
15 JAN 2004 WO 01/06369 PCTIUS00118726 EXTENDING SYNCHRONOUS BUSSES BY
ARBITRARY LENGTHS USING  NATIVE BUS PROTOCOL This invention relates
generally to automatic test equipment, and more  particularly to extending
synchronous busses in automatic test systems that test  synchronous bus
devices. BACKGROUND OF THE INVENTION 10 Modern computer systems employ
high-speed synchronous busses for communicating data. Synchronous busses
coordinate operations on a bus by  providing a , common clock;to all,bus
devices. Asynchronous busses do not use a  common clock to coordinate
activities. Examples of synchronous busses include PCI,  AGP, and Cardbus.
.15 Manufacturers of electronic circuit boards employ automatic test
equipment  ("ATE" or "testers") to ensure that their products meet
requirements for performance  and functionality. In one testing
configuration, a unit under test ("UUT") is attached  to a tester via one
or more interface connectors, and the tester exercises the UUT by
reproducing the UUT's native environment. Where the UUT is itself a
synchronous 20 bus card, a tester might reproduce the bus environment by
including a complete  synchronous bus to which the UUT connects.  Certain
characteristics of synchronous busses make ATE testing of synchronous bus
cards problematic. A primary limitation of synchronous busses is  that in
order to operate at high speed they must generally be kept short.
Synchronous  25 busses that operate at 33 MHz and above are seldom more
than one foot long. The need to. keep synchronous busses short forces the
entire bus with all of its  accompanying hardware and cooling into a
location near the tester interface. The area  around the tester interface
tends to be crowded already, however. In addition to being  the focal point
of most of the tester's resources, the tester interface typically also 30
includes test adapters, auxiliary equipment, and handlers for loading and
unloading  UUTs. Therefore, the need to keep synchronous busses short
conflicts with the lack  of available space near the tester interface.
Synchronous busses also tend to suffer from poor fault isolation. Defects
on  one card can appear as failures on other cards, and can cause an entire
bus to 35 malfunction. A benchmark of successful ATE is the ability to
isolate faults. The lack 5 JAN 2004 WO 01/06369 PCT/USOO/18726 of fault
isolation common to most synchronous busses directly conflicts with the
need for high fault isolation in ATE. 



Some synchronous busses support changing bus cards with power applied, an
can identify a new card "live" without requiring an explicit reset (a
feature known as  "hot-swapping"). Many busses are not set up to allow
cards to be quickly changed,  however. These busses must be powered down
before a card can be inserted or removed, and a time-consuming reset must
be performed before normal operation can  resume. ATE systems typically
test a large volume of cards in assembly-line fashion- For busses that do
not support hot-swapping, the time-consuming procedure for 10 swapping
cards conflicts with the ATE requirement of high throughput. t o Fig. ~1.;
illustrates a synchronous bus' of thetype-that is commonly used b  modern
computer systems, and illustrates the need for synchronous busses to be
kept  short. Clock driver 112 buffers a master clock signal 114 and
provides an individual is version of the master clock to each clock
receiver 120 on each device 122, 124, and  126 plugged into the bus 1 10.
The clock driver 112 distributes the master clock signal  114 to all slots
on the bus with nearly zero timing skew: that is, nearly zero phase
difference appears between the clock signals on the different slots of the
bus. As shown in Fig. 1, each device 122, 124, and 126 on the bus 110
includes a  20 data transmitter 116, a data receiver 118, and a clock
receiver 120. The bus 110 is  arranged in a multi-drop, multi-master
configuration, in which any device ' can transmit  or receive data from any
other device on the bus. For example, device 122 can  transmit data signals
using its transmitter 116 to device 126, and device 126 can then  receive
the data signals using its receiver 120. 25 Fig. 1 identifies "Tprpp" as
the time required for data signals to travel down the  bus and settle.
Tprop is a finite delay related to a number of factors, including the bus'
.physical length, its impedance, the impedance of devices on the bus,
inductive and  capacitive loading, and bus terminations. If the period of
the master clock 114 is  much longer than Tprop, data signals from device
122 have adequate time to travel 30 down the bus and settle at device 126
before the next clock edge. If Tprop approaches  or exceeds the clock
period, however, device 126 receives its clock edge before the  data
signals settle, and invalid clocking can occur. For proper operation, Tprop
must  always be less than the clock period. The practical result of the
requirement that TproP  be less than the clock period is that very fast
synchronous busses tend also to be very  35 short. 5 JAN 2OO. WO 01/06369
PCT/USOO118726 Various techniques have been used to extend the length of
synchronous  busses, with partial success. These techniques include
changing bus loading, slowing  down the bus, bridging, and remote bus
control. Changing Bus Loading 



5 Delay time Tprop depends not only upon a bus' physical length, but also
upon  its electrical loading. By reducing bus loading, it may be possible
to physically extend  a bus and still keep Tprop shorter than the clock
period. As a practical matter, reducing bus loading produces only small
gains.' Most  bus implementations aggressively control bus loading, and
leave little margin for  10 improvement. Under the best conditions,
reducing bus loading allows synchronous busses to be extended only a,few
inches1n.4 ATE environment, this improvement is  . o e...s i..  - - b x a n
,  . too small to be useful. Slowing Down the Bus As the clock period of a
bus limits its maximum length, one can theoretically  15 lengthen a bus by
slowing its clock period. The longer the clock period, the further  data
can travel before false clocking occurs. Slowing the clock period seems to
be a simple and attractive way of extending  a bus, but this technique has
several drawbacks. First, not all busses allow their clock  periods to be
changed. Second, running a bus at reduced speed slows operations on 20 the
bus, and can reduce the throughput of an entire system. Third, extending a
bus  adds loading to the bus and can cause ringing in the clock signal,
which ringing itself  can cause false clocking. Reducing the clock period
does not reduce the ringing. In  some circumstances, however, slowing the
edges of the clock does reduce ringing.  Slowing clock edges is difficult
to achieve in practice, however. Last, testing UUTs at 25 reduced speed can
fail to reveal certain types of defects. Many faults manifest  themselves
only when a UUT is operated at its rated speed. Slowing the clock
sacrifices fault detection, and thus conflicts with a primary purpose of
ATE. Bridging  Fig. 2 illustrates bus bridging, a commercially available
technique for 30 extending synchronous busses. One product that appears to
provide a form of bus  bridging is the model 2130 available from SBS
Technologies, Inc., St. Paul, MN. As  shown in Fig. 2, a bridge device 218
straddles an original synchronous bus 210 and an  extended synchronous bus
212. The bridge device 218 copies signals between busses  210 and 212 and
allows a remote device 216 to communicate back and forth with a WO 01/06369
5 JAN 2UU4  PCTNSOO/18726 



local device 214. Bridging effectively connects busses in series while
electrically  isolating the busses from each other. Multiple bridge devices
can be cascaded to  extend a bus even further. Each bus segment that forms
part of a bridged configuration must conform to  the specification of the
bus for maximum length. Thus, bridging allows busses to be  cascaded, but
does not extend the length of any individual bus segment. Therefore,
bridging does not address the need to keep the area around the UUT clear.
Remote Bus Control Remote bus control has been used to extend synchronous
busses by long 1 0 distances. One product that appears to provide a form of
remote bus control is the  :model TA300 from Catalyst Enterprises, Inc;San
Jose CA:` Remote bus caritrol  operates by translating bus signals into a
different bus protocol, transmitting the  translated signals to a remote
location, and translating the signals back to their original form to
reconstruct the bus signals at the remote location. 15 Fig. 3 illustrates
an example of remote bus control. A controlling device 314  on a local
synchronous bus 310 communicates with a remote device 320 on a remote
synchronous bus 312. The busses communicate using a local translating
device 316  that plugs into the local synchronous bus 310, a remote
translating device 318 that  plugs into the remote bus 312, and an
interconnection 322 between the two translating 20 devices. In certain
implementations, the remote bus 312 is omitted, and the remote  device 320
plugs directly into the translating device 318. Remote bus control is
almost infinitely extendable, but it suffers from many  disadvantages,
particularly in ATE. First, remote bus control tends to be costly  because
it requires a significant amount of hardware and software to accomplish its
25 control. Second, remote bus control does not communicate with the remote
card  using the remote card's native environment. Remote bus control
requires translation  into a different protocol, for example a serial bus
protocol, suitable for long-distance  transmission. Remote bus control does
not use the remote card's native "device  driver." A "device driver" is a
program that manages communication between the 30 operating system of a
host computer and a device. Remote bus control inserts a  different bus
protocol between the operating system and the device and does not use  the
native device driver to exercise the remote card. Third, remote bus control
requires the use of hardware near the HUT. Even if the remote bus 312 is
eliminated,  the translating device 318 still is located near the UUT. 35
JAN 2004 WO 01/06369 PCT/US00/18726 SUMMARY OF THE INVENTION 



With the foregoing background in mind, it is an object of the invention to
extend a synchronous bus an arbitrarily long distance using the bus' native
bus 5 protocol. Another object of the invention is to allow hot swapping of
remote bus cards,  regardless of whether the bus normally supports hot
swapping. It is yet a further object to prevent faults on the remote bus
card from causing  faults to occur in other locations of a system, and
therefore to promote fault isolation.  10 To achieve the foregoing objects
and other objectives and advantages, a method of extending a synchronous
bus uses an extender device that physically  engages the synchronous bus.
The method includes receiving a plurality of bus  signals from the
synchronous bus, driving the plurality of bus signals to a remote  device
via an interconnect, and receiving return signals from the remote device
over 15 the interconnect. The method further includes establishing a
hold-off interval, at least  as long as the settling time of the return
signals, and applying the return signals to the  synchronous bus after the
hold-off interval elapses. In accordance with another aspect of the
invention, a method of extending a  synchronous bus using an extender
device that physically engages the synchronous  2 0 bus includes monitoring
the synchronous bus to detect a transaction with a remote device. The
transaction includes contents that encode a configuration of the remote
device. The method further includes storing the contents of the transaction
with the  remote device, to maintain a local copy of the configuration of
the remote device. In accordance with another aspect of the invention, a
method of testing UUTs  25 includes building a record of configuration data
for a first UUT. The method also  includes blocking a flow of power between
the synchronous bus and the first UUT  until a time after a second UUT is
installed. The method includes copying the record  of configuration data
for the first UUT onto the second UUT before proceeding to test  the second
UUT. The method thereby allows UUTs to be exchanged safely while the  30
synchronous bus remains operative. In accordance with another aspect of the
invention, a bus extender for  extending a synchronous bus facilitates the
testing of synchronous bus cards. The bus  extender includes an extender
device, coupled to the synchronous bus, and an  interconnect, coupled to
the extender device and extending over a length to a 35 connector arranged
to engage a UUT. The extender device includes a hold-off circuit,  coupled
to the interconnect and the synchronous bus. The hold-off circuit includes
a 5 JAN 200 WO 01/06369 PCTIUSOO/18726 delay register for storing a
hold-off interval, based upon the length of the interconnect,  



and a delay circuit. The delay circuit prevents return signals that arrive
from the UUT  from asserting onto the synchronous bus until the hold-off
interval elapses. Additional objects, advantages and novel features of the
invention will become  apparent from a consideration of the ensuing
description and drawings. 1 5 JAN 2004 WO 01/06369 PCTIUS00118726 BRIEF
DESCRIPTION OF THE DRAWINGS The invention will be better understood by
reference to the following more  detailed description and accompanying
drawings in which 5 FIG. 1 is a simplified schematic of a conventional
synchronous bus  architecture with which the invention can operate; FIG. 2
is a block diagram showing the prior art technique of bridging;  FIG. 3 is
a block diagram showing the prior art technique of remote bus  control; 10
FIG. 4 is a block diagram of a bus extender, according to the invention;
FIG. 5 is a block diagram that details the bus snooper circuit of FIG. 4;
,--FIG. 6 is a block diagram that details the hold-off circuit of FIG. 4;
FIG. 7 is a block diagram that details the delay determination circuit FIG.
6;  FIGS. 8a and 8b are flowcharts that respectively describe examples of
reading  15 and writing operations of a remote device using the bus
extender of FIG. 4, when the  remote device is operating in bus target
mode; FIGS. 8c and 8d are flowcharts that respectively describe examples of
reading  and writing operations of a remote device using the bus extender
of FIG. 4, when the  remote device is operating in bus initiator modes 20 .
FIG. 9 is a block diagram showing a test system that includes a bus
extender  according to the invention for testing a remote UUT; FIGS. I Oa-c
are flowcharts that illustrate a method of testing one or more  remote UUTs
in accordance with the invention. 1 5 JAN 2004 WO 01/06369 PCTIUS00118726
DESCRIPTION OF THE PREFERRED EMBODIMENT In accordance with the invention, a
bus extender extends a physically limited,  synchronous bus an arbitrarily
long distance, while maintaining the native protocol of 5 the synchronous
bus. The bus extender supports both "initiator" (master) and "target"
(slave) operations of a remote device. The bus extender according to the
invention  allows the remote device to operate as if the remote device were
plugged directly into  the bus. FIG. 4 illustrates in block diagram form a
bus extender 400 according to the  



10 invention. The bus extender engages a bus 110 (FIG. 1), for example a
PCI bus, via a  bus connector 422. An interconnect 418 connects to the bus
extender and extends bus  signals an arbitrarily long-distance to a remote
backplane 6onne6tor_424, where a  remote bus card is engaged. Bus
terminators 420 terminate the bus signals near  remote backplane connector
424. 15 Preferably, the bus extender 400 takes the form of a standard bus
card. In the  preferred embodiment, bus extender 400 is a single-slot PCI
card, having standard PCI  size and shape, and can plug into any available
slot of a PCI bus. Bus connector 422 is preferably a standard PCI card
connector, and remote backplane connector 424 is  preferably a standard PCI
backplane connector. Interconnect 418 is typically a cable,  2o although a
printed circuit board, flex card, or other multi-signal conducting` medium
may operate equally as well. Preferably. interconnect 418 includes
equal-length signal  paths, and adds relatively little timing skew between
bus signals. As shown in FIG. 4, bus extender 400 includes a bus "snooper"
circuit 414, a  remote bus interface 412, and a hold-off circuit 416. The
bus snooper circuit 414 25 decodes bus transactions and performs
appropriate activities. The remote bus  interface 412 transmits and
receives bus signals from the bus 110 and return signals  from the remote
device. The hold-off circuit 416 waits a predetermined hold-off  interval,
after which time it applies the return signals to the bus. The hold-off
interval  is preferably variable and is set to an interval long enough to
allow the return signals  30 to reach the bus extender and settle. 35 In
the preferred embodiment, the remote bus interface 412, the bus snooper
circuit 414, and the hold-off circuit 416 are manufactured together on a
single field- programmable gate array ("FPGA") using 3.3V CMOS logic. An
FPGA is used for  convenience and is not essential to the invention. An
application-specific integrated  circuit (ASIC) may also be used, as well
as discrete components or other high-density  devices. The FPGA
implementation supports 33 MHz, 32-bit performance and 1 5 JAN 2004
PCT1US00118726 WO 01/06369 complies with PCI Version 2.2 standards. The
design is extendable, however, to  p support 66 MHz, 64-bit PCI performance
on other busses optionally, a control section 410 is provided within the
FPGA to communicate  426 with an ATE controller via a control line 426.
Using control o perating instructions  5 section 410 reports faults to the
ATE controller section communicates directly  



from the ATE controller. Alternatively, the control section communicates
directly with the bus 110 to report faults and receive operating
instruction. Preferably,  however, the control section 410 is omitted, and
the bus extender 400 operates in a self-contained fashion, without
requiring ecplicit control from outside the bus 10 extender. Preferably,
the bus extender 400 does not require or use separate so   For example, the
bus extender does not require its own device driver. The remote bus
interface 412 marks both the source of signals transmitted to  ln order to
transmit the bus signals over a long distance to the remote device and to
15 drive the load impedance of the bus terminators 420, the remote bus
interface 412 preferably includes low impedance drivers. Each low-impedance
driver preferably consists of several CMOS gates of the FPGA connected in
parallel. To achieve minimum timing skew, the low impedance drivers
preferably have identical circuit topology. CMOS gates are preferably
provided within the FPGA to receive and buffer 20 the return signals from
the remote device. By maintaining a constant characteristic  impedance of
the interconnect 418 and by terminating the bus with bus terminators 420
near the remote device, the bus extender 400 can transmit and receive
signals without substantioal ringing or distortion. The bus extender 400
also includes a power switching circuit 428, coupled to 25 the remote bus
interface 412. The power switching circuit selectively blocks and conducts
power supply current between the extender 400 and the remote device, in
response to a digital "hot-swap" signal provided at a hot-swap terminal
430, shown in FIG. 4. The hot-swap signal has two discrete states, OPEN and
CLOSE. During the OPEN state the power switching circuit blocks power to
the remote device. During 30 the CLOSE state the power switching circuit
conducts power freely between the bus extender 400 and the remote device.
The hot-swap terminal 430 may be driven from any suitable digital source,
for example, a digital bit a tester interface or a manual switch.
Preferably, the low-impedance drivers of the remote bus interface 412 also
assume a high-impedance state in response to an activation of the hot-swap
original. 35 The ability of the power switching circuit and the
low-impedance drivers to asume     5 JAN 2004 WO 01/06369 PCT/US00/18726
high impedance states enables the remote device to power down or be safely
swapped  while the bus 110 continues to operate. 



The implementation of the power switching circuit 428 includes high-current
switching devices, preferably high-current MOSFETs external. to the FPGA.
The  circuitry to drive the low-impedance drivers to high-impedance states
preferably  resides within the FPGA. Optionally, the power switching
circuit can be equipped  with power sequencing circuitry, for applying and
removing power from the remote  device according to a predetermined timing
sequence. 10 FIG. 5 illustrates the bus snooper circuit 414 in block
diagram form. The bus  snooper circuit decodes bus transactions and
performs appropriate activities. A bus  decoder 51.0 connects to the. bus
110, and the remote bus interface 412, and examines  bus transactions
between the bus and the remote device. If a transaction is a configuration
WRITE instruction to the remote device, the bus decoder stores the 15
contents of the WRITE instruction in a remote status memory 512. If a
transaction is  a configuration READ instruction to the remote device, the
bus decoder informs a  mask generator 516, which builds a data mask to
modify, if necessary, data to be read  back from the remote device. If a
transaction is one that requires a rapid response, the  bus decoder informs
the local response generator 514, which generates an appropriate  20 rapid
response. ..The bus snooper circuit 414 stores the contents of
configuration WRITE  instructions directed to the remote device in the
remote status memory 512. In the  preferred embodiment, the bus snooper
circuit 414 does not store the contents of all  WRITE instructions in the
remote status memory 512. Rather, it stores only the 25 contents of target
WRITE instructions directed to 64 particular "configuration"  registers of
the remote device. The PCI specification defines 64 configuration
registers of a PCI card. Many of these registers must be written in order
for the PCI  bus to operate. As is known, the PCI bus BIOS writes necessary
values of these 64  configuration registers for each device plugged into
the bus, every time a PCI bus  30 reset occurs. Over time, and explicitly
upon each PCI bus reset, the remote status memory  512 accumulates a local
record of all 64 configuration registers for a remote device.  Once
acquired, the record of configuration registers can be restored to the
remote  device, or stored to a different remote device, to configure a
known, stable state. No 35 additional resets of the PCI bus are required. 5
JAN 2UD WO 01/06369 PCT/US00/18726 Registers on a PCI card other than the
64 configuration registers (i.e., non- configuration registers) are not
essential for establishing bus operation. As desired by  the user, contents
of non-configutation registers can be copied to the remote device,  



using conventional target WRITE instructions, after the 64 configuration
registers 5 have been restored. Alternatively, memory can be added to the
remote status memory  512 to store all data written to the remote device,
but the memory would be provided  at additional cost. The PCI specification
supports multiple logical devices on a single PCI card.  In accordance with
the preferred embodiment, the bus snooper circuit 414 10 distinguishes
between different logical devices and provides enough memory to  support
numerous logical devices. In the preferred embodiment, ~thebus extender 400
employs a state machine  (not pictured) to copy the contents of the remote
status memory 512 to the remote  device. The state machine preferably
operates in response to the hot-swap signal and 15 operates independently
of the bus 110. The state machine preferably also controls the  power
switching circuit 428. When the hot-swap signal is OPEN, the state machine
activates the power switching circuit 428 to block power to the remote
device. When  the hot-swap signal changes state from OPEN to. CLOSED, the
state machine applies  power to the remote device and disgorges the
contents of the remote status memory  20 512 into the configuration
registers of the remote device. The operation of the power switching
circuit 428: in conjunction with the state  machine enables hot-swapping of
remote devices. As hot-swapping of remote devices  operates independently
of the bus 110, the invention effectively provides hot swapping capability
to busses that do not directly support hot-swapping. 25 As shown in FIG. 5,
the bus snooper circuit 414 also includes a mask  generator circuit 516.
The mask generator circuit 516 operates in response to a  predefined set of
target READ instructions by generating a data mask. The mask  generator 516
passes the data mask to the hold-off circuit 416, and the hold-off circuit
30 416 applies the mask to return signals read back from the remote device
to modify the  return signals, as required. For target READ instructions of
"non-configuration" registers, the data mask  is transparent, i.e., it is
arranged to pass through all data unchanged. The data mask is  operable,
i.e., not transparent, only for target READ instructions of certain 35
configuration registers. Certain configuration registers store data that
identifies  characteristics of a remote device that are not valid when the
remote device is used in 11 j 5 JAN 20Ok  WO 01/06369 PCT/US00I18726 an
extended configuration. For example, PCI devices store configuration data
that  indicates a number of clock cycles that they require to respond to a
particular  



transaction. That number of clock cycles may not be valid in an extended
configuration, as the bus extender 400 may respond in a different number of
clock 5 cycles to account for extender latency. Under these circumstances,
the mask generator  516 produces a data mask to be used for modifying the
invalid bit or bits of the data  read back from the remote device. As
another example, a configuration register  indicates whether a PCI card
supports 66 MHz communication. The initial, FPGA  implementation of the bus
extender 400 does not support 66 MHz communication. In 1 o the FPGA
embodiment of the invention, the mask generator 516 produces a data mask
that forces a negative response, to assure that 66 MHz operation is not
attempted. tfJ# -.-..TThe'bus snooper circuit 414 shown in'FIG-.-5
als&includes a Iocal response  generator 514. The bus decoder 510
identifies transactions that require rapid  responses, and the local
response generator 514 produces an appropriate rapid 15 response. The local
response generator is used because extended configurations add  latency
that is not accounted for in bus specifications. For example, according to
the  PCI bus specification, when a PCI initiator sends an address to a PCI
target, the bus  initiator expects the bus target to respond within a
predefined time limit. The bus  initiator interprets a failure to respond
as meaning that no PCI device is installed in  20 the addressed slot. In an
extended configuration, remote bus targets typically cannot respond  within
the allowable time. According to the invention, when the remote device
operates as a bus target, the local response generator 514 issues a
response to the bus  initiator on behalf of the remote device, within the
allowable time. The local response 25 generator's response may include
asserting one or more wait states onto the bus 110.  Analogously, when the
remote device operates as a bus initiator, the local response  generator's
response may include sending one or more wait states to the remote device
on behalf of the local bus target, within the time allowed for response by
the PCI  specification. 30 35 When the remote device operates as a bus
initiator, the local response  generator 514 continually applies wait
states to the remote device in anticipation of an  initiator READ or WRITE
instruction from the remote device. The bus extender 400  cannot wait until
it receives an initiator READ or WRITE instruction from the remote  device
before it starts asserting wait states to the remote device, because the
remote  device may not receive the wait states within the time for response
allowed by the PCI 12 1 5 JAN 200 PCTIUSOO1I8726 



Wp 01/06369 ecification. Therefore, when the remote device operates as a
bus id nit~e _ the default, sP  response generator 514 preferably asserts
wait states to the remote eva by  and only stops asserting wait states once
the initiator transaction is complete.  includes a To avoid bus hang-ups,
the local response generator 514 preferably ed or non-functional,  5
watchdog timer (not pictured). If the remote of device is wait nplugg
allows normal bus  the watchdog timer terminates the issuance o arge
operations to resume. The time-out of the watchdog timer is preferably re
set o t a lw t  value to accommodate all expected, normal delays. der
disables the watchdog timer until the  states from the bus target itself,
the bus exten bus extender stops receiving wait states, after which time
the watchdog timer begins  10  counting. ircuit 416  ff he h c it ,  c
includes ahold-a The signals us extender 400_ also and waits a
predetermined  from the remote bus interface 412 receives return bus 110.
the return sign sin  l g  ea interval of time before re  



i 15 FIGS. 6 and 7 illustrate the hold-off circuit 416 in block a d 1
yform.it As circu 610, shown in FIG. 6, the hold-off circuit includes a
mask circuit 616, and a delay determination circuit 612. The mask circuit
616 receives return signals  from the remote bus interface 412 and applies
the data mask produced by the enerator 516 to modify the return signals, as
required. The delay circuit 610 receives  g to the bus 110 until  20 return
signals from the mask circuit 616 and blocks their passage the delay
circuit 610 receives a strobe signal 614. As shown in FIG. 7, the delay
determination circuit 612 includes a signal  sampler 710, a delay register
712, and a strobe circuit 714. The signal sampler  determines a hold-off
interval related to the round-trip delay between the bus e timetender of
25 400 and the remote device. The hold-off interval prefeVabey~e response
time of the bus signals from the bus extender 400 to the remote device, the
remote  remote device, and the settling time of return signals returning
from device. The delay register 712 stores the value of the hold-off
intervuit\ 11en the bus  extender 400 sends an instruction to the remote
device, ~~~ ~~ hold off interval. sent  30 compares the elapsed time since
the instruction is When the two values match, the strobe circuit 714
activates the strobe signal 614, an n  the delay circuit 610 releases the
return signals to the bus at the next appropriate in the bus cycle. The
signal sampler 710 preferably determines the hold-off interval by
simulating a target READ instruction to the remote device. The signal
sampler an  35 measures the time interval between the issuance of the
target READ 13 15 JAN 2004  PCTIUS00/18726 W'O 01/06369 the time when the
return signals settle. The PCI specification designates a particular
target  a address on PCI cards for storing a manufacturer's ID and a
response time h at 



e  t READ  AD of this address. Preferably, the signal sampler simulates a
target manufacturer's ID. 5 The signal sampler 710 monitors the return
signals. The return signals measure all "1 "s before they arrive and
settle. When the response measures something other than  all "1"s, and
provides identical readings for consecutive measurements, the return
signals have settled. The signal sampler stores a value corresponding to
the elapsed  time in the delay register 712. As the remote device's
response time is known 10 (defined for a target READ of the ID register), a
round-trip delay can be determined  that is independent of the response
time of the remote device. i  t n  es ccordingtoyet another alternative,
the signal sampler 710 opera _  response to actual (non-simulated) target
READ instructions, and generates a new  ff interval for each instruction.
ld -o  ho 15 The signal sampler 710 preferably determines an optimal
hold-off interval  automatically upon a first use of the bus extender 400,
under the direction of a state  machine (not pictured). Alternatively, the
signal sampler 710 operates upon the  issuance of an external command. The
same hold-off interval is used repeatedly for  subsequent communications,
until the signal sampler again receives a command to  20 operate. According
to yet another alternative, the invention does not provide a signal
sampler, and a value of the delay register 712 is established during an
initial setup of  the system. The value of the delay register 712 is based
upon a manual measurement  or an estimate of the round-trip delay between
the bus extender 400 and the remote 25 device. The value of the delay
register is permanently established, or can be changed  from time to time.
Experiments have shown that a fixed delay of two (2) 33  Megahertz bus
cycles (60 nanoseconds) is sufficient to accommodate an interconnect
having a length of ten feet. Preferably, the signal sampler 710 measures
the hold-off interval by sampling  



30 the return signals at a multiple of the bus frequency, for example, at
twice bus  frequency. The higher the sampling rate of the signal sampler,
the greater the accuracy of the hold-off interval, and the lower the
likelihood that the hold-off interval  will be overstated. Alternatively,
the signal sampler 710 operates at a sampling rate  equal to, or slower
than, the bus frequency. 35 We have recognized that other methods of
determining when the return signals  stabilize could be used by the
hold-off circuit with successful results. For example, 14 PCTI[JSOO118726
WO 01/06369 circuit could employ a ring oscillator to set up an oscillation
in a loop that  the hold-off the bus extender 400 and the interconnect 418.
The frequent tenof oscillat'  der 400lon  includes th the bus ex the
round-trip delay. p'someterX TDR)'circuit for measuring a  is proportional
to flecto could be provided with time-dorriain re 5 time of flight of
signals between the bus extender 400 and the far end of the  interconnect
418 8a and 8b are flowcharts that describe the activities performer t the
et  FIGS. us extender 400, described above, when the remote device operates
as a g  b response to a target READ 10 (slave). FIG. 8a illustrates bus
extender node rvactivi activities e in response to a target WRITE
instruction. FIG. 8b illustrates bus instructions 14v~ 1 5 JAN 20U bus 400
receives a target READ instruction from a bus extender In FIG. 8a, the READ
15 initiator on the bus 110, and the bus snooper circuit 4141 ~ecne smthe e
target anfinnation,  instruction. At step 810, the local response generator
et, that the target address specified by on behalf of the remote bus tang
the bus initiator  The local response generator 514 also asserts wait
states onto the bus 110. 



is valid. enerates a data mask. The value of the  At step 812, the mask
generator 516 g k is articular to the specified target address. The data
mask is arranged  2 o data mas p an  selectively to modify bits of
configuration data to be read back from the remote  which bits encode
communication characteristics that do nottapply in target  device, anent
for the contents extended configuration- The data mask is transpf 1 the  25
READ addresses except those for configuration registers that n lodes ppl
local to memory  extended configuration, Preferably, the mask generator 516
et addresses that require a mask.  (not pictured) that stores mask values
for targ At step ' 814, the bus extender 400 transmits bus signals to
theeremote device,  and at step 816, the bus extender 400 begins counting
down the hold-off step 818, the return signals arrive at the bus extender
400 from the remote devv e, and  the bus extender applies the read mask
that is generated at step 812. At step 820, the  30 hold-off interval
elapses, and the bus extender 400 releases c~ re ponce g~ erator 514  bus 1
IO at an appropriate phase into the bus cycle. de-asserts wait states from
the bus 110 when the hold-off interval additional elapses, unless
additional wait states are requested. If the remote device requests enerwai
514  states beyond the expiration of the hold-off interval, the local
response g 3 5 appends the additional wait states to the bus 110. 15 JAN
2004 WO 01/06369 PCT/US00/18726 Steps 810 through 816 are drawn in FIG. 8a
as occurring in sequence. We  have recognized, however, that the sequence
of these steps can be varied. ' For example, the data mask generated in
step 812 need not be ready until the return signals  reach the bus extender
400. Preferably, steps 810 through 816 occur simultaneously. FIG. 8b
illustrates bus extender activities in response to a target WRITE
instruction. The bus extender 400 receives a target WRITE instruction from
a bus  



initiator on the bus 110, and the bus snooper circuit 414 decodes the
target WRITE instruction. At step 830, the local response generator 514
asserts wait states onto the  1 o bus 110, within the allowable time limit
for response. At step 832, the bus extender 400 begins counting down the
hold-off interval.  If the target WRITE instruction is a configuration
WRITE, i.e., a WRITE to one of the  64 "configuration" registers, the bus
extender 400 stores a local copy of configuration  data at step 834. If the
remote device includes multiple logical devices, the storing 15 step 834
includes storing configuration data for the logical device that is
particularly  addressed. At step 836, the bus extender 400 transmits bus
signals to the remote device.  Both "configuration" and "non-configuration"
WRITE instructions are transmitted.  When the hold-off interval elapses,
the local response generator 514 de-asserts wait 20 states from the bus I
10, unless additional wait states are requested. If the remote  device
requests additional wait states after the expiration of the hold-off
interval, the  local response generator 514 appends the requested wait
states to the bus 110. FIG. 8b illustrates steps 830, 832, 834, and 836 in
sequence; however, these  steps need not occur in any particular order.
Steps 830 and 832 are part of "snooping"  25 the bus 110 and can occur in
any sequence, or can occur simultaneously. Similarly, the snooping steps
(832 and 834) and the step of transmitting signals to the remote  device
(836) can occur in any sequence, or can occur simultaneously. FIGS. 8c and
8d are flowcharts that describe the activities performed by the  3o bus
extender 400, described above, when the remote device operates as a bus
initiator ster). FIG. 8c illustrates activities in response to an initiator
READ instruction generated by the remote device. FIG. 8d illustrates
activities in response to an  initiator WRITE instruction generated by the
remote device. As shown in FIG. 8c, the bus extender 400 pre-asserts wait
states to the remote  35 device at step' 850. Unlike the target READ case
of FIG. 8a, in which the bus  extender 400 is local to the bus initiator
(i.e., the bus extender and bus initiator plug JAN 2004 PCTIUS00118726 WO
01/06369 into the same bus 110), here, there is no device "local" to the
bus initiator. a bus  initiator is the remote device and, in general, it
cannot receive a response target within the allowable time for response set
by the PCI specification. Preferably,  therefore, the local response
generator 514 asserts wait states to the r emote  inuall , by default,
whenever the bus extender detects that the remote card is 



acting as a bus initiator. The bus extender only de-asserts the wait
oeessgin response  to an initiator READ once it receives an actual response
from The bus extender 400 constantly monitors return signals to detect bus
initiator  the bus extender detects a change in the  activity from the
remote device. At step 8tendex waits a predetermined interval of  10 return
signals. To avoid errors, the bus ex time, sufficient for the return
signals to settle, before releasing the return lsdgnalasbt ~ he  one
embodiment, Lt ?}s interval oft hold-off interval at step 854. The -bus 110
in above, and the bus extender begins counting the hold-off interval
includes all round-trip delays, however, and is thus shorter th he  15
necessary. Alternatively, the bus extender waits a period of time hold-off
interval, but sufficiently long to allow the return signals toreturn After
the bus extender 400 releases  predetermined interval of time elapses, to
the bus 110 (step 856), at the next appropriate point in ~Thefib usoTREAD
instruction  The return signals released at step 856 encode the 20 from the
remote device. Once asserted, the bus extender 00 waits s for a response
from the bus target. If the bus extender receives data (values read)
target, the bus extender de-asserts wait states (step 858) and sends the
results of tone  read instruction to the remote device (step 860). If bus
extender cantHues to asOsereceives rt wait states  or more wait states from
the bus target, the bus extender 25 to the remote device until the bus
extender stops receiving wait states from the then bus  target. The bus
extender 400 sends the data to the remote device arrives. FIG. 8d
illustrates bus extender activities in response to anxinitiator VMTE
continually 30 instruction from the remote device. As described thabove,
the bus e bus extender detects that the asserts wait states to the remote
device whenever remote device is acting as a bus initiator (step 870). The
bus extender 400 constant  thely  E instruction signals.  monitors return
signals to detect an initiator READ or W12TI remote device. At step 872,
the bus extender detects a change in t for the return 3 5 As before, the
bus extender waits a predetermined interval of time  



signals to settle, before releasing the return signals to the bus 110. In
one 17 WO 01/06369 5 JAN 2004  PCTIUSOO/18726 embodiment, this interval of
time is the hold-off interval described above, and the bus  extender begins
counting the hold-off interval at step 874. Alternatively, the bus lon
extender waits a period of time shorter than the hold-off interval, but
sufficiently g  to' allow the return signals to settle. After the
predetermined interval of time elapses, 5 the bus extender 400 releases the
return signals to the bus 110 (step 876), at the next  appropriate point in
the bus cycle. The return signals encode the initiator WRITE instruction
from the remote device.. If  the bus target does not generate wait states
in response to the WRITE instruction, the  local re's'ponse,generator 514
deasserts wait states to the remote device, at step 878. 10 If the bus
target does assert wait states, the local response generator 514 waits for
the  target to de-assert wait states before it de-asserts wait states to
the remote device.  FIG. 9 illustrates a test system'900foitestingaremote
UUT that employs the bus extender 400 according to the invention. FIG. 10
illustrates processes for testing  remote UUTs using the test system of
FIG. 9. The bus extender 400 prevents faults  1 5 that occur on a UUT from
propagating to the bus 110, and therefore promotes fault  isolation of the
test system 900. As shown in FIG. 9, the bus extender 400 plugs into the
bus 110. The  interconnect 418 connects to the bus extender 400 and extends
to a remote UUT 918.  An additional bus device 912 may also plug into the
bus 110. Optionally, the test 20 system includes an ATE controller 920 that
connects to the bus extender 400 via an  optional control line 426. The
test system 900 operates a first WT, as shown at step 1010 of FIG. IOa.  As
the first UUT operates, the bus extender 400 "snoops" data written to the
first ex (step 1012).  UUT, and stores snooped configuration data in a
local memory traps the  25 may occur as the test system operates ~ohea to
the buse 10. According to one  fault and does not allow the fault top p
gate optional embodiment, the bus extender 400 informs the ATE controller
920 of the  fault via control line 426. According to another optional
embodiment, the bus  extender 400 informs a host computer in which the bus
110 is installed of the fault 3o directly via the bus 110. At step 1018,
power is removed from the first UUT by  activating the power switching
circuit 428. As described above, the power switching  



circuit preferably activates when the user or test program applies an OPEN
level, to the  hot-swap terminal 430. Preferably, activation of the
hot-swap signal at the hot-swap  terminal 430 also configures the
low-impedance drivers within the bus extender 400 35 to high-impedance
states. Step 1018 may optionally block power to the first UUT  according to
a predetermined timing sequence. PCT1US00118726 1 5 JAN 200 WO 01/06369
1020 IG, lob), the first UUT 918 is replaced with a second UUT of  At step
lace the WT manually, or specialized  the same type as the first UUT. A
user may rep ui ment near the tester interface may replace the UUT
automatically. response Ate  handing equipment P preferably step 1022. the
bus extender applies power to the second UUT, tionall step 1022 applies
power to the 5 to an activation of the hot-swap signal. ~ yOnce ower is
second UUT according to a predetermined timing sequence. p its lished on
the second UUT, the bus extender copies the contents UUTs are c both of
estab memory to the second UUT at step 1024. P'~ ~e local memo ry for the
first WT is the same type, the configuration data stored over  1026, the
test system operates the second UUT over  lo valid for the second UUT. In
step rider 400. The bus extender 400 therefore pen-nits the first and
second reset the the bus extender without the need to power cycle  UUTs to
be power cycled and exchanged, bus 110_ FIG. I Oc illustrates how the test
system 900 recovers from a fault on e the first bus xtender 5 UU'r. Power
is restored to the first UUT at step 1030. At step f1 422T at step 1034,
copies the configuration data stored in its local memory to the The test
system 900  thereby restoring the configuration registers of the frstT of
the bus 110  resumes testing operations at step 1036. No power cycling or
resetting is required.  20 Having described one embodiment, numerous
alternative 400 can be built  



variations might be made. For example, the bus extender referred embodiment
is  into a bus and need not be implemented as a bus card. The p the
invention can be  the bus extender according to directed to the PCI bus;
however, Cardbus or AGP.  25 implemented on any synchronous bus, for
example, Numerous bus extenders may be provided on a single bus to
simultaneously  be used in  extend numerous bus cards to remote locations.
The busextender d Q may erve bus  a variety of applications. Engineers and
technicians frequently h prohibit the use of "extender  cards in actual
use. Strict limitations signals bus l of the plane of the bus to provide 30
cards," that is, cards that conduct bus ~als ou be used in this  access to
the front and back of a bus card. The bus~eintr ocatio0n wmay ithout
violatin 0 L__  situation to extend a bus card to a convenient useful in
computer stores, where  al o bus timing requirements. The invention may
ration can be used to demonstrate operations of different bus cards.
hethout the invention swapped, for consumer c p  35 invention allows bus
cards to be readily 19 1 5 JAN 2004r WO 01/06369 PCTIUS00/18726 requiring
store personnel to remove the cover of a computer, power it down, and
reboot the computer once a new card is in place. It will therefore be
understood by those skilled in the art that additions,  deletions, and
modifications can be made to the preferred embodiment described  herein,
without departing from the spirit and scope of the appended claims. JAN
200k WO 01/06369 'What is claimed is: PCT/US001I8726 A method of extending
a synchronous bus using an extender device that physically engages the
synchronous bus, the method comprising the extender device:  



receiving a plurality of bus signals from the synchronous bus and driving
the plurality of bus signals to a remote device via an interconnect, the
interconnect having  an arbitrarily long length; receiving return signals
from the remote device over the interconnect, the  return signals having a
settling time that varies in relation to the length of the  interconnect;
establishing a hold-off interval, at least as long as the settling time of
the  11 applying the return signals to the synchronous bus after the
hold-off interval  12 elapses, 13 thereby ensuring that the return signals
settle before they are applied to the  14 . synchronous bus, regardless of
the length of the interconnect. 10 return signals; and The method of claim
1, wherein the step of establishing the hold-off interval comprises the
extender device: activating the remote device to generate return signals;
and  counting a number of sample clocks until the return signals settle.
The method of claim 2, wherein the step of activating the remote device to
generate return signals comprises issuing a READ instruction to the remote
device. The method of claim 1, wherein the step of establishing the
hold-off interval comprises setting the hold-off interval to a standard
interval long enough to accommodate a range of interconnect len The method
of claim. 1, further comprising the extender device: monitoring the
synchronous bus to detect a transaction with the remote device; 21 5 JAN
2004 WO 01/06369 storing the transaction with the remote device.
PCTIUS00118726 The method of claim 5, wherein the transaction detected in
the monitoring step V , is a WRITE instruction to the remote device, and
the step of storing the transaction  includes building a record indicative
of a configuration of the remote device. The method of claim 6, wherein the
remote device is a first remote device, an  further comprising: restoring
the record indicative of the configuration of the remote device onto  e 



one of the first remote device and a second remote device, to precondition
for  operation said one of the first remote device and second remote
device. 8. The method of claim 5, wherein the step of monitoring the
synchronous bus  includes detecting a condition on the synchronous bus to
which a rapid response is  required, and applying a rapid response to
satisfy the condition on behalf of the remote  device. The method of claim
1, further comprising controllably applying and removing power to the
remote device. 10. A method of extending a synchronous bus using an
extender device that  physically engages the synchronous bus, the method
comprising the extender device: monitoring the synchronous bus to detect a
transaction with a remote device,  the transaction including contents that
encode a configuration of the remote device; d storing the contents of the
transaction with the remote device, to maintain a local copy of the
configuration of the remote device. 11. The method of claim 10, wherein the
step of monitoring the synchronous bus  further comprises: 1 5 JAN 2004
PCTIUS00/18726 WU 01/06369 detecting a condition on the synchronous bus to
which a rapid response is  required; and lying a response to satisfy the
condition on behalf of the remote device- app device is method of claim 10,
wherein the remote s a first remote  the  12 of the configuration of remote
and further comp device rising restoring the local copy precondition
device onto one of the first remote device and a second o aoemot device, e
for operation said one of the first remote device and se cbronous
bus.cards, comprising:  13 A rn ethud of testing UUTs that are syn building
a record of configuration data for a first UUT; the first MT until
blocking a flow of power between the synchronous bus and a time after a
second UUT is installed; and ca ing the record of configuration data for
the first UUT onto the second  



py to test the second UUT, synchronous bus  WT before proceeding thereby
allowing UUTs to be exchanged safely while the sremains operative, fault on
a UUT  further comprising detecting a 14. The method of claim 13, informing
an ATE controller that the fault has occurred. 15. The method of claim 14,
wherein the step of informing includes  conununicating the fault to the ATE
controller via the synchronous bus. includes  16. The method of claim 14,
wherein the svpa a channel that is physically distinct  communicating the
fault to the ATE controller from the synchronous bus. A bus extender for
extending a synchronous bus to facilitate the testing of  17. synchronous
bus cards, comprising: 23 '1 5 JAN 2004  PCTIOS00118726 WO 01106369 an
extender device coupled to the synchronous bus; and an interconnect,
coupled to the extender device and extending over a length to ctor arranged
to engage a  e a tonn wherein the extender device includes a hold-off
circuit, coupled to the  the hold-off circuit including- interconnect and
the synchronous bus, a delay register for storing a hold-off interval based
upon the length of  the interconnect; and a delay circuit for preventing
return signals that arrive from the UUT  from asserting onto the
synchronous bus until the hold-off interval elapses. 1 g. =The bus extender
of claim 17, wherein the hold-tiff circuit includes a delay  rcuit
comprising: i ,  deternunation c a signal sampler, coupled to the
interconnect that samples the return signals to  



determine a number of sample clocks required for the return signals to
settle, and  stores the result in the delay register; and a strobe circuit,
coupled to the delay register and the delay circuit, that waits  until the
number of sample clocks stored in the delay register elapse, and activates
the  delay circuit to release the return signals to the synchronous bus.
19. The bus extender of claim 17, wherein the extender device further
comprises a  bus snooper circuit, the bus snooper circuit comprising: a bus
decoder, coupled to the synchronous bus that detects a transaction with
the UUT; and a remote status memory, coupled to the bus decoder and the
remote bus  interface, that stores the transaction with the UUT. 20. The
bus extender of claim 17, wherein the transaction detected by the bbu~ a
decoder is a WRITE instruction to the UUT, and the remote status memory
record indicative of a status of the UUT. 1 5 JAN 2004  PCTIUS00118726 WO
01/06369 21. The bus extender of claim 20, wherein the UUT is a first UUT,
and the  extender device is constructed and arranged to copy the record for
the first UUT to a  second UUT to precondition the second UUT for
operation. 22. The bus extender of claim 19, further comprising a local
response generator,  coupled to the synchronous bus, that detects a
condition on the synchronous bus to  which a rapid response is required and
applies a rapid response to satisfy the condition. 25 


