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1

METHOD AND APPARATUS FOR
SERIALIZED INTERRUPT TRANSMISSION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to computer systems and,
more particularly, to transmission of interrupts within a
computer system.

2. Description of the Related Art

A primary component of most computer systems (e.g.,
Apple Macintosh computers and IBM compatible
computers) is a microprocessor. The microprocessor con-
trols the operations of the computer system and interacts
with other supporting devices or integrated circuit chips.
One such supporting integrated circuit chip is known as an
interrupt controller. An interrupt controller receives interrupt
signals from a variety of peripherals or special purpose
devices of or associated with the computer system.
Examples of the peripherals or special purpose devices
include: direct-memory-access (DMA) controllers, Ethernet
boards or controllers, removable cards or storage devices
(e.g., PC-CARDs, PCMCIA, data storage drives, etc.). The
interrupt controller manages the various interrupt signals
and then informs the microprocessor that an interrupt is
needed to service one or more of the peripherals or special
purpose devices.

FIG. 1 is a block diagram of a portion 100 of a conven-
tional computer system. The portion 100 includes a micro-
processor 102 and an interrupt controller 104. The interrupt
controller 104 receives a plurality of interrupt signals 106,
performs interrupt management processing, and then outputs
a main interrupt signal 108 to the microprocessor 102.

In more recent computer system designs, interrupt con-
trollers have become integrated within other supporting
chips of a computer system. In one case, the supporting chip
that cooperates with the interrupt controller is an input/
output (I/O) controller of the computer system. The 1/O
controller manages the control of input and output opera-
tions to and from the computer system. Even though the
interrupt controller is integrated within an I/O controller, the
general functioning of the interrupt controller is the same as
it was when the interrupt controller was a separate integrated
circuit chip. Interrupt controllers have also been incorpo-
rated within supporting chips of the computer system other
than the I/O controller.

FIG. 2 is a block diagram of a portion 200 of another
conventional computer system. The portion 200 of the
computer system illustrated in FIG. 2 includes an I/O
controller 202, a memory controller 204, and a micropro-
cessor 206. The memory controller 204 includes an interrupt
controller 208. In other words, the integrated circuit chip
housing the memory controller 204 also houses the interrupt
controller 208. The various interrupt signals that the I/O
controller 202 receives from the various peripheral and
special purpose devices are forwarded to the interrupt con-
troller 208 within the memory controller 204 via a plurality
of links 210. The links 210 are preferably wires (e.g., metal
traces on a circuit board) and each of the wires corresponds
to one of the incoming interrupt signals received (or
generated) by the I/O controller 202. Upon receiving the
interrupt signals over the links 210, the interrupt controller
208 performs interrupt management processing and outputs
a main interrupt signal 212 to the microprocessor 206.

The portion 200 of the computer system illustrated in FIG.
2 has a number of disadvantages. One disadvantage is that
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2

the number of links 210 connecting the I/O controller 202 to
the memory controller 204 is large and onerous. In
particular, one link 210 is required for each interrupt signal
being supported by the computer system. For example,
currently most Apple Macintosh computers being produced
support at least 20-30 different interrupt signals. Thus, for
the portion 200 of the computer system design illustrated in
FIG. 2, at least 20-30 separate links 210 would be required.
Another disadvantage is that both the I/O controller 202 and
the memory controller 204 are required to have pins for each
of the links 210 that are required.

One recent attempt to overcome the problems of the need
for a substantial amount of wiring (links) and pins is
documented in “Serialized IRQ Support for PCI Systems,”
Version 6.0, Sep. 1, 1995, by Compaq Computer
Corporation, Cirrus Logic Inc., National Semiconductor
Corporation, OPTi Inc., Standard Microsystems
Corporation, Texas Instruments Inc., and VLSI Technology
Inc. This approach operates to transmit interrupt signals
serially from an I/O controller to an interrupt controller.
While this approach is successful in reducing the number of
links (wires) and pins required, it is disadvantageous in that
a large latency can nevertheless be induced. More
particularly, given that the forwarding of the interrupt sig-
nals by the I/O controller is done with a sequential
processing, the reception of the interrupt signals at the
interrupt controller is also performed with a sequential
processing. As a consequence, this recent design is suscep-
tible to large latencies which are undesirable in processing
interrupt requests. Another disadvantage of this recent
approach is that there is no support for edge triggered
interrupt sources.

Thus, there is a need for an improved method and
apparatus for managing interrupt requests from various
sources with reduced latency and without requiring a large
number or quantity of wires or pins.

SUMMARY OF THE INVENTION

Broadly speaking, the invention relates to a computer
system in which interrupt signals are serially transmitted
from an input/output (I/O) controller that initially receives or
generates the interrupt signals to an interrupt controller
where the interrupt signals are managed. According to the
invention, the sequencing by which the interrupt signals are
serially transmitted is controlled such that it largely con-
forms to the sequencing by which the interrupt signals are
processed at the interrupt controller, thereby controlling and
reducing latency. The interrupt controller can be a separate
integrated circuit chip or integral to another integrated
circuit chip of the computer system.

The invention can be implemented in numerous ways,
including as a computer system, an apparatus, and a method.
Several embodiments of the invention are discussed below.

As an interrupt handling apparatus, one embodiment of
the invention includes: a first I/O controller in a first pack-
aged integrated circuit chip, the first I/O controller receives
or generates a plurality of incoming interrupt signals from a
plurality of devices; an interrupt controller in a second
packaged integrated circuit chip, the interrupt controller
processes interrupts for a plurality of devices; a serial data
link operatively connecting the first I/O controller of the first
packaged integrated circuit chip and the interrupt controller
of the second packaged integrated circuit chip; and a syn-
chronization link operatively connecting the interrupt con-
troller of the second packaged integrated circuit chip and the
first I/O controller of the first packaged integrated circuit
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chip. The synchronization signal is transmitted from the
interrupt controller to the first I/O controller over the syn-
chronization link, and the incoming interrupt signals are
serially transmitted from the first I/O controller to the
interrupt controller over the serial data link in accordance
with the synchronization signal.

Additionally, the interrupt handling apparatus may further
include a clock link for supplying a clock signal from the
interrupt controller to the first I/O controller such that the
incoming interrupt signals are serially transmitted from the
first I/O controller to the interrupt controller over the serial
data link in accordance with the clock signal and the
synchronization signal. The interrupt handling apparatus
may also include additional I/O controllers that also serially
transmit to the interrupt controller over the serial data link.

As an interrupt controller for receiving and processing a
plurality of interrupt signals from a plurality of devices, an
embodiment of the invention includes: a serial data input
port for receiving a serial stream of interrupt signals; means
for sequentially selecting and processing each of the inter-
rupt signals within the serial stream; a synchronization
manager for producing a synchronization signal, the syn-
chronization signal being used to align the transmission of
the interrupt signals within the serial stream to the respective
processing of the received interrupt signals; and a synchro-
nization signal output port for forwarding the synchroniza-
tion signal external to the interrupt controller. The interrupt
controller can be a dedicated integrated circuit chip or part
of a multi-function integrated circuit chip.

As a method for synchronizing transmission of interrupt
signals from a first integrated circuit chip that receives or
generates the interrupt signals to an interrupt controller, an
embodiment of the invention includes the operations of:
placing the interrupt signals to be transmitted in a first
sequential order; receiving an alignment signal from the
interrupt controller; and serially transmitting the interrupt
signals to the interrupt controller in accordance with the first
sequential order and the alignment signal. The method may
further include the operations of: receiving the transmitted
interrupt signals at the interrupt controller; processing the
received interrupt signals in a second sequential order; and
producing and transmitting the alignment signal based on
the second sequential order.

As a method for transmitting interrupt signals to an
interrupt controller from a first integrated circuit chip that
receives or generates the interrupt signals, another embodi-
ment of the invention includes the operations of: placing the
interrupt signals to be transmitted in a first sequential order;
serially transmitting the interrupt signals to the interrupt
controller in accordance with the first sequential order;
receiving the series transmission of the interrupt signals at
the interrupt controller; processing the received interrupt
signals at the interrupt controller in a second sequential
order; and forwarding a synchronization signal from the
interrupt controller to the first integrated circuit chip to
indicate a position in the second sequential order.

The advantages of the invention are numerous. One
advantage of the invention is that a large and scaleable
number of interrupt signals can be flexibly handled with a
remotely located interrupt controller while requiring only a
few pins and connecting wires. Another advantage of the
invention is a reduced latency due to synchronization and
alignment of the serial transmission of interrupt signals to an
interrupt controller with the sequential processing of those
signals at the interrupt controller. Yet another advantage of
the invention is the ability to handle both level sensitive and
edge triggered interrupt sources.
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Other aspects and advantages of the invention will
become apparent from the following detailed description,
taken in conjunction with the accompanying drawings,
illustrating by way of example the principles of the inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be readily understood by the
following detailed description in conjunction with the
accompanying drawings, wherein like reference numerals
designate like structural elements, and in which:

FIG. 1 is a block diagram of a portion of a conventional
computer system;

FIG. 2 is a block diagram of a portion of another con-
ventional computer system;

FIG. 3 is a block diagram a portion of a computer system
according to a basic embodiment of the invention;

FIG. 4 is a schematic diagram of a transmission circuit for
use in an I/O controller in accordance with an embodiment
of the invention;

FIG. 5 is a schematic diagram of a synchronization
coordinator according to an embodiment of the invention;

FIG. 6A is a block diagram of a reception circuit for use
in an interrupt controller according to an embodiment of the
invention;

FIG. 6B is a schematic diagram of a synchronization
signal generation unit according to an embodiment of the
invention; and

FIG. 7 is a block diagram of a portion of a computer
system according to another embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

The invention relates to a computer system in which
interrupt signals are serially transmitted from an input/
output (I/O) controller (or other integrated circuit chip) that
initially receives or generates the interrupt signals for an
interrupt controller where the interrupt signals are managed.
Because the I/O controller and the interrupt controller are
typically within separate integrated circuit chips, the inter-
rupt controller is said to be remotely located with respect to
the I/O controller. According to the invention, the sequenc-
ing by which the interrupt signals are serially transmitted is
controlled such that it largely conforms to the sequencing by
which the interrupt signals are processed at the interrupt
controller, thereby controlling and reducing latency. The
interrupt controller can be a separate integrated circuit chip
or integral to another integrated circuit chip of the computer
system.

Embodiments of the invention are discussed below with
reference to FIGS. 3-7. However, those skilled in the art will
readily appreciate that the detailed description given herein
with respect to these figures is for explanatory purposes as
the invention extends beyond these limited embodiments.

FIG. 3 is a block diagram a portion 300 of a computer
system according to a basic embodiment of the invention.
The portion 300 of a computer system includes an I/O
controller 302, a memory controller 304, and a micropro-
cessor 306. The memory controller 304 incorporates an
interrupt controller 308. The interrupt controller 308
receives interrupt signals forwarded (serially transmitted) by
the input/output (I/O) controller 302 over a serial link 310.
The interrupt controller 308 also returns a synchronization
signal 312 to the I/O controller 302. The interrupt controller
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308 retrieves the various interrupt signals being transmitted
over the serial link 310, performs interrupt management
processing and then forwards a main interrupt signal 314 to
the microprocessor 306. Upon receiving the main interrupt
signal 314, the microprocessor 306 acts to service the
peripheral or supporting device requesting the interrupt
using techniques well known in the art. The synchronization
signal 312 is utilized by the I/O controller 302 to synchro-
nize the serial transmission of the interrupt signals with their
respective processing by the interrupt controller 308.

The portion 300 of the computer system preferably sup-
ports both level sensitive interrupt sources and edge trig-
gered interrupt sources. Level sensitive interrupt sources
signal their request for an interrupt by the level of the signal.
For example a “1” (logical high level) indicates an interrupt,
whereas a “0” (logical low level) indicates no interrupt. As
another example, with respect to edge triggered interrupt
sources, a positive rising edge normally indicates a request
for an interrupt.

FIG. 4 is a schematic diagram of a transmission circuit
400 for use in the I/O controller 302 in accordance with an
embodiment of the invention. The I/0 controller 302 con-
tains other circuitry that is not described herein because such
additional circuitry is conventional and well known in the art
and also not germane to the invention.

The transmission circuit 400 receives an interrupt signals
(ISs) and outputs a combined interrupt signal (ISc) accord-
ing to the invention. By intelligently controlling the
sequence in which the various interrupt signals (ISs) are
transmitted to the interrupt controller 308, the latency for the
processing of the interrupt signals at the interrupt controller
308 is able to be minimized or at least significantly reduced.
In other words, the synchronization signal 312 enables the
controller 302 to align its serial transmission with the
processing performed by the interrupt controller 308.

The transmission circuit 400 illustrated in FIG. 4 pertains
to the circuitry for one of the incoming interrupt signal lines
to the I/O controller 302, thus it should be understood that
the circuitry would be replicated for each of the other
incoming interrupt signal lines. The transmission circuit 400
illustrated in FIG. 4 is capable of handling both level
sensitive interrupt sources and edge triggered interrupt
sources. For example, in FIG. 4, the processing of two
different interrupt signals (ISs) is illustrated and described.
A first interrupt signal (ISs-1) is a level sensitive interrupt
signal, and a second interrupt signal (ISs-4) is a edge
triggered interrupt signal.

The transmission circuit 400 includes a series of D-type
flip-flops 402, 404 and 406. Such D-type flip-flops 402-406
have a data terminal, a clock terminal and an output termi-
nal. Each of the flip-flops 402-406 are clocked by a local
clock (LOCAL,; CLK) that is supplied to the clock terminal
of the flip-flops 402—406. The input to the data terminal of
the flip-flop 402 is the interrupt signal (ISs-4) for one
particular interrupt source. The input to the data terminal of
the flip-flop 404 is the output from the output terminal of the
flip-flop 402. The input to the data terminal of the flip-flop
406 is the output from the output terminal of the flip-flop
404. An OR gate 408 logically ORs the outputs from the
output terminals of the flip-flops 402—406. The output of the
OR gate 408 is then forwarded and stored in a D-type
flip-flop 410 in accordance with the local clock (LOCAL 5
CLK). The flip-flops 402—406 and 410 and the OR gate 408
together operate to stretch an incoming pulse on the interrupt
signal (ISc) so as to insure that later circuitry synchronized
to a lower frequency clock will detect the signal.

10

20

25

30

35

40

45

50

55

60

65

6

Next, the output of the flip-flop 410 is passed to a series
connection of D-type flip-flops 412 and 414. The D-type
flip-flops 412 and 414 have a data terminal, a clock terminal
and an output terminal. More particularly, the data terminal
of the flip-flop 412 receives the output from the output
terminal of the flip-flop 410. The output from the output
terminal of the flip-flop 412 is then forwarded to the data
terminal of the flip-flop 414. The flip-flops 412 and 414 are
clocked in accordance with an interrupt controller clock
(IC,; CLK) that is received at the clock terminals of the
flip-flops 412 and 414. The flip-flop 412 operates to syn-
chronize the data output by the flip-flop 410 to the interrupt
controller clock (IC,; CLK). The flip-flop 414 then simply
provides a delay to the synchronized data output in the
amount of one cycle of the interrupt controller clock (IC, 4
CLK) .

The output from the output terminal of the flip-flop 414 is
inverted by an inverter 416 and then supplied as an input to
an AND gate 418. The output from the output terminal of the
flip-flop 412 is also supplied as an input to the AND gate
418. The output of the AND gate 418 is a pulse signal that
detects a leading edge of the interrupt signal (ISs-4). The
output of the AND gate 418 is supplied to an input of an OR
gate 419. The output of the OR gate 419 is supplied to a
D-type flip-flop 420. The D-type flip-flop 420 has a data
terminal, a clock terminal and an output terminal. The output
from an output terminal of the flip-flop 420 is supplied as an
input to an AND gate 422. The other input to the AND gate
422 is supplied from an output of an NAND gate 424. The
inputs to the NAND gate 424 are a hold signal (HOLD) after
being inverted by an inverter 426, a start over signal
(STARTOVER) after being inverted by an inverter 428, and
an index select signal (INDEX,; SEL). The hold signal
(HOLD) signals the I/O controller 302 to hold (i.e., not
change) its output for a clock cycle. The start over signal
(STARTOVER) signals the I/O controller 302 to start over
the transmission sequence from the beginning. The index
select signal (INDEX__SEL) is an enable signal to enable
the transmission circuit 400 for the one of the incoming
interrupt signals to be transmitted. The output of the AND
gate 422 is also supplied as another input to the OR gate 419.

The output of the flip-flop 420 is supplied to one of a
plurality of input lines to a multiplexer 430. The multiplexer
430 couples one of the plurality of the input lines to an
output line in accordance with a source index signal
(S-INDEX). The multiplexer 430 outputs the combined
interrupt signal (ISc) on the output line.

The above described circuitry 402—428 is utilized for each
of the interrupt signals that is edge triggered. For each of the
interrupt signals that are level sensitive, such as interrupt
signal (ISs-1) illustrated in FIG. 4, the interrupt signal is able
to be directly supplied to one of the input line of the
multiplexer 430.

The source index signal (S-INDEX) is provided by a
synchronization coordinator 432. The synchronization coor-
dinator 432 receives an interrupt controller synchronization
signal (IC;5 SYNC) and the interrupt controller clock (IC, 5
CLK) from the interrupt controller 308. The synchronization
coordinator 432 in addition to producing the source index
signal (S-INDEX) also produces the hold signal (HOLD),
the start over signal (STARTOVER) and an overflow signal
(OVERFLOW). The use of the hold signal (HOLD) and the
start over signal (STARTOVER) by the transmission circuit
400 has been described above. The overflow signal
(OVERFLOW) output by the synchronization coordinator
432 is supplied to a tri-state buffer 434 at the output line of
the multiplexer 430. The tri-state buffer 434 operates to
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