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Abstract—We describe a Built-In Self-Test (BIST) approach hat
was developed for the programmable Input/Output (I0) buffers
in Field Programmable Gate Arrays (FPGAs). The appach is
unique when compared with previous work because thd/O

buffers are tested separately from the other prograamable logic
in the 1/0 cells. The capabilities and limitationsof system-level
use of this I/O buffer BIST are discussed in conjuction with

experimental results from the implementation and atual use of
the approach in systems.

l. INTRODUCTION

Input/Output (1/0O) buffers are typically tested la system-
level using the IEEE 1149.1 Boundary Scan EXTESAtufie
[1]. However, Field Programmable Gate Arrays (FRBG#Have
a significant amount of programmable logic
associated with the 1/0O buffers that cannot beetksnh this
manner [3][4][5]. The programmable logic resouraedude
multiplexers and flip-flops/latches for improvingssgm timing
specifications such as set-up and hold times asasalock-to-
output delay, as illustrated in Fig. 1. Additiot@dic resources
are included to support single data rate (SDR)dmble data
rate (DDR) transmission and
serialization/de-serialization (SERDES) modes ofratien [4]
[5]. This additional logic is summarized in Tabléor three
different FPGA families which are representativethe range
of resources typically associated with the prograivla I/O
cells in FPGAs (excluding SERDES operation in \kfteand
Virtex-5).

The Boundary Scan INTEST feature can be used tahes
configurable logic resources in an 1/O cell [1].owkver, the
INTEST feature is supported by few FPGA manufacture
With any approach, the programmable /O cells minst
reconfigured a number of times in order to compjetest all
of the programmable functionality. As indicatedTiable I, for
example,
configurations to completely test the 1/0O cells (ithg the
I/O buffers) in Atmel AT94K, Xilinx Virtex-4, and MKnx
Virtex-5 devices, respectively. In this paper, éascribe the
BIST architecture that was developed for the pnognable
I/O buffers in Virtex-4 and Virtex-5 FPGAs. Somé the
unique capabiliies and limitations observed duritige
implementation and actual use of the BIST for sydtmrat
testing of the I/O buffers in FPGAs are also diseds
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Figure 1. Simplified programmable I/O cell.
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TABLE I. COMPARISON OFFPGAI/O CELL FEATURES
Feature AT94K [3] | Virtex-4 [4] |Virtex-5 [5]
Multiplexers 4 32 32
Flip-flops/latches 2 10 10
Output drive levels 3 7 7
I/O standards 3 64 75
BIST Configurations 25 76 77
II.  PRIORWORK

There has been limited prior work in the area sfing 1/0
cells in, or applicable to, FPGAs [2][6]-[10]. [8], a system-
level BIST architecture is presented for the I/@scef Atmel
FPGAs. The overall BIST approach was similar tat thsed
for configurable logic resources in the FPGA cdrg][ The
BIST architecture in [2] consists of a single TR@piemented
in configurable logic blocks (CLBs) sourcing testtors to the
I/O cells under test. A single TPG was implementeder the
assumption that internal FPGA resources had alrdsbn
tested and found to be fault-free. The I/O cefider test are
identically configured with bidirectional 1/O buffe such that

we have developed 25, 76 and 77 BISthe output responses are sent back into the FP@Hnad

resources. However, for in-system testing, thisiireg that all
external devices be tri-stated during testing. Theput
responses of the 1/O cells are monitored by CLBdigared as
comparison-based output response analyzers (ORA#)ile

presenting a general architecture applicable to RPGA or
configurable SoC with an FPGA core and bidirectioii@

buffers, [2] implemented 25 BIST configurations agggble to
the Atmel AT94K SoC and AT40K FPGA families only.
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In [6], we presented a BIST approach for the pnognable
logic in the I/O cells of Xilinx Virtex-4 and Virte5 FPGAs.
An important difference between the 1/O tile BISTlitecture
in [6] and other prior work is in the configuratiaf the 1/0
tiles under test. Prior approaches relied on édadional 1/0
buffers to provide the return path for test patteemiting the
output logic and returning to the ORAs via inpufito
[2][9][10]. But the reliance on bidirectionally ofigured 1/0
buffers severely limits the applicability of thige of BIST for
in-system testing. With every 1/O buffer configuiadhe path
of the logic under test, the previous approachgsired that all
connecting devices be tri-stated during in-systersting.
Connecting passive devices, such as terminatioistoes or
light emitting diodes (LEDS), introduce another geob since
these devices cannot be disconnected or tristatedgdin-
system tests. For example, we have observed thaéri@in
BIST clock frequencies, LEDs connected to 1/0O lnsffender
test caused the comparison ORAS to erroneouslytréplures
for otherwise fault-free 1/O tiles. These failurgsre observed
at frequencies as low as 325 kHz, which is unaatdptfor an
at-speed test of the logic resources. As a rehdtgenerality
of the BIST is compromised. Fortunately, the l/@stiin
Virtex-4 and Virtex-5 FPGASs include dedicated ragtifrom
the OLOGIC to the ILOGIC that bypasses the 1/0O &uf][5].
Using this feedback routing instead of the I/O bufheans that
no signals from the FPGA under test can reach,tlaedfore
be influenced by, external devices during testinf
programmable logic in the I/O tile. Furthermorgpassing the
I/O buffer does not sacrifice fault coverage in k@ tile logic
resources. With the I/O buffers removed fromesks for logic
resources, these tests may be applied without oorfoe the
external test environment, thus making our appregdiicable
to all levels of FPGA testing. The remainder of thaper
discusses the implementation and system applicafistand-
alone BIST configurations developed for the I/Oferd that
are independent of the tests for the additionagmmable
logic resources in the 1/0 tiles.

I1l.  1/O BUFFERBIST

The basic concept of the BIST architecture, illaistd in
Fig. 2, is to configure 1/O buffers as bidirectibmffers to
allow test patterns produced by multiple identicalynfigured
test pattern generators (TPGs) to be applied tpubdiuffers
while providing a return path through input bufféeading to
the core of the FPGA. The output response of #arhuffer
under test is then compared to the output respoofsesher
identically configured 1/O buffers under test byrcaiar
comparison-based ORAs, illustrated in Fig. 3, taede
mismatches in output responses of /0 buffers dutaddts.
The ORA contents can be retrieved via partial gunfition
memory readback at the end of the BIST sequencetkatthe
faulty 1/0 buffers can be determined using a diatjco
algorithm developed for the circular comparisondsa8IST
approach [7]. When diagnosis of faults is not ey a
single-bit pass result is available, as described6]. The
TPGs and ORAs are constructed from the programniagie
resources in the core of the FPGA during off-linsting and
are replaced by the intended system function durorgral on-
line operation. Hence, there is no area or perdoca penalty
to the normal system function.
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Figure 2. General I/0O BIST architecture.
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Figure 3. Comparison-based output response analyzer.

One TPG is configured for each of the 1/0O buffersler
test. The TPGs, which are 2-bit counters, apphaastive test
patterns to all of the I/O buffers under test, whé&ach have
two inputs (T and O), as illustrated in Fig. 4. &yplying the
2-bit count pattern for an additional clock cydeth inputs are
tested for 0-to-1 and 1-to-0 transitions.
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Figure 4. Virtex-5 programmable 1/O buffer.
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In Virtex-4 and Virtex-5 devices, each /O tile indes two
programmable bidirectional I/O buffers. Each buSapports
a wide variety of 1/0 standards and has programendbive
strength, slew rate, and on-chip termination witkitally
controlled impedance (DCI) matching. A programreaglll-
up, pull-down, keeper circuit is also included. Tupported
single-ended 1/O standards include LVCMOS, LVTTILSH,
SSTL, GTL, and PCI [4][5]. Differential I/O stand are
supported by grouping the two 1/O buffers in an til® and
utilizing the DIFFI input (Fig 4.) of the input Hef and
PADOUT connection to the DIFFI input of the adjacemput
buffer. Supported differential /O standards inguLVDS,
HT, LVPECL, BLVDS, differential HSTL, and SSTL [4].
A simplified model of the bidirectional buffer if@wvn in Fig.
4. In Virtex-5, 40 1/O buffers are grouped in @@ bank (32
I/O buffers in Virtex-4). The output drive voltag¥cco, is
supplied via a dedicated pin for each 1/0 bank.er&fore, all
I/O buffers in an /0O bank must share the same dudpue
source voltage [4][5]. For single-ended I/O staddawith a
differential input buffer that requires a referenadtage, two
pins in each 1/O bank are configured ag Mputs.

Printed circuit board (PCB) traces are typicallyntimated
with resistors to match the impedance of the recavariver
to that of the trace. The I/O buffers in Xilinx rtéx-4 and
Virtex-5 FPGAs allow for on chip termination of ¢es using a
DCI circuit (included with each I/O bank). DCI adjs the
input termination of the receiver or output impedarof the
driver to equal an external reference resistan{i&][4 Two
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reference resistors are required per I/0O bank aa@donnected
to two reference pins in each 1/O bank. Note thases two
pins may not operate as regular I/O when any |/@ebin the
bank is configured with DCI. The architectures aperation
of the controlled impedance driver and controllegpbédance
input termination circuits are described in deftailVirtex-4 in
[4] and Virtex-5 in [5].

Multiple configurations of the I/O buffers are regpd to
test all of the modes of operation of the I/O brgfeOur BIST
configurations are divided into four categoriesigi-ended
I/O standards without a voltage reference, singlied 1/0O
standards with a voltage reference, DCI enabledstéddards
without a voltage reference, and DCI enabled |/@ndards
with a voltage reference. For testing purposdspfathe 1/0
buffers in an I/O bank are identically configuredwhen
external references voltages or reference resiatersequired,
the reference pins in each I/O bank are not cordijfior test,
and the appropriate voltage or resistance is supgiethe
reference pin. Additionally, the appropriate outplrive
voltage, \co, is supplied on a per-bank basis. For
manufacture testing, all I/O buffers in the devioe identically
configured and the appropriate reference voltaged/oa
reference resistances for the configured 1/O stahdare
supplied via the testing apparatus. For in-syststing of the
I/O buffers, the reference voltages and/or refezgromination
resistors are supplied by the system, and 1/0 mifies tested
on a per-bank basis in the system mode of operatibn All
configurations of the 1/O buffers in Virtex-4 degi that are
testable under the current scheme are shown in Tiahtehe
end of the paper. Note that /O standards not atipg a
bidirectional mode of operation cannot be testedabse,
without a bidirectional buffer, there is no retyath for signals
driven by an output buffer to the ORAs in the FPfabric.

IV. SYSTEM-LEVEL USE

The bidirectional buffers configured during BISTnche
expected to have different load characteristicshim system
depending on the way they are terminated and whétbg are
normally an input, output, or bidirectional portrihg system
operation. Therefore, we can expect the 1/0 bsfferproduce
different results at difference frequencies, dependn the
loading present at the pin in the system. All & HO buffers
can be tested at a single low frequency (determiioeda
particular system) that is guaranteed to be suffijieslow to
allow fault-free /O buffers to generate passinguits.
However, this may result in faulty I/O buffers esogp
detection in the event of delay faults and otherametric
variations in the I/O buffers. Alternatively, th® buffers can
be grouped together by loading characteristicsetdested at
different frequencies. The following examples sthate the
sensitivity of the BIST approach to external loadiactors.

the I/O cells with indicated pass and failures @i®d in Fig. 5.
When the BIST clock frequency is gradually increaskO
buffers connected to the green LEDs fail the BISilevthe
I/0O buffers connected to the red and yellow LEDsttwe to
pass. As the BIST clock frequency is further iases, all of
these 1/0 buffers begin to fail the BIST. The BISIbck
period and frequency is indicated in Fig. 5 at pleint where
the 1/0 buffers fail the BIST and at the point wéehe 1/O
buffers pass the BIST.

The failing test configuration in the above example
configured pull-down resistors on the pads. Weepld a
similar situation with other configurable optionsuch as
Schmitt trigger on input buffers. But in this &ticase the 1/0O
buffers connected to red LEDs failed first as weréased the
BIST clock frequency, while the I/O buffers conrestto the
yellow and green LEDs continued to pass. By caoiig to
increase the BIST clock frequency, failing resudtsuld be
obtained for all of the 1/O buffers.
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Figure 5. LED failures vs. BIST clock frequency.
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We observed similar results on PCBs with Virtexs a
Virtex-5 FPGAs. For example, I/O buffers connedted bank
of green LEDs were observed to fail at BIST cloagfiencies
above 1.9 MHz. Other terminated pins consistefstiled at
frequencies above 2.8 kHz. Differential pairs wighmination
resistors failed when testing programmable pullarppull-
down resistors on bidirectional buffers regardieSsperating
frequency. Therefore, external connections mustken into
account when considering which /O buffers to tdating
system-level use of BIST.

V. CONCLUSIONS

A BIST approach for the programmable 1/O buffers in
FPGAs was presented that is applicable at all $ewktesting.
Results of the actual implementation of the approach

systems with FPGAs were discussed, and the provided

We designed a PCB with an Atmel AT94K series FPGAexamples give an indication of the sensitivity af tHO buffer

with adjacent 1/0 cells connected to LEDs that sreurn

connected to ground via adjacent resistors in ancamresistor
network, as illustrated in Fig. 5. The routing e printed
circuit board is identical for all of these netsténms of length
and width of the traces. As a result, the loadingracteristics
are similar for all output buffers. The only diace is the
colors of the LEDs and their associated voltage eumdent
characteristics, as noted in Fig. 5. The BIST pa$ormed on

BIST approach to external system loading effects. akesult
of this sensitivity, we currently test I/O cell iogresources
associated with SDR, DDR, and SERDES modes of tipara
using internal loopback capabilities in the Xilinxrtéx-4 and
Virtex-5 1/0 cells to avoid the affects of externsystem
loading such that all I/O cell logic can be tesaéd fixed clock
frequency. Only the logic and configuration opidmcluding
I/O standards) associated with the buffers aredessing the
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bidirectional buffer modes of operation. It shobkinoted that [4]
Boundary Scan EXTEST cannot be used to test the LED

Xilinx, “Virtex-4 User Guide,” UG070 (v 2.0), Xilir, Inc., 2007
(available at www.xilinx.com).

connections illustrated in Fig. 5 without the assise of an [5] Xilinx, “Virtex-5 User Guide,” UG190 (v 4.2), Xilir, Inc., 2008
. : . - (available at www.xilinx.com).

external mechanism to monitor the illumination etaf the (6] B. Dutton and C. Stroud, “Builtin Seft-Test of Rrammable

LEDs. . Ye.t’ this BIST app_roach could possibly b@dﬂ‘? Input/Output Tiles in Virtex-é FPGAs,” Proc. Soudis¢ern Symp. On

determme |f the LEDs are |Ilum|na§ed bgsed on fihss/fail System Theory, 2009.

characteristics of the test configuration withoutsual |77 LT wang, C. Stroud, and N. Touba, System-on-ChigstT

monitoring.  In addition, other attributes of thestem Architectures, Morgan Kaufmann, 2007.

application could potentially be tested such asacidipe and [8] C. Jia and L. Milor, “A BIST Solution for the Tesf I/O Speed,Proc.

resistive loading by grouping 1/O buffers for tegtiat different IEEE Int. Test Conf., pp. 1023-1030, 2003.

BIST clock frequencies. [9] L. Zhao, D. Walker and F. Lombardi, “IDDQ Testinfj loput/Output

Resources of SRAM-Based FPGA®Foc. Asian Test Symp., pp. 375-
380, 1999.
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TABLE II. VIRTEX-41/O STANDARDS AND BIST CONFIGURATIONS
I/O Standard Type VRer Cfg DCI I/O Standards Type VRer Cfg
LVTTL SE N/R 1 LVDCI_33 SE N/R 34
LVCMOS33 SE N/R 2 LVDCI_25 SE N/R 35
LVCMOS25 SE N/R 3 LVDCI_18 SE N/R 36
LVCMOS18 SE N/R 4 LVDCI_15 SE N/R 37
LVCMOS15 SE N/R 5 LVDCI_DV2_25 SE N/R 38
PCl 33 3 SE N/R 6 LVDCI_DV2_18 SE N/R 39
PCI_66_3 SE N/R 7 LVDCI_DV2_15 SE N/R 40
PCIX SE N/R 8 HSTL_II_T_DCI SE 0.75 41
HSTL | SE 0.75 9 HSTL_II_T_DCI_18 SE 0.9 42
HSTL_II SE 0.75 10 SSTL2_II_T_DCI SE 1.25 43
HSTL_III SE 0.9 11 SSTL18_1I_T_DCI SE 0.9 44
HSTL_IV SE 0.9 12 DIFF_SSTL2_IlI_DCI (M) D N/R 45
HSTL | 18 SE 0.9 13 DIFF_SSTL2_II_DCI (S) D N/R 46
HSTL_Il_18 SE 0.9 14 DIFF_SSTL18_ll_DCI (M) D N/R 47
HSTL_Ill_18 SE 1.1 15 DIFF_SSTL18_II_DCI (S) D N/R 48
HSTL IV_18 SE 1.1 16 DIFF_HSTL_II_DCI (M) D N/R 49
HSTL | 12 SE 0.6 17 DIFF_HSTL_II_DCI (S) D N/R 50
GTL SE 0.8 18 DIFF_HSTL Il_DCI_18 (M) D N/R 51
GTLP SE 1 19 DIFF_HSTL_II_DCI_18 (S) D N/R 52
SSTL2 | SE 1.25 20 GTL_DCI SE 0.8 53
SSTL2 I SE 1.25 21 GTLP_DCI SE 1 54
SSTL18 | SE 0.9 22 HSTL_I_DCI** SE 0.75 NA
SSTL18 I SE 0.9 23 HSTL_II_DCI SE 0.75 55
LVPECL_25 (M)** D N/R NA HSTL_III_DCI** SE 0.9 NA
LVPECL 25 (S)** D N/R NA HSTL_IV_DCI SE 0.9 56
LVDS 25** D N/R NA HSTL_I_DCI_18** SE 0.9 NA
LVDSEXT_25** D N/R NA HSTL_II_DCI_18 SE 0.9 57
BLVDS 25 (M) D N/R 24 HSTL_Ill_DCI_18** SE 1.1 NA
BLVDS_25 (S) D N/R 25 HSTL_IV_DCI_18 SE 1.1 58
ULVDS 25** D N/R NA SSTL2_ | _DCI** SE 1.25 NA
LDT_ 25** D N/R NA SSTL2_1I_DCI SE 1.25 59
RSDS 25** D N/R NA SSTL18 | DCI** SE 0.9 NA
DIFF_SSTL2_Il (M) D N/R 26 SSTL18 1I_DCI SE 0.9 60
DIFF SSTL2 11 (S) D NR | 27 LVDS 25 DCI** D N/R NA
DIFF_SSTL18 Il (M) D N/R 28 LVDSEXT_25_DCI** D N/R NA
DIFF_SSTL18 1l (S) D N/R 29 HSLVDCI_33 SE Vcco/2 61
DIFF_HSTL_Il (M) D N/R 30 HSLVDCI_25 SE \cco/2 62
DIFF_HSTL 11 (S) D N/R 31 HSLVDCI_18 SE Vcco/2 63
DIFF_HSTL Il_18 (M) D N/R 32 HSLVDCI_15 SE Vcco/2 64
DIFF_HSTL Il_18 (S) D N/R 33 Total Configurations 64
SE = Single-Ended; D = Differential; **Unsupportbidn-Bidirectional Standard




