BIST method was 
comparable to that used in the FPGA core for 
configurable logic services [8]. The BIST design in 
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[5] consists of a single TPG added to the I/O cells 
under test in configurable logic blocks (CLBs) 
sourcing test vectors. Under the presumption that 
internal FPGA tools have already been checked and 
found to be fault-free, a single TPG was introduced. 
With bidirectional I/O buffers, the I/O cells under test 
are identically designed such that the feedback 
responses are transmitted back into the internal 
resources of the FPGA. For in-system research, 
though, this implies that all connecting devices 
during testing be tri-stated. CLBs designed as 
contrast based output response analyzers track the 
output responses of the I/O cells (ORAs). Although 
offering a general architecture for any FPGA or 
configurable Sock with an FPGA core and 
bidirectional I/O buffers, [5] 27 BIST configurations 
extended only to the Atmel AT94K Sock and AT40K 
FPGA has been introduced. 

3. OVERVIEW OF I/O TILES IN 
VIRTEX-5 

An output logic block (OLOGIC), input logic block 
(ILOGIC), I/O delay block, and a bidirectional I/O 
buffer are included in the I/O cells in Virtex-5 
FPGAs, as shown in Fig. 2 [7] Depending on the 
scale of the individual FPGA, the amount of I/O cells 
in Virtex-5 differs from 360 to 1,200. [5], a BIST 
device level design is presented for the Atmel I/O 
cells.  

 

             Figure 2. Virtex-5 programmable I/O tile 

Each OLOGIC contains registers to boost the timing 
of device clock-to-output and to facilitate data 
transfer from SDR and DDR. When running in 
Serves mode, OLOGIC can also conduct parallel to 
serial conversion of output data for widths between 2 
and 6-bit. The ILOGIC contains registers to boost the 
set-up and hold times of the device and to facilitate 
data receipt through SDR and DDR. When running in 

Serves mode, it can also conduct serial-to-parallel 
input data conversion for widths between 2 and 
6-bits. A Bit slip sub-module is also included in the 
ILOGIC for synchronizing serial interfaces that have 
a training pattern. Invoking the Bit slip input re-order 
data in a barrel-shifter procedure on the parallel 
outputs of the input logic block [7]. Two I/O cells are 
grouped to shape an I/O tile in Virtex-5 FPGAs, as 
shown in Fig. 2. To endorse extended Serves data 
widths, each I/O tile requires dedicated shift routing. 
Two I/O cells in the same I/O tile are linked in 
master/slave mode through dedicated change routing 
to accommodate 7, 8 and 10-bit data widths [7]. 
Dedicated routing (also seen in Fig. 2) directly from 
the OLOGIC to the ILOGIC that bypasses the I/O 
buffer is also used in each I/O cell. 

4. BIST ARCHITECTURE'S 
SUMMARY 

Our BIST approach for I/O tiles is close to other 
BIST methods that we have built in Virtex4 and 
Virtex-5 FPGAs for testing CLBs [9]. A set of 
deterministic test patterns is preserved in the FPGA 
fabric in 36-kbit block random access memories 
(RAMs). Block RAM outputs are explicitly attached 
to the inputs of the alternating rows of I/O tiles being 
evaluated. For every 5 rows of I/O tiles under 
analysis, one block of RAM is configured. As a 
counter to resolve the block RAM sequentially, one 
digital signal processor (DSP) per block RAM is 
configured. Together, for each I/O tile BIST setup, 
one 36-kbit block RAM and one DSP shape the TPG. 
For certain setups, however, the block RAM content 
is changed in order to target particular 
resources/functions under evaluation. The value of 
configuring multiple TPGs is twofold: first, multiple 
TPGs minimize loading, thereby optimizing the 
frequency of BIST execution on broad computers, 
and secondly, the design of multiple equivalent TPGs 
removes the presumption that fault-free TPG logic 
resources are. The comparison-based ORAs that 
watch the I/O cells at the limits of any flawed and 
fault-free TPG can detect any fault affecting the 
actions of a TPG. 

For circular comparison-based ORAs, BIST of I/O 
cells is well adapted since several similar I/O cells 
are concurrently checked. Two ORAs track the 
outputs of each I/O cell under test and compare them 
to the outputs of two other identically configured I/O 
cells in an adjacent row, as shown in Fig. 3. I/O cells 
in the top row of the test area are contrasted with the 
I/O cells being measured in the bottom row of the test 
area in order to complete the circular relation. 
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           Figure 3. Column oriented circular comparison  

As long as all of the BUTs being compared do not 
fail identically and equally, the circular comparison 
method does not suffer from aliasing consequences. 
In addition, circular contrast increases the resolution 
of the diagnosis [4]. For the length of the test session, 
an output answer mismatch between two identically 
designed I/O cell outputs is latched as logic 0 in the 
ORA flip-flop. Otherwise, logic 1 is held in the ORA 
and is viewed at the end of the BIST series as a 
moving outcome. The dedicated carry logic and 
routing services in the ORA CLBs were unused in 
previous implementations of the comparison-based 
ORA [4]. However, these tools are used to shape an 
iterative-OR chain of any ORA in the test region in 
all BIST configurations that we have built for 
Virtex-5 FPGAs. The Carry-in input to the CLB, 
which is the Pass/Fail outcome of adjacent ORA, is 
selected for each OS by the passing consequence of 
logic 1. In the iterative-OR chain, the carry-in input 
of the first MUX is connected to a system input, with 
the carry-out of the last ORA attached to the system 
output. If a loss (e.g. mismatch) is registered by any 
ORA in the chain, logic 0 on the output of that ORA 
would choose logic 1 as the input to the carrying 
MUX, as shown in Fig. 4. 

 

         Figure 4. Virtex-5 equivalent ORA architecture 

The carry-in feedback is propagated through the CLB 
if no fault is detected in the ORA. If no ORAs in the 
iterative-OR chain notice errors, the carry-in input to 
the first ORA in the chain can spread to the carry-out 
output of the final ORA via each ORA slice such that 

an overall pass/fail outcome is obtained to obtain the 
contents of the ORA flip-flops without reading back 
the configuration memory. The consistency of the 
iterative OR-chain is checked by toggling the OR 
chain input and observing the OR-chain output at the 
end of each BIST sequence. If the performance of the 
iterative OR-chain shows that faults have been found, 
the contents of the ORAs may be retrieved for 
accurate fault diagnosis through partial configuration 
memory read back. 

The design of the I/O tiles under evaluation is another 
major difference between our I/O tile BIST 
architecture and the prior work. In order to provide 
the return route for test patterns that exit the output 
logic and return to the ORAs via input logic, previous 
approaches depended on bidirectional I/O 
buffers[5][10]. The dependency on bi-directionally 
routed I/O buffers, however, significantly limits the 
applicability for in-system testing of this form of 
BIST. We specified that all connecting devices be 
tri-stated during in-system testing with any I/O buffer 
configured in the direction of the logic under 
evaluation. Connecting passive devices such as 
termination resistors or light emitting diodes (LEDs) 
poses another issue since during in system checks; 
these devices should not be removed or restated. In 
[9], the authors indicated that LEDs connected to the 
I/O buffers under test at some frequencies induced 
the comparison ORAs to erroneously record faults for 
otherwise fault-free I/O tiles. These faults have been 
found at frequencies as low as 325 kHz [9], which is 
not suitable for the logic resource at-speed 
examination. As a consequence, BIST's generality is 
undermined. Luckily, the Virtex-4 and Virtex-5 
FPGA I/O tiles provide dedicated routing from the 
OLOGIC to the ILOGIC that bypasses the I/O buffer 
[7]. Using this input routing instead of the I/O buffer 
indicates that no signals will enter, and thus be 
impacted by, external devices from the FPGA under 
test. In comparison, bypassing the I/O buffer does not 
compromise error coverage in the logic resources of 
the I/O tile. These experiments can be extended 
without consideration to the external test setting with 
the I/O buffers omitted from all tests for logic 
resources, allowing our method relevant to all stages 
of FPGA research. 

The apparent drawback to this strategy is that it does 
not evaluate the I/O buffer simultaneously. However, 
for the I/O buffers, we have established a stand-alone 
BIST design applicable to chip and wafer-level 
inspection. In any bidirectional mode of service, this 
architecture checks the programmable analogue 
functionality of the I/O buffers. In addition, in their 
device mode of service, the Boundary Check 
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EXTEST function can be used for in-system checks 
of I/O buffers. 

4.1 LOGIC MODES SETTING FOR I/O 
In all ILOGIC/OLOGIC modes of operation, six test 
configurations are required to completely test the I/O 
tile logic resource. In these I/O Logic mode 
experiments, the I/O delay module is simultaneously 
evaluated in two out of three operating modes. There 
are two alternative routes for input routing from the 
OLOGIC to the ILOGIC: one via the I/O delay 
module and one dedicated path that bypasses the I/O 
delay module. The path via the I/O delay module 
enables all approved delay modes to evaluate the 
performance delay feature (fixed delay, variable 
delay, and default). However, without configuring the 
I/O buffers in bidirectional mode, checking delays of 
input and output signals concurrently is not feasible. 
The DDR transmit and receive modes of service was 
checked by three of the six I/O logic BIST setups, 
including, in OLOGIC, opposite-edge, same-edge 
and same-edge pipeline performance modes. The 
fourth and fifth configurations measure the primary 
registers' flip-flop and latch capabilities. The 
combinatorial (un-registered) route through the I/O 
tile logic tools is evaluated in the sixth and final 
configuration. Simultaneously checked are 
programmable initialization values, set/reset values, 
and synchronous/asynchronous reset/toggle inputs. 
For both I/O Logic BIST setups, the amount of clock 
cycles for BIST execution is 2048. 

4.2 CONFIGURATIONS FOR MODES OF 
I/O SERDES 
A total of nine configurations are required in the 
Serves modes of operation to completely evaluate the 
I/O tile logic resource. Six of these configurations 
measure the rationale of I/O Serves optimized for 2, 
3, 4, 5, and 6-bit data widths. For the 4-bit data 
width, two settings are included to measure the 
programmable active level on the OLOGIC's tri-state 
inputs. Three other settings measure the Serves 
master/slave modes with 7, 8, and 10-bit data widths. 
The Serves is evaluated in DDR mode in two of the 
nine configurations, with the remaining seven 
configurations evaluating SDR modes of service. 
Serves 1 but output But output 0 1 Oak carry-out but 
output Oral carry-out operations require two clocks: a 
high-speed serial data clock and a split FPGA cloth 
clock. When measuring SDR modes, the sum of 
clock division is an integer equivalent to the data 
width and is half of the data width when testing DDR 

modes. To provide the split clock for the ORAs and 
TPGs in Serves setups, we use regional clock buffers 
with integrated clock division, called BUFRs [7]. The 
BUFR has a programmable clock division and 
BYPASS modes, from 1 to 8. The BUFR also has 
simple (CLR) and clock activate (CE) inputs. To 
obtain a simultaneous test of the BUFRs and the I/O 
Serves logic, we link the CLR and CE inputs of every 
BUFR to the TPGs. It is useful to concurrently 
evaluate the BUFRs since they will possibly be used 
in combination with Serves. A defective BUFR can 
cause failures in the ORAs along at least one 
boundary of an adjacent clock area, because each 
BUFR clocks only one adjacent clock region. A 
defective BUFR will only avoid detection, as with the 
I/O tiles under evaluation, if any BUFR in the test 
region fails identically and on the same clock period 
(s). 

One contribution to the Serves mode checking BIST 
design stems from the need for serial bit stream 
synchronization before the BIST sequence is 
performed. The location of desterilized data on the 
parallel side of the OLOGIC is initially unspecified 
in Serves mode. The details on the simultaneous 
outputs of each I/O cell under examination must be 
aligned owing to the existence of comparison-based 
ORAs. The Serves BIST design ads a Bit slip 
synchronizer circuit to ensure identical 
synchronization of desterilized test patterns, shown in 
Fig. 5. 

The ORAs are kept disabled after installing some 
Serves mode configuration and the TPGs are kept in 
reset mode. The inputs of the I/O cells under 
examination are provided with a training sequence, 
stored in the programmable set/reset values of the 
block RAM output registers. On the parallel side of 
the output logic block, the training pattern places a 
single zero in a field of ones. The Q2 parallel I/O tile 
performance is tracked by the Bit slip synchronizer 
circuit and the Bit slip control line is one-shot before 
the zero is transferred to the Q2 location. 
Synchronization can be accomplished in no more 
than 4N2-4N clock cycles as a function of the clock 
division and Bit slip latency, where N is the Serves 
data diameter for the setup. Every I/O cell has a 
dedicated Bit slip synchronizer circuit that will 
proceed to fire the control line of the Bit slip until the 
training pattern is located at the Q2 output with the 
single zero, aligning the test patterns with the 
comparison-based ORAs identically. During the 
BIST execution, the synchronizer is then switched off 
by the TPG. 
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             Figure 5. Bit slip synchronizer circuit 

The sum of BIST clock cycles for Serves setups is 
equivalent to 1024 times the sum of clock division 
used during that setup, plus the worst case 
synchronization period for the tested data width. In 
addition, it should be remembered that the amount of 
BIST clock cycles is independent of the size of the 
array and the number of I/O cells being measured. 

5. EXPERIMENTAL RESULTS 
For any size and family of Virtex-5 FPGAs, all of the 
BIST configurations are created automatically by a 
series of ANSI C programmers we have built. To 
create the six configurations for the I/O logic 
operation modes mentioned in Section V, two 
programmers are used to generate the six 
configurations for the I/O logic operation modes 
described in Section V. Another pair of two 
programmers produces all nine of the configurations 
to evaluate the I/O Serves operation modes described 
in Section VI. In each set, our first software generates 
a BIST prototype configuration in Xilinx Definition 
Language (XDL) and then translates the template to 
Native. Until translating it back to XDL format, the 
BIST prototype is redirected by Xilinx's position and 
route programme, PAR.exe. In order to generate the 
different BIST settings, our second software modifies 
the routed XDL file and transforms such files back 
into NCD format. Using the Xilinx bit stream 
generation programme, BitGen.exe, the final 
download configuration files are built. 

For both Virtex-5 LXT and SXT units, Table I 
summarizes the total size of the 15 I/O BIST 
configuration directories, the maximum BIST clock 
frequency, and the total number of BIST clock 
cycles. Notice that due to simultaneous testing of I/O 
cells by the BIST system, the cumulative amount of 
BIST clock cycles is unit independent. To measure 
the best and worst-case cumulative test times, which 
are based on the configuration interface, the totals 
shown in Table I were used. 

The cumulative test period for a 32-bit parallel setup 
device for Boundary Scan and Pick Map is shown in 
Fig. Fig. 6 and Fig. 7, etc, respectively. For all setups 
and all computers, a 50 MHz BIST clock is required. 

Read back period is read back from the ORA material 
for partial configuration memory at any configuration 
for diagnosis of failed BIST configurations. 
However, the single bit pass/fail outcome may be 
calculated through the ORA iterative-OR chain when 
diagnosis is not necessary, or there are no failures. A 
variation of the two approaches is used to reduce the 
test period and attain full fault resolution. Next, 
observing the performance of the ORA iterative-OR 
sequence decides the pass/fail status of the BIST. If 
the OR chain displays errors, it is possible to use 
partial configuration memory read back to obtain the 
coordinates of the failed ORA(s) and hence to 
evaluate the location(s) of the failed I/O Tile(s).  

TABLE me. I/O TILE BIST TOTALS (15 
CONFIGURATIONS)  

 

 

Figure 6. 50 MHz Boundary scan configuration interface test 
time 

 

Figure 7. 100 MHz 32-bit parallel configuration interface test 
time 

5.1  BIST FOR PROGRAMMABLE I/O 
BUFFERS 
We also built a standalone BIST approach for the I/O 
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buffers in FPGAs in addition to the BIST approach 
presented for I/O Logic and SerDes modes of action. 
In all bidirectional modes of service and relevant I/O 
requirements, the method checks the I/O buffers, 
requiring 77 configurations for Virtex-5 FPGAs. The 
methodology is specifically applicable to computer 
and wafer-level research and, with certain design 
customization, extends to in-system testing. It should 
be assumed that the bidirectional buffers configured 
during in-system testing will have various system 
load characteristics, based on how they are erased 
and whether they are typically an input, outlet, or 
bidirectional port during system activity. For starters, 
if they are checked at a high frequency, we would 
expect the I/O buffers that are attached to major 
external loads to fail. Both I/O buffers may be 
checked at a single low frequency for in-system 
testing that is guaranteed to be sufficiently slow to 
allow fault-free I/O buffers to pass. In the case of 
delay faults, though, this can result in defective I/O 
buffers avoiding detection. Alternatively, through 
loading features, the I/O buffers may be clustered 
together to be checked separately and at varying 
frequencies. 

6. CONCLUSIONS 
Including the actual creation and deployment of 
Xilinx Virtex-5 FPGAs, a BIST method was 
proposed to evaluate the programmable logical 
resources of I/O cells in FPGAs. To evaluate the 
input and output logic tools in ILOGIC and OLOGIC 
modes, six BIST configurations have been created. 
With all supported data widths, a further nine 
configurations measure the SerDes functionality of 
the I/O logic services. In both modes of service, the 
logic tools in the I/O tiles can be checked in the 
device by independently checking the I/O buffers. 
The BIST setups are package-independent and, for 
both bonded and unbonded I/O buffers, they will 
measure I/O tiles. This is important because I/O logic 
and routing resources are often used by FPGA 
synthesis software to execute the device feature. 

On the LX30T, LX50T, SX35T, and SX50T FPGAs, 
all these BIST configurations were developed, 
downloaded, and checked. We have also applied the 
BIST method mentioned in this paper to Virtex-4 
FPGAs because of similarity in architectures, 
functionality, and operational modes of the I/O cells 

in Xilinx Virtex-4 and Virtex-5 FPGAs, where a total 
of five I/O Logic, nine I/O SerDes, and 76 I/O buffer 
BIST configurations were created, downloaded, and 
verified on LX60, SX35, and FX12 FPGAs. The 
iterative-ORA offers a quick interface that is very 
fast compared to partial configuration memory 
readback and independent of the configuration 
interface for BIST results retrieval. However, full 
diagnostic resolution of defective I/O tiles can still be 
obtained via partial configuration memory readback 
for fault-tolerant applications. Faults in configuration 
memory bits correlated with I/O tile logic and routing 
except I/O buffer can be identified by BIST 
configurations. Clocking during testing at device 
speeds could theoretically increase the coverage of 
parametric faults in the I/O delay feature. 
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