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(57) Abstract: Precise timing control across multiple standardized chassis such as PXI is obtained by providing several control
& signals over PXI_LOCAL within each chassis, and by providing these control signals to other chassis. A Least Common Multiple
& (LCM) signal enables all clocks to have coincident clock edges occurring at every LCM edge. A start sequence allows all PXI

expansion cards in the test system to start at the same time. A MATCH line enables pincard modules to check for expected DUT
outputs and either continue execution of their local test programs or loop back and repeat a section of the local test program in
accordance with the result of the DUT output check. An End Of Test (EOT) line enables any one pincard module to abruptly end
the local test programs running in all other pincard modules if an error is detected by the local test program in the pincard module.
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DESCRIPTION

PROVIDING PRECISE TIMING CONTROL BETWEEN MULTIPLE
STANDARDIZED TEST INSTRUMENTATION CHASSIS

Cross Reference to Related Application .

This application is a continuation application of U.S. Patent Application Serial
No. 11/196,873 filed on August 3, 2005, the contents of which are incorporated herein
by reference. :

TECHNICAL FIELD

[0001] - This invention relates to a test system for testing semiconductor
devices such as integrated circuits (ICs), and more particularly, to providing the -
precise timing control needed for state-of-the-art Automatic Test Equipment (ATE)
systems across multiplé standardized test instrumentation chassis such as a Peripheral

Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis.

BACKGROUND ART

[0002] A major reason for the high cost of conventional stéte—of—thefart ATE
test systems is the specialized and complex nature of the ATE tester afchitectﬁre.
ATE tester manufacturers typically employ a number of ATE tester platforms that are
not only incompatible across companies, but also incompatible across platforms.
Because of these incompatibilities, each ATE tester may require its own specialized
hardware modul_és and software components that cannot be used on other ATE testers.
This specialized hardware and software is 'expensive to develop and time-consuming
and difficult to utilize. A steep learning curve is often required for those who

assemble, program and operate such testers.

[0003] Because of the dedicated nature of ponventional ATE tester
architecture, all hardware and software must remain in a fixed configuration for a

given ATE tester. To test an IC, a dedicated global test system program is developed



WO 2007/015582 2 PCT/JP2006/315786

10

15

20

25

30

that uses some or all of the ATE tester capabilities to define the test data, signals,
waveforms, and current and voltage levels, as well as to collect the Device Under Test
(DUT) response and determine DUT pass/fail. The specialized nature of ATE test
systems lends itself to production-scale testing of large quantities of DUTs to ensure
they pass all tests and are suitable for release into the stream of commerce. In such an
environment, the same ATE test system and test software is used repeatedly to test

each DUT."

[0004] Conversely, ATE test systems are not particularly well-suited for
testing and verification of prototype devices, which may contain design or
manufacturing errors or other "bugs." As mentioned above, the cost of developing
specialized modaules to test prototypes may be prohibitive. Moreover, the test
software itself may contain errors, and the complexity of ATE test systems and the
specialized nature of the ATE tester software may make it difficult to debug and
modify the giobal test system program. ATE systems are even more ill-suited for the
laboratory environment benchtop testing of “proof-of-concept” breadboards and other
early-stage hardware designs, where low cost and ease of use are imperative for the

test equipment.

DISCLOSURE OF THE INVENTION]
PROBLEMS TO BE SOLVED BY THE INVENTION

[0005] Td increase the flexibility, applicability, and to lower the cost of test
systems, it would be desirable to utilize a standardized test architecture and tester
software so that an ATE system could use pre-fabricated instrument cards and device
driver software from third-party manufacturers, rather than design hardware modules
and local test program software from scratch. The stahdardized architecture and tester
software would also allow a test engineer to quickly make changes to the hardware

and software, as needed, during pre-production testing of a device.

[0006] For example, PXI is a standardized system of electronic instruments
comprised of a specified enclosure, a specified backplane and bus architecture, and
plug-in cards that implement various types of instruments. PXI is a rugged Personal

Computer (PC)-based platform for measurement and automation systems that
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combines PCI electrical-bus features with the rugged, moduiar, Eurocard mechanical-
packaging of compactPCI (cPCI), then adds specialized synchronization buses and
key software features. Further details on PXI may be found in "PXI™ HardWaIe
Specification," Revision 2.2, September 22,2004, by PXI Systems Alliance, available

online at www.pxisa.org, the contents of which are incorporated by reference herein.

[0007] FIG. 1 is an illustration of an exemplary PXI system 100 and some of
the backpla_rie bus signals provided by PXI. The PXI system 100 includes a chassis,

.-backplane, and slots for cards or modules. Note that the PXI system 100 is controlled

by a controller (not shown in FIG. 1) executing a global test system program that rriay
be located in one of the slots in the PXI system or external to the PXI system 100 (e.g.
a PC). At least one of the cards in the PXI system is a star trigger card 110, which
serves as a local controller for the PXI chassis and is tile central point for signals

being sent to, or received from, the other cards or modules.

[0008] In thé exarﬁple of FIG. 1, one or more PXI cards or modules 102 and
oﬁe or more star triggef cards 110 within a particular segment 104 are connected in
parallel to a cPCI bus 106 and a trigger bus PXI_TRIG 108, which'is shown in FIG. 1
as having eight lines PXI_TRIG[7:0] but may comprise a different number of lines.
The cPCI bus 106, which is based on the cPCI specification, provides an interface
between a test controller or personal computer (not shown in FIG. 1.) and the star
trigger card 110 and pincards or modules 102 for configuration purposes by allowing
the test controller to talk to individual modules. In addition, PXI cards or niodules
102 and star trigger cards 110 across all segments receive a 10 MHz reference clock
PXI_CLK10 116 synchronized through the backplane to within a small delay (e.g. 1-2
ns)-. The cPCI bus 106 and the PXI_CLK10 116 are specified by the cPCI standard.
A bridge 118 may be employed to extend signals such as the cPCI bus 106 to other

segments or chassis.

[0009] To facilitate communiéations between modules beyond what cPCI
provides, PXI provides a trigger bus PXI_TRIG 108 that is defined as a standard
connection between modules. That is, any module can drive PXI_TRIG 108 and any
module connected to PXI_TRIG 108 can receive signaling on PXI_TRIG 108. The
PXI_TRIG 108 in FIG. 1 is illustratéd as having eight lines PXI_TRIG[7:0], but in
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other embodiments may contain a different number of lines'. Because of load
limitations within PXI, which limit certain drivers to only 10 loads or modules,
PXI_TRIG 108 within a PXI chassis may be segregated into different segments.
PXI_TRIG 108 connects to all modules within 4 segment, but cannot connect to

modules in other segments unless a bridge is used.

[0010] PXI also extends cPCI by daisy-chaining the star trigger card 110 and
the ﬁincards or modules 102 together using a local bus PXI_LOCAL 112 that
connects to left (L) and right (R) connectors on each PXI module 102 or star trigger
card 110. PXI_LOCAL 112 in FIG. 1 is illustrated as having 12 lines |
PXI_LOCAL[i 1:0], but in other embodiments may contain a different number of
lines. PXI has left the specification for the local bus open and definable by the
modulés, so that a module or test system developer can utilize the local bus for any
purpose. R

[0011] In addition, the star trigger card 110 is connected to each slot in the
PXI chassis acrdss all éegments through a poinf—to-point PXI_STAR bus 114, which
is shown in FIG. 1 as having 13 lines [12:0] but may comprise a different number of
lines. The PXI_STAR bus 114 allows the star trigger card 110 to start multiple

modules at the same time.

[0012] The cPCI bus, PXI_CLK10, PXI_LOCAL and PXI_STAR do not have
fanout limitations, and therefore can connect to all modules in all segments within a

PXI chassis.

[0013] FIG. 2 shows an example of a PXI card cage or enclosure 200, and FIG.
3 shows an example of a PXI card 300. Many companies produce a large variety of
PXI instruments that perform specific functions, including programmable power
supplies, Arbitrary Waveform Generators (AWGs), DiGiTizers (DGTs) and Radio-
Frequency (RF) signal generators. PXI instruments are typically used as benchtop

test equipment, or as small functional test systems. Connections from the PXI card to

an external device are generally through front panel cable connections, via BNC,
SMA, SMB, or other connectors determined by the PXI card designer. PXI cards

usually come with software drivers for Windows®, LabView®, and the like.
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[0014] | Because there are many existing PXI i_nstrumént cards, use of these
instrument cards as part of an ATE test system could drastically cut development time
as compared to developing the same instrument from scratch. Also, when the
expected production quantity of a given test system module is small, utilizing off-the-
shelf instrument cards within an ATE test system can be more economical than
developing a new module. Furthermore, the standardized PXI architecture and global

test system software enables a test engineer to quickly make changes to the hardware

‘and software, as needed, during pre-production testing of a device.

[0015] However, because PXI was not developed to generate the precise
timing control required for state-of-the-art ATE test systerhs, heretofore it has been
impossible to utilize PXI in sophisticated ATE test systems. Therefore, there is a
need to provide precise timing control within a standardized test instrumentation
chassis such as PXI so that an ATE test system with all the attendant benefits of a
standardized test instrumentation system can be realized. Because the number of
cards in a standardized fest instrumentation chassis is fixed, there is a further need to
provide precise timing control across multiple standardized test instrumentation

chassis.

[0016] In particular, there is a need to have all modules in the test system start -
at the same time, which PXI_STAR can provide in PXI. However, PXI_STAR is
limited to a fixed number of modules (e.g. 13 modules), depending on the design of
the star trigger card and the backplane. If a test System with more than 13
synchronous modules is desired, then something besides PXI_STAR must be used. A
second need stems from the fact that although PXI provides PXI_CLK10, test system
modules may opérate at faster clock frequencies generated within the modules such as
20.833 MHz, 12 5 MHz, and the like. The modules cannot be started at the same time
if these clocks are not in synchronizétion with each other. Thus, there is a need to

synchronize clocks generated within the modules.

[0017] A third need is driven by that fact that a PXI chassis can only hold a
certain number of modules, yet some test systems will require a greater number of
modules than one chassis can hold. Multiple PXI chassis may therefore be needed to

hold all of the modules in a test system. PXI is capable of addressing modules across
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chassis. In addition, a limited multi-chassis synchIOnizatiotl capability exists within
PX1, through a bridge constrained to the cPCI protocol. This cPCI bridge allows PCI
communications between modules in different chassis. However, PXI has no
provision for connecting the other signals (PXI_CLK10, PXI_TRIG, PXI_LOCAL
and PXI_STAR) to multiple chassis. Therefore, there is no mechanism in PXI to
allow modules to start at the same time or generate fast ciocks in synchronization
across chassis. This creates a need to synchronize clocks and modules across multiple

PXI chassis.

[0018] In ATE test systems, each pin on each module or pincard may contain
an Application Specific Integrated Circuit (ASIC), memory such as Random Access
Memory (RAM); and other pin electronics, and may execute a local test program to

generate vectors for a DUT input pin. The basic configuration, synchronization and

_ starting of pms and modules within a chassis is controlled by global test system

software bemg executed in a controller, but in per-pin testers, each pincard or module

executes its own local test program.

[0019] The local test \program for each pin must-be precisely started or
stopped in order for the overall test system to operate properly. In addition to start
and stop operations, there are operations to loop around within the local test program. -
For example, when executing a local test program, at a certain vector the local test
program may need to-check for certain conditions (i.e. look for a certain output on a
DUT output pin)-and, based on this check, decide whether to continue (if the expected
conditions are observed) or loop back and repeat a portion of the local test program (if
the expected conditions are not observed). This loop-back capability is frequently
needed for Phase-Locked Loops (PLLs), where the PLL must have stabilized before
further testing can begin. For exa}nple, other modules may have to loop-back and
repeat sections of their local test pregram while waiting for the PLL to stabilize. In
other test systems, a proprietary connection is used for this purpose. However, PXI
does not provide for a loop-back capability in which modules in the test system can
simultaneously determine that loop-back is required. Therefore, a mechanism is
needed within the confines of PXI to indicate to the modules to either loop-back and

repeat sections of their local test programs, or continue with their local test program.
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MEANS FOR SOLVING THE PROBLEMS

[0020] Embodimenfs of the present invention are directed to providing precise
timing control within a standardized test instrumentation chassis such as PXI so that a
test system with all the attendant benefits of a standardized test instrumentation
system can be realized. Precise timing control is obtained by providing reference
clock such as PXI_CLK10 over specification-compliant matched length reference

clock traces and several non-specification control signals over a bus such as

'PXI_LOCAL. In particular, a Least Common Multiple (LCM) signal is generated,

distributed over PXI_LOCAL and utilized such that all of the clocks generated in the
test system can be synchronized to have coincident clock edges occurring at every
LCM edge. A start sequence is also generated, distributed over PXI_LOCAL such
that all PXI expansion cards and modules in the test system can start at the same time.
In addition, a' MATCH line may be provided over PXI_LOCAL to enable pincard
modules to check for expeéted DUT outputs and either continue execution of their
loéal test prografns or 1oop back and repeat a section of the local test program in
accordance with the result of the DUT output check. An End Of Test (EOT) line is
similarly provided over PXI_LOCAL to enable any one pincard module to abruptly
end the local test programs running in all other pincard modules if an error is detected -

by the local test program in the pincard module.

[0021] APXI ‘éhassis that has been adapted for precise timing may include
modules or pincards that need'to receive a 10 MHZ clock PX_I_CLKIO and generate
high frequency clocks. Such modules or pincards may contains a clock generation
circuit that generates signals such as a 125 MHz Master CLocK (MCLK) and a
20.833 MHz Bus CLocK (BCLK). MCLK and BCLK may need to be synchronized
because there are times when a control signal or data must be passed from a slower

frequency domain (e.g. BCLK) to a faster frequency domain (e.g. MCLK). The clock

* generation circuit includes a PLL, a synchronizer pulse circuit and a divider circuit.

PXI_CLK10 from a PXI compliant star trigger card is received by the PLL, which
then generates a 250 MHz clock. The 250 MHz clock is sent to the divider circuit that
generates the 125 MHz MCLK (which is a divide;by-two of the 250 MHz clock) and
the 20.833 MHz BCLK (whichis a 'divide-by-12 of the 250 MHz clock). The 250
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MHz clock is also sent to the synchronizer pulse circuit, which also receives'an LCM
signal and generates a synchronization pulse. The synchronization pulse is received
by the divider circuit and helps the divider circuit to generate MCLK and BCLK in

synchronization.

[0022] The LCM signal is selected as having a period equivalent to the least
common multiple of the clock periods of all clocks in the test system that need to be

precisely synchronized, such as PXI_CLK10, BCLK and MCLK. The least common

‘multiple of the periods of these signals is 1200 ns, and thus LCM signal has a 1200 ns

period and is generated within the star trigger card as a divide-by-12 of PXI_CLK10.
By choosing the LCM signal as described above, all of the clock signals generated on
any module will have an integer number of clock cycles within the LCM period. The
divider 'circuit utilizes the synchronization pulse to geﬁerate MCLK and BCLK so that
each of them has a rising edge coincident with the rising edge of the LCM. The LCM
signal is traﬁsmitted on one of the local bus lines (e.g. PXI_LOCALO) to all modules
that need to be synchronized. |

[0023] A known sequence representing a start condition may be placed on
PXI_LOCAL that can be detected by all modules. When a DUT is to be tested, each
module is first configured and armed by the global test system software in the
controller, and once armed, each module looks at a particular time on PXI_LOCAL
for the known sequeﬁce that represents the starting condition. When the known start
sequence is detected at the expected time, the local test program in the modﬁle starts.
Two PXI_LOCAL signals may be utilized for this start sequence, identified herein as
START(1,2], and the particular time may be defined as the rising edge of the LCM
signal. The star trigger card may place a start sequence on START[1,2], which are
daisy-chained to_lall other modules in the chassis. The start sequence is applied to
PXI_LOCAL during the first PXI_CLKIO period after the LCM signal goes high. By
doing so, all modules are guaranteed to see this start sequence when PXI_CLK10

goes low.

[0024] A MATCH line may be provided over PXI_LOCAL to enable pincard
modules to check for expected DUT outputs and either continue execution of their

local test programs or loop back and repeat a section of the local test program in
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accordance with the result of the DUT output checks. The MATCH line may be
provided over one of the same PXI_LOCAL bus lines used to carry known sequences
for starting modules. This dual use is possible because once the known sequence is
present at the particular time (LCM rising edge), that PXI _LOCAL bus line is no
longer needed for starting modules until the next LCM rising edge. In any case, each
of the modules can drive the PXI_LOCAL bus line used fbr the MATCH line, and
each of the modules can read the MATCH line from PXI_LOCAL.

- [0025] When one module detects a mismatched condition (an unexpected

DUT output), it may drive the PXI_LOCAL bus line .that is being used as a MATCH
line low as an indication of mismatched conditions. This mismatched condition will
be detected by the other modules, which will either continue or repeat a portion of

their local test programs, as appropriate.

[0026] " An EOT line is similarly provided over PXI_LOCAL to enable any

one pincard module to abrilptly end the local test programs running in all other
pihcard modules if an érror is detected by the local test program in the pincard module.
By enabling modules to drive an EOT line that can be read by all other modules, the
local test programs in all modules can be stopped without intervention by the global
test system program in the controller. The EOT line may be provided over one of the
same PXI_LOCAL bus lines used to carry known sequences for starting modules.

Any module that experiences an error condition may drive the EOT line low, and all
modules may subsequently read the EOT line to determine if any module has
experienced an error condition. If any module experienced an error condition and
drove the EOT line low, then all modules will immediately end their local test

programs.

EFFECT OF THE INVENTION
[0027] The precisé timing and synchronization described above may be

expanded to multi-chassis test systems. In multi-chassi_s embodiments, PXI_CLK10,
LCM, START, MATCH and EOT from a PXI-compliant master star trigger card in
chassis may be sent to a PXI-compliant slave star trigger card in one or more other

PXI-compliant chassis via matched length differential cables and separate connectors
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chassis to ensure that the delay to each chassis is the same.

BRIEF DESCRIPTION OF THE DRAWINGS -

[0028] FIG. 1 illustrates an exemplary PXI system and some of the backplane
bus signals provided by PXL.

[0029] - FIG. 2 illustrates an exemplafy PXI card cage or enclosure.
[0030] FIG. 3 illustrates an exemplary PXI card.
[0031] FIG. 4 illustrates an exemplary PXI chassis that has been adapted for

precise timing according to embodiments of the present invention.

[0032] FIG. 5 illustrates an exemplary local test program executable by
modules that,'utilize a MATCH line according to embodiments of the present
invention. ‘ |

[0033]' FIG. 6 illustrates an exemplary PXI_LOCAL bus in which two
PXI_LOCAL bus lines have been utilized for the MATCH line and two PXI_LOCAL
bus lines have been utilized for the EOT line according to embodiments of the present

invention.

[0034] FIG. 7 illustrates an exemplary test system éomprising multiple PXI
chassis with precise timing and synchronization control according to embodiments of

the present invention.

[0035]  FIG. 8 illustrates an exemplary multi-chassis PXI_CLK10 distribution

scheme according to embodiments of the present invention.

[0036] FIG. 9 illustrates an exemplary multi-chassis LCM distribution scheme

according to embodiments of the present invention.

[0037] FIG. 10 illustrates an exemplary logic circuit for generating MCLK

and BCLK according to embodiments of the present invention.
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BEST MODE FOR CARRYING OUT THE INVENTION

[0038] In the following description of prefefred embodiments, reference is
made to the accompanying drawings which form a part hereof, and in which it is
shown by way of illustration specific embodiments in which the invention may be
practiced. It is to be understood that other embodiments may be utilized and |
structural changes may be made without departing from the scope of the preferred

embodiments of the present invention.

' [0039] In particular, it should be noted that although embodiments of the

present invention are described herein for use with a PXI chassis for purposes of
illustration and explanation, other standardized test instpumentation chassis having
standardized specifications and specificaﬁon-compliant ports and backplanes fall
within the scope of the present invention. For example, cPCI is similar to PXI, but

with a slightly different form factor and bus structure.

[0040] Embodiments of the present invention are directed to providing precise
timing control within a test instrumentation chassis having a standardized
specification such as PXI so that a test system with all the attendant benefits of a
standardized test instrumentation system can be realized_. Precise timing control is
obtained by prdviding a reference clock such as PXI_CLKI10 to all specification-
compliant circuit cards over pre-existing specification-combliant matched-length
reference clock traces, and by providing several non-specification control signals over
a pre-existing bus with an opeh, user-configurable specification sﬁch as PXI_LOCAL
that is connectable in parallel to all circuit cards across all segments in the chassis via
specification-compliant traces on the chassis backplane. Non-specification control
signals, and defined herein, are control signals that are not defined in the standardized

specification.

[0041] In particular, a Least Common Multiple (LCM) signal is generated,
distributed over a bus such as PXI_LOCAL and utilized such that all of the clocks
generated in the test system can be synchronized to have coincident clock edges (e.g.
rising edges) occurring at every LCM edge. A start sequence is also generated,.
distributed over a bus such as PXI_LOCAL and utilized such that all specification-

compliant circuit cards such as PXI expansion cards and modules in the test system
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can start at the same time. In addition, a MATCH line may'be provided over a bus
such as PXI_LOCAL to enable pincard modules to check for expected DUT outputs
and either continue execution of their local test programs or loop back and repeat a
section of the local test program in accordance with the result of the DUT output
check. An End Of Test (EOT) line is similarly provided over a bus such as
PXI_LOCAL to enable any one pincard module to abrupﬂy end the local test

programs running in all.other pincard modules if an error is detected by the local test

~program in the pincard module.

[6042] Generating fast clocks in sync. FIG. 4 illustrates a block 'diagram of
an exemplary PXI chassis 400 that has been adapted for precise timing according to
embodiments of the present invention. As noted above, in an ATE test system, circuit
cards, modules or pincards may need to receive a reference clock such as PXI'_CLKIO
and generate high frequency clocks. In the example of FIG. 4, a circuit cérd, module
or pincard 402 contains a clock generation circuit 404 that generatesAa 125 MHz
Master CLocK (MCLK) and a 20.833 MHz Bus CLocK (BCLK). BCLK is a control
frequency that is utilized by the backplane bus for communicating with all of the
cards in the PXI chassis. The control frequency is utilized for bus protocols, register
programming, and any other facility that needs to be controlled ét a lower speed.
MCILK is an event frequency, which is the frequency that drives the tester pin
circuitry. The event frequency is the rate at which events afe generated in an event-
based system. In embodiments of the present invention, the event and control
frequencies need to be Asynchré)nized because there are times wheh a control signal or
data must be passed from a slower frequency dorhain (e.g. BCLK) to a faster
frequency ‘domain (e.g. MCLK). Note that although 125 MHz and 20.833 MHz are
used herein for purposes of illustration, it should be understood that other clock

frequencies fall within the scope of the present invention.

[0043] The clock generation circuit 404 includes a PLL 406, a synchronizer
pulse circuit 408 and a divider circuit 410. The reference clock such as PXI_CLK10
from a PXI compliant star trigger card 412 is received by the PLL 406, which then
generates a PLL clock 422 such as a 250 MHz clock using a standard off-the-shelf
clock synthesizer part such as an Integrated Circuit Systems (ICS) 8432 Frequency
Synthesizer. The 250 MHz PLL clock is sent to the divider circuit 410 that generates
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the 125 MHz MCLK (which is a divide-by-two of the 250 MHz clock) and the 20.833 |
MHz BCLK (which is a divide-by-12 of the 250 MHz clock) using a parts such as an
ON Semiconductor® MC100EP016 counter, an MC100EP05 AND/NAND gate, and
an MC100EP29 D flip-flop. The 250 MHz clock is also sent to the synchronizer

pulse circuit 408, which also receives an LCM signal 414 and generates a
synchronization pulse 416. The synchronization pulse 416 is received by the divider
circuit 410 and helps the divider circuit 410 to generate MCLK and BCLK in

_ synchronization.

[0044] In embodiments of the present invention the LCM signal 414 is
selected as having a period equivalent to the least common multiple of the clock
periods of all clocks in the test systein that need to be precisely synchronized. In the
presenf example, PXI_CLK10 has a clock period of 100 ns, MCLK has a clock period
of 8 ns and BCLK has a clock period of 48 ns. The least common m_ulfiple of 100 ns,
8 ns and 48 ns is 1200 ns, and thus LCM signal 414 has a 1200 ns period and is
generated within the star trigger card 412 as a divide—by-lZ of PXI_CLK10. By
choosing the LCM signal 414 as described above, all of the clock signals generated on
any module will have an integer number of clock cycles within the LCM period. In
the present 'example, PXI_CLKIO has 12 clock periods Wim a 1200 ns LCM period,
BCLK has 25 clock periods within the 1200 ns LCM period, while MCLK has 150
clock periods within the 1200 ns LCM period. By using ciocks with integer number
of clock periods within the LCM period, there are no truncated clock periods involved,

which results in less jitter on the clock signals.

[0045] . The divider circuit 410 utilizes the synchronization pulse 416 to
geherate MCLK and BCLK so that each of them has like edges (e.g. rising edges)
coincident with like edges of PXI_CLK10 and the LCM, as shown at 418. FIG. 10
illustrates an exemplary logic circuit for generating MCLK and BCLK according to

embodiments of the present invention.

[0046] The result of utilizing the LCM signal 414 to synchronize the clocks
generated within the test system is that modules can be created having clocks that are
not normally synchronous with PXI_CLK10, yet are guaranteed to be synchronous at
one time in particular, the rising edge of the LCM signal 414. For any of these
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modules, when the rising edges of their clocks are aligned with the rising edge of the
LCM signal 414, it is possible to pass control signals-and data from one module to

another and from one frequency domain to another.

[0047] In embodiments of the présent inVention, the LCM signal 414 is
transmitted on one of the local bus lines (e.g. PXI_LOCALQO) to all modules that need
to be synchronized. After the LCM signal 414 is received onto a module, it is re-
synchronizéd with PXI_.'CLKIO so that each circuit in each module sees the LCM

.-signal 414 at about the same time, and each module can start, stop, and transfer data

or control signals at the same time. Every module that needs high timing precision;

whether it generates clocks or not, may benefit from receiving the LCM signal 414.

[0048] Starting modules. As described above, PXI provides a fixed number
(e.g. 13) of point-to-point PXI_STAR lines between the star trigger card and other
modules for étarting the local test programs in the other modules. However, some test
systems may requiré more modules than the fixed number of point-to-point
PXI_STAR lines provided by the PXI chassis and backplane. Embodiments of the
present invention overcome this limitation by placing a known sequence representing
a start condition on PXI_L(_)CAL that can be detected by all modules. When a DUT
is to be tested; each module is first configured and armed by the global test system
software in the controller, and once armed, each module looks at a predetermined
time on PXI_LOCAL for the known sequence that represents the starting condition.
When the known start sequence is detected at the expected time, the local tést

program in the module starts.

[0049] In one embodiment of the present invention illustrated in FIG. 4, two
local bus signals (e.g. PXI_LOCAL[l,Z]) may be utilized for this start sequence,
identified herein as START](1,2], and the predetermined time may be defined as the
first PXI_CLK period after the like edge (e.g. rising edge) of the LCM signal 414. |
The star trigger card 412 may place a start sequence (e.g. [0,0]) on STARTI[1,2],
which are daisy-chained to all other modules in the chassis. The start sequence is
applied to PXI_LOCAL[1,2] during the first PXI_CLK10 period after the LCM signal
414 goes high. By doing so, all modules are guaranteed to see this start sequence

when PXI_CLK10 goes low at 420.
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[0050] Matching conditions. As described above, in embodiments of the
present invention a MATCH line may be provided over PXI_I.OCAL to enable
pincard modules to check for expected DUT outputs and either continue execution of
their local test programs or loop back and repeat a section of the local test program in
accordance with the result of the DUT output checks. In one embodiment illustrated
in FIG. 4, the MATCH line may be provided over one of the same PXI_LOCAL bus
lines used to carry ‘k,nown sequences for starting modules (e.g. PXI_LOCALI in the

_example of FIG. 4). This dual use is possible because once the known start sequence

is 'present‘a.t the predetermined time (e.g. first PXI_CLK10 period following the LCM
rising edge), PXI_LOCALI1 is no longer needed for starting modules until the next
LCM rising edge: In any case, each of the modules can drive the PXI_LOCALI1 bus
line used for the MATCH line, and each of the modules can read the MATCH line
from PXI_LOCALI.

[0051] " The function of the MATCH line is illustrated in the following
example. After PXI_1.OCAL[1,2] are driven lowr [0,0] at the LCM signal rising q:dge
to indicate a module staﬁ sequence, PXI_T.OCAL[1,2] may be driven or float to a
high state [1,1], indicating no activity. However, when one module detects a
mismatched condition (an uhexpected DUT output), it may de-assert the
PXI_LOCALI1 Bus line that is being used as a MATCH line (e.g. drive the line low),
so for example a [0,1] may appear on PXI_LOCAL[1,2] as.an indication of
mismatched conditions. This mismatched condition will be detected by the other
modules, which will either cofltinue or repeat a portion of their loéal test programs, as

appropriate.

[0052] Modules that utilize the MATCH line execute a local test program, an
example of which is illustrated in FIG. 5. In the local test program 500 of FIG. 5, a
first section of code 502 establishes éonditions and initializes the DUT. After a
second section of code 504 is executed, the local test program checks the DUT output
for an expected condition ét 506. Depending on the outcome of the check, the local |
test program will either drive the MATCH line high or low at 508. The MATCH line
may then be read at 510, -and if a zero appears on the MATCH line, this indicates that
a mismatched condition exists in one or more of the modules, and the local test

program loops back to repeat the first and second sections of code at 512. However,
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if a high appears on the MATCH line, this indicates that mafching conditions exist in
all modules, and the local test program continues on at 514 to execute a third section
of code 516. Note that any module that experiences a mismatched condition may
drive the MATCH line low, and that all modules subsequently read the MATCH line
to determine if any module has experienced a mismatched condition. If any module
experienced a mismatched condition and drove the MATCH line low, then all

modules will loop back in their local test programs and repeat the first and second

_sections of code.

[0053] End of Test. As mentioned above, an EOT line is similarly provided
over PXI_LOCAL to enable any one pincard module to abruptly end the local test
programs runﬂing in all other pincard modules if an error is detected by the local test
program in the pincard module. The purpose of the ECT line is not for
synchronization, but rather for local test program efficiency by being able to stop
every module and pin within a reasonable emount of time. As noted above, a local
test program is executed for each pin on each module. Some local test programs are
long, and some are short. If a short local test program checks the DUT and finds an
error, it would be preferable to stop all local test programs in other modules
immediately rather than wait for all local test programs to finish. By enabling
modules to drive an EOT line that can be read by all other modules, the local test
programs in all modules can be stopped without intewentien by the global test system
brogram in the controller. In one embodiment illustrated in FIG. 4, the EOT line may
be provided over one of the se{me PXI_LOCAL bus lines used to earry known
sequences for starting modules (e.g. PXI_LOCALZ2 in the example of FIG. 4). Each
of the modules can drive the PXI_LOCAL2 bus line used for the EOT line, and each
of the modules can read the EOT line from PXI_LOCAL2.

[0054] The function of the EOT line is illustrated in the following example.
After PXI_LLOCAL[1,2] are driven low [0,0] at the LCM signal rising edge for to
indicate a module start sequence, PXI_LOCAL[1,2] may be driven or float to a high
state [1,1], indicating no activity. Howeyer, when one module detects a DUT error, it
may drive the PXI_L.OCAL2 bus line that is being used as a EOT line low, so for
example a [1,0] may appeaf on PXI_LOCAL][1,2] as an indication of an error

condition. This error condition will be detected by the other modules, which will then
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immediately stop their local test programs and end the test. Note that any module that
experiences an error condition may drive the EOT line low, and that all modules
subsequently read the EOT line to determine if any module has experienced an error
condition. If any module experienced an error condition and drove the EOT line low,

then all modules will immediately end their local test programs.

[0055] Use of PXI_LOCAL. The MATCH and EOT lines were described
above and illustrated in FIG. 4 as consuming one PXI_LOCAL bus line each.
ngever, in alternative embodiments of the present invention, two PXI_LOCAL bus
lines may be utilized for the MATCH line, and two PXI_LOCAL bus lines may be
utilized for the EOT line. In this embodiment, which is illustrated in FIG. 6, each of
the modules 602 in the test system 600 is capable of driving a MATCH_OUT line to a
low state if a mismatched condition is detected. The MATCH_OUT line is received
by the star trigger card 612 énd sent back out over another PXI_LOCAL bus line as
MATCH_IN; Each of the modules 602 is capable of reading MATCH_IN to
determine whether their test programs should continue or loop back. Similarly, each
of the modules 602 is capable of driving an EOT_OUT line to a low state if an error
condition is detected. The EOT_OUT line is received by the star trigger card 612 and
sent back out over another PXI_LOCAL bus line as EOT_IN. Each of the modules
602 is capable of reading EOT_IN to determine whether their test programs should
terminate. Note that in the embodiment of FIG. 6, only fivé PXI_LOCAL bus lines
are consumed, because two of PXI_LOCAL bus lines (specifically, '
PXI_LOCAL[1,2]) have a dua{I use, first as START lines and theﬁ as MATCH_IN
and EOT_IN lines. |

[0056] Multiple chassis. As illustrated in FIG. 7, the precise timing and
synchronization described above may be expanded to multi-chassis test systems 700
according to embodiments of the présent invention. In multi-chassis embodiments,
PXI_CLK10, LCM, and START from a PXI-compliant master star trigger card 712 in
master chassis 702 may bé sent to a PXI-compliant slave star trigger card 706 in one
or more other PXI-compliant slave chassis 704 via matched length differential cables
and separate connectors on tﬂe master star trigger card 712. A dedicated connector
may be employed on the master star trigger card 712 for each slave chassis 704 and

the master chassis 702, to ensure that the delay to each chassis is the same. For
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example, in FIG. 7, a 10 MHz clock is received into the masfer star trigger card 712 at
708. This 10 MHz clock is buffered and distributed as PXI_CLK10 to other slave
chassis 704 via connector 710. PXI_CLK10 is also distributed to the master star
trigger card 712 via connector 714, where it loops back to the master star trigger card
712 via connector 716. Note that the cabling 718 and 720 are approximately the same
length so that all chassis receive PXI_CLK10 at about the same time (assuming that

the same PXI backplane version is used in all chassis). After PXI_CLK10 is received

into the master star trigger card 712 via connector 716, it is converted to a singled-

ended signal, buffered and distributed to modules within master chassis 702 via the

backplane at 736.

[0057] FIG. 8 is an illustration of the exemplary PXI_CLK10 distribution
scheme described above, showing a switch 800 for sWitching between an external 10
MHz input received from a front panel connector and a 10 MHz signal generated from
a Temperatufe Compensated crystal Oscillétor (TCX0)802. In the example of FIG.

8, all components except for a PXI backplane buffer 804 are located in a master star
trigger card. Note that after the PXI_CLK10 is buffered by PXI backplane buffef 804,
it is sent to all other slots via PXI_CLK10 traces 806 having about the same length,
including a specification-cofnpliant matched length tracé 808 that returns to the

master star trigger card and is received by a receive buffer 810. These traces are part

of the standardized PXI backplane.

[0058] A similar séhcme may be employed for LCM. FIG. 9 is an iilustration
of an exemplary LCM distribution scheme, showing how the LCM is generated from
the 10 MHz clock using a divide by 12 circuit 900, and showing how the LCM signal
902 is resynchronized within the star trigger card using flip flops 904 and 906,
reclocked first by the received 10 MHz clock 908 negative edge, then with the
received PXI backplane 10 MHz cldck 910 positive edge.

[0059] Although the present invention has been fully described in connection
with embodiments thereof with reference to the accompanying drawings, it is to be
noted that various changes and modifications will become apparent to those skilled in
the art. Such changes and modific;ations are to be understood as being included

within the scope of the present invention as defined by the appended claims.
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1. A system for providing precise timing control between circuit cards in
a multi-chassis system, comprising:
a plurality of chassis conforming to a standardized specification, the
plurality of chassis including a master chassis and one or more slave chassis, each

chassis including specification—compliant slots and a backplane of a same design

version for prov1d1ng electrical connections between circuit cards coupled to the slots;

a specification-compliant master star trigger card couplable to one of
the slots in the master chassis for providing a reference clock and non-specification
control signals to other specification-compliant circuit cards coupled to other slots in
the master chassis over pre-existing specification-compliant rriatched-length reference
clock traces and a bus on the backplane that is user-configurable according to the
specification, respectively, and for providing the reference clock and non-
specification control signals to the one or more slave chassis over matched-length
cabling external to the chassis; '

a specification-compliant slave star trigger card couplable to one of the
slots in each slave chassis for receiving the reference clock and non-specification
control signals from the master star trigger card and providing the reference clock and
non-specification control signals to other specification-compliant circuit cards
coupled to other slots in the slave chassis over the pre-existing specification-
compliant matched-length reference clock traces and the bus on the backplane that is
user-configurable .according to the specification, respectively; and

one or more specification-compliant circuit cards couplable to slots in
each of the plurality of chassis for receiving the reference clock and the non-
specification control signals at about the same time and operating with precise timing

control in accordance with the reference clock and control signals.

2. The system as recited in claim 1, further comprising a loop back
reference clock external cable for carrying the reference clock received from the
master star trigger card and providing the reference clock back to the master star

trigger card to enable the master star trigger card to receive the reference clock at
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about the same time as the slave star trigger cards, wherein the loop back réference
clock external cable is about the same length as the matched-length cabling carrying
the reference clock from the master star trigger card to the one or more slave star

trigger cards.

3. The system as recited in claim 1, further comprising one or more loop

back non-specification control signal external cables for carrying control signals

received from the master star trigger card and providing the control signals back to the

master star trigger card to enable the master star trigger card to receive the control
signals at about the same time as the slave star trigger cards, wherein the loop back
control signal external cables are about the same length as the matched-length cabling
carrying the control signals from the master star trigger card to the one or more slave

star trigger cards.

4. The system as recited in claim 1, each chassis comprising a Peripheral
Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis, the slots
comprising PXI-compliant slots, the backplane comprising a PXI-compliant

backplane, and the standardized specification comprising the PXI specification.

5. The method as recited in claim 4, wherein the user-configurable

specification-compliant bus is a PXI_LOCAL bus.

6. A method for providing precise timing contrdl between circuit cards
coupled to specification-compliant slots in a plurality of chassis conforming to a
standardized specification, the plurality of chassis including a master chassis and one
or more slave chassis, each chassis including a backplane of a same design version for
providing electrical connections between circuit cards coupled to the slots, the method
comprising:

utilizing métched—length cabling external to the chassis to provide a
reference clock and non-specification control signals from a specification-compliant
master star trigger card coupled to the master chassis to a specification-compliant

slave star trigger card in each of the one or more slave chassis;
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utilizing pre-existing specification-compliant matched-length reference
clock traces on the backplane of each chassis to provide the reference clock from the
master or slave star trigger card to specification-compliant circuit cards coupled to '
slots in that chassis;

utilizing a pre-existing bus on the backplane of each chassis that is
user-configurable acéording to the specification to provide one or more non-

specification control signals from the master or slave star trigger card to the

‘ specification-compliant circuit cards coupled to slots in that chassis; and

receiving the reference clock and the one or more non-specification
control signals at the specification-compliant circuit'cards and master and slave star
trigger cards in éach chassis at about the same time to allow the star trigger cards and
circuit cards to operate with precise timing control in accordance with the reference

clock and control signals.

7. The method as recited in claim 6, further comprising providing the
reference clock from the master star trigger card back to the master star trigger card
over a loop back reference clock external cable to enable the master star trigger card
to receive the reference clock at about the same time as the slave star trigger cards,
wherein the loop back reference clock external cable is about the same length as the
matched-length cabling carrying the reference clock from the master star trigger card

to the one or more slave star trigger cards.

8. The method as recited in claim 6, further comprising providing the
control signals from the master star trigger card back to the master star trigger card
over one or more loop back non-specification control signal external cables to enable
the master star trigger card to receive the control signals at about the same time as the
slave star trigger cards, wherein the loop back control signal external cables are about
the same length as the matched-length cabling carrying the control signals from the

master star trigger card to the one or more slave star trigger cards.

9. The method as recited in claim 6, the chassis comprising a Peripheral

Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis, the slots
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comprising PXI-compliant slots, the backplane comprising a PXI-compliant

backplane, and the standardized specification comprising the PXI specification.

10. The method as recited in claim 9, wherein the user-configurable

specification-compliant bus is a PXI_LOCAL bus.

11.. Inasystem including a plurality of chassis conforming to a

standardized specification, the plurality of chassis including a master chassis and one

~ or more slave chassis, each chassis including specification-compliant slots and a

backplane for providing electrical connections between circuit cards coupled to the
slots, an apparatus for assisting in providing precise timing control between the circuit
cards in the plurality of chassis, comprising: |

a specification-compliant master star trigger card couplable to one of
the slots in the master chassié for providing a reference clock and non-specification
control signals to other specification-compliant‘circuit cards coupled to other slots in
the master chassis over pre-existing specification-compliant matched-length reference
clock traces and a bus on the ‘backplane that is user-configurable according to the
specification, respectively, and for providing the reference clock-and non-
specification control signéls to the one or more slave chassis over matched-length

cabling external to the chassis.

12.  The apparatus as recited in claim 11, the chassis comprising Peripheral
Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis, the slots
comprising PXIFcompliant slots, the backplane comprising a PXI-compliant

baékplane, and the standardized specification comprising the PXI specification.

13.  The apparatus as recited in claim 12, wherein the user-configurable

specification-compliant bus is a PXI_LOCAL bus.

14. In a system including a plurality of chassis conforming to a
standardized specification, the plurality of chassis including a master chassis and one
or more slave chassis, each chassis including specification-compliant slots and a

backplane for providing electrical connections between circuit cards coupled to the
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slots, a method for assisting in providing precise timing control between the circuit
cards in the plurality of chassis, comprising:
providing a reference clock and non-specification control signals from

a specification-compliant master star trigger card couplable to one of the slots in the
master chassis to other specification-compliant circuit cards coupled to other slots in
the master chassis over pre-existing specification—compliaht matched-length reference
clock traces and a Bus on the backplane that is user-configurable according to the
specification, respectively; and

‘ | ‘providing the reference clock and non-specification control signals -
from the master star trigger card to the one or more slave chassis over matched-length

cabling external to the chassis.

15.  The method as recited in claim 19, the chassis comprising Peripheral
Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis, the slots
comprising PXI-compliant slots, the backplane comprising a PXI-compliant

backaane, and the standardized specification comprising the PXI specification.

16. The method as recited in claim 15, wherein the user-configurable

specification-compliaﬁt bus is a PXI_LOCAL bus.

17.  In a'system including a plurality of chassis conforming to a
standardized specification, the plurality of chassis including a master chassis and one
or more slave chassis, each chassis including speéification—compliant slots and a
backplane for providing electrical connections between circuit cards coupled to the
slots, an apparatus for assisting in providing precise timing control between the circuit
cards in the plurality of chassis, comprising;

a specification-compliant slave star trigger card couplable to one of the
slots in each slave chassis for receiving a reference clock and non-specification
control signals from a specification-compliant master star trigger card over matched-
length cabling external to the chassis and providing the reference clock and non-
specification control signals to other specification-compliant circuit cards coupled to

other slots in the slave chassis over pre-existing specification-compliant matched-
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length reference clock traces and a bus on the backplane that is user-configurable

according to the specification, respectively.

18. The method as recited in claim 17, the chassis comprising Peripheral
Component Interconnect (PCI) eXtensions for Instrumentation (PXI) chassis, the slots
comprising PXI-compliant slots, the backplane comprisirig a PXI-compliant

backplane, and the standardized specification comprising the PXI specification.

19.  The method as recited in claim 18, wherein the user-configurable

specification-compliant bus is a PXI_LOCAL bus.

20.  Inasystem including a phirality of chassis conformixig toa
standardized specification, the plurality of chassis including a master chassis and one
Or more slav_é chassis, each chassis including specification-compliant slots and a
backplane for providing electrical connections between circuit cards coupled to the
slots, a method for assisting in providing precise timing control between the circuit
cards in the plurality of chassis, comprising: |

receiving a reference clock and non-specification control signals from
a specification—compliant master star trigger card into a specification-compliant slave -
star trigger card couplable to one of the slots in each slave chassis over matched-
length cabling external to the chassis; and '

providing the reference clock and non-specification control signals to
other specification-compliant circuit cards coupled to other slots in the slave chassis
over pre-existing specification-compliant matched-length reference clock traces and a
bus on the backplane that is user-configurable accbrding to the specification,

respectively.

21.  The method as recited in claim 20, the chassis comprising Peripheral
Component Interconnect (PCI) eXtensions for Instrumentation (PXJ) chassis, the slots
comprising PXI-compliant slots, the backplane comprising a PXI-compliant

backplane, and the standardized specification comprising the PXI specification.
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22.  The method as recited in claim 21, wherein the user-configurable

specification-compliant bus is a PXI_LOCAL bus.
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