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ABSTRACT: A Built-In Self-Test (BIST) approach for
the programmable Input/Output (1/0O) buffers in Field
Programmable Gate Arrays (FPGAS) is presented. The
I/0 buffers are tested for their various modes of opera-
tion along with their associated routing sources. A gen-
eral BIST architecture, applicable to any FPGA, is pre-
sented along with the features and limitations of the
approach. Experimental results are given for BIST con-
figurations developed to test the 1/O buffers in Atmel
AT40K series FPGAs and associated with the FPGA
core of Atmel AT94K series System-on-Chip (SoC).*

1. INTRODUCTION

All Field Programmable Gate Arrays (FPGAS) in-
clude programmable Input/Output (1/O) buffers to
communicate with the other components present in the
system. Typical FPGA 1/O buffers have several pro-
grammable features as well as associated routing re-
sources to/from of the core of the FPGA. Since defects
are possible in any resource of an FPGA, they may also
occur in the I/O buffers. If the I/O buffers are faulty,
then the information exchange with other components in
the system may not be possible or reliable. This implies
that the 1/0O buffers should be tested to ensure the fault-
free operation of the FPGA in the same manner as the
programmable logic and interconnect resources in the
core of the array should be tested. While a number of
Built-In Self-Test (BIST) approaches have been devel-
oped for the programmable logic and routing resources
in the FPGA core [1]-[7], they have neglected testing
the 1/0 buffers and their associated routing resources.

In this paper, we present a BIST approach that has
been developed to test the I/O buffers of Atmel AT40K
series FPGAs, but we emphasize that this general ap-
proach can be applied to 1/O buffers of any other FPGA.
We begin with an overview of relevant prior work in
BIST for FPGAs and in FPGA 1/0 buffer testing in Sec-
tion 2 followed in Section 3 by an overview of architec-
tural issues of the AT40K series FPGA and the FPGA
core in the AT94K series SoC that impact the 1/0 buffer
BIST approach. A detailed description of the BIST ap-
proach is presented in Section 4. Experimental results
are given in Section 5 for fault simulations and actual
implementations in two different Atmel devices, before
concluding the paper with a discussion of limitations of
the BIST approach in Section 6.

! This work was sponsored by the National Security Agency
under contract H98230-04-C-1177.

2. BACKGROUND AND MOTIVATION

A number of BIST approaches have been devel-
oped to test the programmable logic and routing re-
sources in FPGAs [1]-[7]. The basic technique is to con-
figure some of the programmable logic blocks (PLBs)
as Test Pattern Generators (TPGs) and as Output Re-
sponse Analyzers (ORAS). These are then used to detect
faults in PLBs under test (BUTS) in logic BIST or wires
under test (WUTS) in routing BIST.

In logic BIST, the BUTs and ORAs are arranged
in alternating columns (or rows) and two or more iden-
tical TPGs are used to drive the alternating columns (or
rows) of BUTSs [2][3][7], as illustrated in Figure 1. The
output responses of identically programmed BUTS are
compared by ORAs in neighboring columns (or rows).
The basic design of the comparison-based ORA s illus-
trated in Figure 2. During a given test session (Figure
1a), the BUTSs are repeatedly reconfigured in their vari-
ous modes of operation until they are completely tested.
During the next test session (Figure 1b), this architec-
ture is flipped and the roles of the PLBs are reversed
such that those previously configured as TPGs and
ORAs become BUTSs and vice versa. The PLBs can be
tested in only two test sessions when at least half the
PLBs are configured as BUTs during a given test ses-
sion. While the logic resources of the PLBs are com-
pletely tested by most logic BIST approaches, there is
logic in the 1/O buffers, such as flip-flops and latches,
that should also be tested. In fact, logic in unbonded 1/O
buffers is sometimes used by FPGA synthesis tools to
implement the system function.
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Two types of routing BIST approaches have
proven to be effective in testing the programmable in-
terconnect resources in FPGAs. The first is a compari-
son-based approach in which the TPG drives exhaustive
test patterns over two sets of WUTS that are monitored
at the other end by a comparison-based ORA [4][5]. The
second approach is parity-based where the TPG sources
exhaustive test patterns over a set of WUTs and pro-
duces a parity-bit that is sent to the ORA [6][7]. The
ORA generates parity over the data observed on the
WUTs and compares the generated parity-bit with that
sent by the TPG. While both approaches have been
shown to be effective in detecting faults, they have been
used almost exclusively to test the routing resources in
the core of the FPGA, leaving the routing resources
associated with 1/O buffers untested.

BIST has been implemented to test the speed of
the 1/O in [8]. Additional circuitry such as a delay
locked loop, test registers and the compare circuits has
been included for each register under test. A BIST cir-
cuit which can be implemented in an Application Spe-
cific Integrated Circuit (ASIC) has been developed.
With the BIST circuitry included, the setup and hold
time of the registers in the 1/O buffer can be tested. But
other resources present in an 1/O buffer are not tested by
this method [8]. A testing approach was proposed in [9]
for Ippg testing of 1/0 buffers in an FPGA where the test
signals were generated both internally and externally
but the results were analyzed only by monitoring the
signal values at the outputs. It should be noted that this
testing technique is not a BIST approach to test the 1/0
buffers of an FPGA. Instead, it should be observed that
internal logic resources were used in [9] for generation
of test patterns to the 1/O buffers due to the limited ex-
ternal access of 1/O buffers, particularly unbonded 1/0
buffers.

The Boundary Scan external test (EXTEST) mode
[10] can be used to test the input and output buffers, tri-
state control, and pads. However, the EXTEST capabil-
ity cannot be used to test the flip-flops used for regis-
tered inputs and outputs or the programmable routing
resources connecting the 1/0 buffer to the FPGA core.
While the Boundary Scan internal test (INTEST) could
be used to test these flip-flops and routing resources, the
INTEST feature is not supported in many FPGAS; this
includes Atmel AT40K and AT94K series devices
[11][12]. Therefore, a BIST approach for 1/0O buffers
would provide the ability to test the flip-flops used for
registered inputs and outputs, dedicated programmable
routing resources, and other programmable resources
(such as pull-up and pull-down circuitry) typically asso-
ciated with the programmable I/O buffers in FPGAs
regardless of what Boundary Scan features are sup-
ported or unsupported for a given family or manufac-
turer of FPGAs.

3. ARCHITECTURAL OVERVIEW OF ATMEL FPGAS

The primary architectural features of the Atmel
AT40K series FPGA [11] and FPGA core in the AT94K
series SoC [12] that impact the 1/O buffer BIST archi-
tecture include the PLBs, the I/O buffers, and the rout-
ing resources interconnecting the two. The PLB consists
of two 3-input Look Up Tables (LUTS), one D flip-flop
(with programmable asynchronous set/reset) and several
multiplexers (MUXs) to control routing and logic re-
sources. The PLB has a maximum of four data inputs
and two outputs. Two of the four inputs can be con-
nected directly from the outputs of directly adjacent and
diagonally adjacent PLBs. The remaining two inputs
can be connected only by using the global routing re-
sources present around the PLB. The direct adjacent
PLB connections are referred to as Y inputs and outputs
while the diagonally adjacent connections are referred
to as X inputs and outputs. As illustrated in Figure 3, the
PLBs located along the edge of the array of PLBs have
X and Y connections to/from the 1/O buffers. There are
two 1/0 buffers associated with each periphery PLB,
referred to as primary and secondary 1/O buffers. Pri-
mary 1/O buffers connect to one PLB using the Y con-
nections while secondary /O buffers connect to two
PLBs using the X connections. Both primary and sec-
ondary 1/0 buffers also have connections (not shown in
Figure 3) to the global routing resources associated with
their nearest neighbor PLBs [11][12].

connections to/from direct & diagonal adjacent PLBs

_p‘Y PLB v[% Y PLB Y_><_
Y Y
A A
x v v (
110 1/0 1/0 110 1/0

O= primary 1/0 buffer [ = secondary 1/0 buffer
Figure 3. 1/0O Buffer Connections to PLB

The primary difference between the 1/O buffers of
the AT40K series FPGA and the 1/0 buffers associated
with the FPGA core of the AT94K series SoC is that the
AT94K 1/O buffers have two D flip-flops with a reset
signal to provide registered input and output signals for
critical system timing parameters such as set-up and
hold times or clock-to-output delay [12]. Other than
these flip-flops, the 1/0 buffers in both AT40K and
AT94K series devices are identical [11][12]. Each 1/O
buffer contains four multiplexers (MUXs): one used to
select the output signal to be sent to the pad, another
used to select the tri-state control signal for the output
buffer, and the final two multiplexers are used to select



registered or non-registered signals at both the input and
output portions of the 1/0 buffer.

The 1/O buffers contain pull-up and pull-down
transistors to maintain known voltage levels at the input
portion of the buffer when the output portion is in tri-
state mode [11][12]. The input buffer has four pro-
grammable delays as well as an optional Schmitt trigger
circuit to filter out input noise. In addition, the input
threshold level can be programmed to be compatible
with either TTL or CMOS voltage levels. The output
buffer has three programmable drive capabilities for
sourcing and sinking different current values. The com-
plete primary 1/O buffer is illustrated in Figure 4 with
the various components described above. The input and
output portions of the 1/0 buffer share access to pro-
grammable routing resources via the transmission gates
shown in Figure 4.
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Figure 4. Primary 1/O Buffer of Atmel FPGA

The secondary 1/0 buffer has the same features as
the primary 1/O buffer. The only difference (besides the
connections to the PLBs shown in Figure 3) is in the
size of the multiplexers that select the output and tri-sate
control signals as well as the number of transmission
gates. In the case of the secondary 1/O buffers, the out-
put and tri-state control multiplexers have six inputs
instead of the seven shown in Figure 4. Instead of the
four transmission gates shown in Figure 4 for the pri-
mary I/O buffer, the secondary 1/O buffer has only two
transmission gates. Therefore, the secondary 1/0 buffer
represents a subset of the primary 1/0 buffer.

There are two features associated with both pri-
mary and secondary 1/O buffers that are not shown in
Figure 4. One is the ability for any I/O buffer to drive
the global set/reset signal within the FPGA that can be
selected as the set/reset signal to the flip-flops of the
PLBs as well as the reset signal to the flip-flops in the
I/0 buffers. The other feature is an additional input to
the tri-state control multiplexer that provides for banked
control of a set of eight adjacent 1/0 buffers, including
four primary and four secondary 1/O buffers.

4, 1/OBUFFER BIST ARCHITECTURE

The basic idea of the I/O buffer BIST architecture
is to configure some of the PLBs as TPGs and ORAs
while the 1/0 buffers under test are configured as bi-
directional buffers. In this way, test patterns produced
by the TPG can be applied to the output portion of the
I/0 buffer while comparison-based ORAs monitor the
input portion of two or more identically configured 1/0
buffers to detect mismatches that result from faults in
one or more 1/O buffers. As a result, the pad provides a
loop-back path of the TPG test patterns to the ORAS
such that testing of the complete 1/0 buffer is accom-
plished. This BIST architecture is similar in some re-
spects to the logic BIST architecture of Figure 1. Here
the 1/0O buffers replace the BUTs and the PLBs acts as
the TPGs and ORAs. The output response of each buffer
is compared with the output responses of two other 1/0
buffers adjacent to it; this greatly reduces the chances of
equivalent faults in adjacent 1/0 buffers escaping detec-
tion as is the case in logic BIST [1]. The comparison-
based ORAs use the same construction as in logic BIST,
as shown in Figure 2. One difference in 1/O buffer BIST
is that only one TPG is required since the PLBs and
routing resources in the core of the FPGA would have
previously been tested with logic and routing BIST ap-
proaches.
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Figure 5. General 1/0 Buffer BIST Architecture
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The architecture shown in Figure 5 can be used to
test the 1/0 buffers of any FPGA. In addition, the com-
parison-based BIST architecture facilitates the use of
diagnostic procedures originally developed for identify-
ing faulty PLBs in logic BIST architectures [2] and later
extended to any set of multiple identical structures or
cores (like 1/0O buffers) in FPGAs and SoCs [13]. While
there is loss in diagnostic resolution along the edge of
the array in logic BIST [2][13], the lower usage of pro-
grammable logic and routing resources in 1/O buffer
BIST allows complete pair-wise comparison of all 1/0
buffers. In an FPGA, where the programmable 1/0 buff-
ers extend around the entire perimeter of the FPGA, this
circular pair-wise comparison is easily accomplished. In
SoCs, however, there are dedicated 1/0 buffers along
one or more edges of the PLB array for interfacing to
other internal cores such as processors and/or memaories.
Therefore, global routing resources are needed to route
the output response of an 1/0 buffer on one side of the



device to be compared with the output response of an-
other 1/0 buffer on the other side of the device in order
to complete the circular comparison. As a result, there is
no loss of diagnostic resolution with this circular com-
parison and new diagnostic procedures [14].

The TPG for the 1/O buffer BIST for Atmel
FPGAs consists of a 6-bit counter where the Most Sig-
nificant Bit (MSB) of the counter is used to drive the
reset signal to the flip-flops of the 1/O buffer while the
remaining five bits of the counter are applied as inputs
to the output and tri-state control multiplexer inputs.
The 1/0 buffers are repeatedly reconfigured in their
various modes of operation such as activated pull-up or
pull-down, selection of different multiplexer inputs,
registered versus non-registered inputs and outputs, etc.
Similarly, the routing resources associated with the 1/O
buffers are also tested via the connections made from
the TPGs and to the ORAs. The minimum number of
BIST configurations needed to test the 1/0 buffers and
their associated routing resources is primarily deter-
mined by the number of inputs to the largest multiplexer
in the 1/0O buffer. That would be the tri-state control
multiplexer in this case. This implies (eight) configura-
tions for the primary 1/0O buffer (for the seven inputs
shown in Figure 4 plus the bank tri-state control input)
and (seven) configurations for the secondary 1/0 buffer.
The developed BIST configurations will be discussed in
more detail in the next section. This BIST architecture
facilitates the testing of all bonded or un-bonded 1/0
buffers and is, therefore, package independent.

Due to the dedicated X and Y connections associ-
ated with each type of 1/0 buffer (primary or secondary)
to/from the PLB illustrated in Figure 3, the PLBs along
the periphery of the array are used for routing test pat-
terns from the TPG and output responses to the ORAs.
As a result, the TPGs and ORAs are located in the cen-
ter of the array. Another ramification of the connections
between the periphery PLBs and the 1/O buffers is that
primary and secondary 1/O buffers are tested in two
different test sessions where each test session consists of
the set of BIST configurations associated with the set of
I/0 buffers under test in that session. For example,
when testing the secondary 1/0 buffers, each 1/O buffer
has direct connections to the X inputs and outputs of
two PLBs, as shown in Figure 3, and both sets of con-
nections must be tested. By using the PLBs along the
periphery of the array for routing purposes, these con-
nections can be tested with minor routing modifications
to the BIST configurations while maintaining the loca-
tions of the PLBs configured as TPGs and ORAs. How-
ever, not all features and resources of the 1/0 buffers are
completely tested with this BIST architecture.

For example, different BIST configurations can be
used to test the transmission gates, shown in Figure 4,

for stuck-off faults (stuck-on faults are detected by the
BIST configurations using the architecture shown in
Figure 5). To test stuck-off faults in the transmission
gates in the 1/O buffers associated with the FPGA core
of the AT94K series SoC, opposite logic values are
stored in the two flip-flops of the I/O buffer which can
be done while the test is performed in the previous BIST
configuration. Next, one of the transmission gates is
activated by dynamic partial reconfiguration such that
there is a feed-back loop from the output of the input
buffer to the input of the output buffer, as illustrated in
Figure 6. As the flip-flops are clocked, the toggling out-
put is monitored by the ORAs for a few clock cycles to
observe whether the transmission gates are able to pass
both logic values. This same procedure is performed in
turn for each transmission gate in the 1/0 buffer.
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Figure 6. Transmission Gate Test Configurations

The lack of flip-flops in the 1/0 buffers of the
AT40K series FPGA requires a different approach to
testing the transmission gates. The transmission gates
can be tested with the same BIST architecture shown in
Figure 5 but the direction of signal flow in the routing
resources associated with the transmission gates must be
changed from one configuration to the next. As a result,
the TPG to I/O buffer routing cannot be maintained
from one BIST configuration to the next since the out-
put response from the input portion of the 1/0 buffer
must be routed through a different transmission gate to
the ORA in each subsequent BIST configuration. This
increases the BIST configuration development effort for
the AT40K series device.

Another example of a feature that requires a dif-
ferent type of BIST configuration is the ability of each
I/0 buffer to drive the global reset. However, at any
given time, only one 1/O buffer can drive the global
reset. As a result, a separate BIST configuration is



needed for each 1/0 buffer in order to test its ability to
drive the global reset. All previously discussed BIST
approaches are independent of the array size [1]-[7] or,
in this case, the number of I/O buffers. As a result, the
BIST test time (excluding download time) is constant
and independent of the array size. However, the number
of configurations required to test the global reset input
on all of the 1/0 buffers is equal to the number of pro-
grammable 1/0O buffers associated with the FPGA core
(this characteristic appears to be unique to Atmel
FPGAS). Fortunately, by developing a regular BIST
architecture and using partial reconfiguration, this fea-
ture can be tested without a significant impact on total
test time. The BIST architecture used to test the global
reset connections routes a TPG signal in a daisy-chain
through all of the 1/0 buffers configured as non-
registered, bi-directional buffers. Each 1/0O buffer is con-
figured, in turn, to drive the global reset with the test
pattern from the TPG in one of the partial reconfigura-
tions. Meanwhile, a logic 1 is clocked into the input of a
flip-flop whose output is monitored by a comparison-
based ORA and compared with the expected output
response of the flip-flop generated by the TPG. As a
result, stuck-off faults in the programmable switch con-
necting each 1/O buffer to the global reset are detected if
the test pattern fails to reset the flip-flop. Stuck-on faults
in the programmable switch connection from each 1/0
buffer to the global reset are detected in the BIST con-
figurations illustrated in Figure 5 since a stuck-on fault
would cause an inadvertent reset during the BIST se-
quence.

5.  IMPLEMENTATION RESULTS

Due to the restrictions of the dedicated routing
resources between the 1/O buffers and the periphery
PLBs in the array, the primary and secondary 1/O buff-
ers are tested in separate sets of BIST configurations. A
set of nine BIST configurations were developed to test
the resources in the primary 1/O buffers and a set of
eight BIST configurations were developed for the sec-
ondary 1/O buffers. These BIST configurations exclude
the transmission gates and global reset input in each 1/0
buffer. Four additional BIST configurations were devel-
oped to test the four transmission gates in the primary
I/0 buffers and two BIST configurations were devel-
oped to test the two transmission gates in the secondary
I/0 buffers. Therefore, a total of 23 BIST configurations
were developed to test the resources in all of the 1/0
buffers with the exception of the global reset input con-
nection. This set of 23 BIST configurations is independ-
ent of the array size or the number of 1/O buffers associ-
ated with the FPGA core in any Atmel AT94K series
SoC. A subset of the 23 BIST configurations can be
used to test the 1/O buffers of the AT40K series FPGA
since those 1/0 buffers do not contain the D flip-flops
for registered input and outputs.

Fault simulations were performed to verify stuck-
at gate-level fault coverage for the nine primary 1/0
buffer BIST configurations and eight secondary 1/O
buffer BIST configurations. The fault simulation results
are shown in Figure 7 in terms of the individual and
cumulative fault coverage obtained with each BIST con-
figuration. When the BIST configurations for the trans-
mission gates are included, fault coverage of 98.1% is
obtained for the primary 1/0 buffers and fault coverage
of 97.8% is obtained for the secondary 1/0 buffers with
the only undetected faults remaining being stuck-off
faults associated with the global reset input which will
be detected with the global reset BIST configurations.
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Figure 7. 1/O Buffer Fault Coverage

To generate the complete set of BIST configura-
tions, three master BIST configurations were developed
(one for primary 1/O buffers, one for secondary 1/0O
buffers, and one for global reset tests for both primary
and secondary) using Atmel’s Macro Generation Lan-
guage. The remaining BIST configurations were then
automatically generated from the three master configu-
rations by manipulating the bits in the configuration
files to be downloaded into the FPGA to run BIST se-
quence.

6. SUMMARY AND CONCLUSIONS

A general BIST approach was presented to test the
programmable 1/O buffers and their associated routing
resources in an FPGA. This BIST approach is applica-
ble to any FPGA but we have specifically developed the
BIST configurations to test the 1/O buffers of Atmel
AT40K series FPGAs and the FPGA core in Atmel
AT94K series SoCs. For these devices, 100% stuck-at
gate-level fault coverage was obtained indicating that
the 1/0 buffer BIST approach can detect all the faults
present in the logic and routing resources associated
with each 1/O buffer. While the BIST can also detect
major defects that affect the analog programmable fea-
tures (such as pull-up, pull-down, tri-state, etc.), it can-
not, however, detect all parametric faults such as Vo,
Von, ViL, Vin, current sink and source capabilities, de-
lay, etc. It should be noted that the BIST will detect



faults in the configuration bits that control the pro-
grammable analog parametric features such as drive
capability, delay, and voltage levels. Therefore, the
BIST approach provides a good sanity test of the 1/0
buffers.

A total of 23 BIST configurations were developed
to test the primary and secondary 1/O buffers associated
with the FPGA core of the Atmel AT94K series SoC
and a subset of the same BIST configurations can be
used for the I/O buffers in the AT40K series FPGA.
While this number of BIST configurations is independ-
ent of array size and the number of 1/0 buffers, it is a
relatively large number of BIST configurations com-
pared to the 16 configurations for logic BIST and 48
configurations for routing BIST in these FPGAs [7].
This is primarily due to routing restrictions in the con-
nections between 1/0O buffers and periphery PLBs in the
array which requires that the primary and secondary 1/0
buffers be tested in separate testing sessions. This char-
acteristic appears to be unique to the Atmel FPGAs
along with the global reset input connection in each 1/0
buffer. Testing this global reset connection leads to a
number of BIST configurations that is a function of the
number of 1/O buffers, unlike the other 23 BIST con-
figurations as well as logic and routing BIST configura-
tions that have been previously developed for the core
resources of FPGAs [1]-[7]. Fortunately, a single BIST
configuration can be used in conjunction with partial
reconfiguration to cycle through the global reset input
connections and test all 1/0O buffers without having to
download a new BIST configuration for each 1/0 buffer.
This is particularly efficient in the AT94K series SoC
where the embedded processor core can be used to algo-
rithmically reconfigure the 1/O buffers to test each
global reset input in turn. As a result, only one BIST
configuration download is required followed by the
execution of a program in the embedded processor to
reconfigure and execute the BIST sequence, where the
execution time is proportional to the number of 1/O
buffers.

The BIST approach described in this paper can be
used in manufacturing testing at wafer-level and device-
level testing. Since it can test all unbonded as well as all
bonded 1/0O buffers, it can be used to test packaged de-
vices without additional test development or increase in
testing complexity due to limited access to unbonded
pads. Testing unbonded 1/O buffers is important since
FPGA synthesis tools sometimes use the logic and rout-
ing resources associated with unbonded 1/O buffers for
implementing the intended system function. The BIST
approach can also be used for system-level testing only
if all other connecting devices can be tri-stated since all
I/0 buffers are configured as bi-directional buffers dur-
ing the 1/0 buffer BIST sequence.
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