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(57) ABSTRACT

A method and apparatus for transmitting data based on
peripheral component interconnect express (PCle) are dis-
closed. The method includes receiving, at an endpoint (EP),
a doorbell (DB) message transmitted from a root complex
(RC) via a PCle connection between the endpoint (EP) and
the RC; based on the DB message, transmitting, by polling
of a processor of the EP, a read request message to a direct
memory access (DMA) controller of the EP; and in response
to reception of the read request message by the DMA
controller, reading, by the DMA controller, data to be
transmitted from a memory of the RC and recording read
data into a memory of the EP.
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METHOD AND APPARATUS WITH
PERIPHERAL COMPONENT
INTERCONNECT EXPRESS (PCIE) DATA
TRANSMISSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 USC §
119(a) of Chinese Patent Application No. 202310070869.2
filed on Jan. 19, 2023, in the China National Intellectual
Property Administration, and Korean Patent Application No.
2023-0161474 filed on Nov. 20, 2023, in the Korean Intel-
lectual Property Office, the entire disclosures of which are
incorporated herein by reference for all purposes.

BACKGROUND

1. Field

[0002] The following embodiments relate to a data trans-
mission technical field, and more particularly, a method and
apparatus for transmitting data based on peripheral compo-
nent interconnect express (PCle).

2. Description of Related Art

[0003] The Peripheral Component Interconnect express
(PCle) standard(s) is a third-generation bus technical speci-
fication that may be implemented by devices to provide high
bandwidth, low latency, flexible scaling, hot swap support,
error processing, and error reporting. Accordingly, PCle
busses are widely used to implement high-speed data trans-
mission between peripheral devices and between a periph-
eral device and a host.

[0004] However, when transmitting data packets with
large payloads on a PCle bus, the transmission bandwidth
may be close to an original bandwidth but the transmission
latency may be high. When transmitting data packets with
small payloads, the transmission bandwidth may be low, the
CPU overhead may increase as a response to interrupt
signals, and there may be overhead from frequent initializa-
tion of a direct memory access (DMA) controller.

[0005] Therefore, there is a need to improve the data
transmission performance of PCle based devices.

SUMMARY

[0006] This Summary is provided to introduce a selection
of concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid
in determining the scope of the claimed subject matter.

[0007] In one general aspect, a of method peripheral
component interconnect express (PCle) data transmission
includes: receiving, at an endpoint (EP), a doorbell (DB)
message transmitted from a root complex (RC) via a PCle
connection between the endpoint (EP) and the RC; based on
the DB message, transmitting, by polling of a processor of
the EP, a read request message to a direct memory access
(DMA) controller of the EP; and in response to reception of
the read request message by the DMA controller, reading, by
the DMA controller, data to be transmitted from a memory
of the RC and recording read data into a memory of the EP.
[0008] The method may further include: when determined
that there is no more of the data to be transmitted from the
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processor of the EP in the memory of the RC, stopping the
polling transmission of the read request message to the
DMA controller by the EP processor.

[0009] The determining that there is no more of the data to
be transmitted from the processor of the EP is based on the
read data from the memory of the RC from the processor of
the EP including a data terminator.

[0010] The method may further include: in response to
recording the read data into the memory of the EP from the
processor of the EP, recording the read data from the
memory of the EP after invalidating data in a first cache of
the processor of the EP, wherein the processor of the EP
operates in a cacheable mode.

[0011] The method may further include: in response to
reception of a data transmission request by the processor of
the EP, recording the data to be transmitted in a second cache
of the processor of the EP; flushing, by the processor of the
EP, the data to be transmitted from the second cache to the
memory of the EP; and recording the data to be transmitted
from the DMA controller from the memory of the EP to the
memory of the RC, wherein the processor of the EP operates
in a cacheable mode.

[0012] The method may further include: after recording
the data to be transmitted from the processor of the EP into
the second cache, recording a data terminator in the second
cache; and inputting the data terminator from the processor
of the EP from the second cache to the memory of the EP.
[0013] The reading of the data to be transmitted from the
memory of the RC and the recording of the read data in the
memory of the EP may include: reading a data packet in the
memory of the RC in a preset length from the DMA
controller.

[0014] The method may further include: determining
whether a number of data packets read from the processor of
the EP is an integer multiple of a preset number; when the
number of data packets read from the processor of the EP is
the integer multiple of the preset number, determining
whether the preset length is greater than a length of a data
packet having a greatest length among the preset number of
data packets which are recently read; and when the preset
length is determined that the preset length is greater than a
length of the data packet having the greatest length among
the preset number of data packets read from the processor
the EP, updating the preset length to the greatest length.
[0015] The method may further include: determining
whether a number of data packets read from the processor of
the EP is an integer multiple of a preset number; when a
number of data packets read from the processor of the EP is
not the integer multiple of the preset number, determining
whether a length of the data packet is greater than the preset
length based on data of the read data packet; when the length
of the data packet is determined that the length of the data
packet is greater than the preset length in the processor of the
EP, updating the preset length to the length of the data
packet; and when the length of the data packet is determined
that the length of the data packet is greater than the preset
length in the DMA controller, reading the data packet again
in the length of the data packet.

[0016] In another general aspect, a method of peripheral
component interconnect express (PCle) data transmission
includes: receiving a PCle message signaled interrupts
(MSI) message transmitted by an endpoint (EP) via a PCle
connection to a root complex (RC); and reading data in a
memory of the RC from a processor of the RC by polling
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performed by the processor of the RC, wherein the data in
the memory of the RC is recorded by a direct memory access
(DMA) controller of the EP.

[0017] The method may further include: when determined
that the data does not exist in the memory of the RC,
stopping polling that causes the reading the data.

[0018] The method may further include: in response to
reading data of the memory of the RC from the processor of
the RC by the polling, recording read data in a third cache
after invalidating data in the third cache of the processor of
the RC, wherein the processor of the RC operates in a
cacheable mode.

[0019] The method may further include: in response to
reception of a data transmission request from the processor
of the RC, recording data to be transmitted into a fourth
cache of the processor of the RC; flushing the data to be
transmitted from the processor of the RC from the fourth
cache to the memory of the RC; and transmitting a doorbell
(DB) message from the processor of the RC to the EP,
wherein the processor of the RC operates in a cacheable
mode.

[0020] The method may further include: after recording
the data to be transmitted from the processor of the RC into
the fourth cache, recording a data terminator in the fourth
cache and flushing the data terminator from the fourth cache
to the memory of the RC.

[0021] The method may further include: when a termina-
tor is included in data read from the memory of the RC in
the processor of the RC, determining that the data to be
transmitted does not exist in the memory of the RC.
[0022] A non-transitory computer-readable storage
medium may store instructions that, when executed by a
processor, cause the processor to perform any of the meth-
ods.

[0023] In another general aspect, an endpoint (EP)
includes: an interface configured to receive a doorbell (DB)
message from a root complex (RC) connected to the EP
based on peripheral component interconnect express (PCle);
a processor configured to transmit a read request message to
a direct memory access (DMA) controller of the EP by
polling; and the DMA controller configured to read data to
be transmitted from a memory of the RC in response to
reception of the read request message, and record read data
in a memory of the EP.

[0024] The processor may be further configured to: when
the data to be transmitted is determined that the data to be
transmitted does not exist in the memory of the RC, stop
transmission of the read request message to the DMA
controller.

[0025] In another general aspect, a root complex (RC)
includes: an interface configured to receive a peripheral
component interconnect express (PCle) message signaled
interrupts (MSI) message transmitted by an endpoint (EP)
via a PCle connection; and a processor configured to read
data in a memory of the RC by polling, wherein the data in
the memory of the RC is recorded by a direct memory access
(DMA) controller of the EP based on the polling.

[0026] The processor may be further configured to: when
determined that the data does not exist in the memory of the
RC, stop the polling.

[0027] Other features and aspects will be apparent from
the following detailed description, the drawings, and the
claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 shows an example of data transmission
based on peripheral component interconnect express (PCle),
according to one or more embodiments.

[0029] FIG. 2 shows a PCle-based data transmission
method according to one or more embodiments.

[0030] FIG. 3 shows an example of a change in a state of
a message module of an endpoint, according to one or more
embodiments.

[0031] FIG. 4 shows an example of a direct memory
access (DMA) controller responding to read and write
request messages in order of the receipt thereof, according
to one or more embodiments.

[0032] FIG. 5 shows a data packet structure, according to
one or more embodiments.

[0033] FIG. 6 shows a PCle-based data transmission
method, according to one or more embodiments.

[0034] FIG. 7 shows a change in a state of a message
module of a root complex, according to one or more
embodiments.

[0035] FIG. 8 shows an example of a PCle-based data
transmission method, according to one or more embodi-
ments.

[0036] FIG. 9 shows structure of an endpoint, according to
one or more embodiments.

[0037] FIG. 10 shows structure of a root complex, accord-
ing to one or more embodiments.

DETAILED DESCRIPTION

[0038] The following detailed description is provided to
assist the reader in gaining a comprehensive understanding
of the methods, apparatuses, and/or systems described
herein. However, various changes, modifications, and
equivalents of the methods, apparatuses, and/or systems
described herein will be apparent after an understanding of
the disclosure of this application. For example, the
sequences of operations described herein are merely
examples, and are not limited to those set forth herein, but
may be changed as will be apparent after an understanding
of the disclosure of this application, with the exception of
operations necessarily occurring in a certain order. Also,
descriptions of features that are known after an understand-
ing of the disclosure of this application may be omitted for
increased clarity and conciseness.

[0039] The features described herein may be embodied in
different forms and are not to be construed as being limited
to the examples described herein. Rather, the examples
described herein have been provided merely to illustrate
some of the many possible ways of implementing the
methods, apparatuses, and/or systems described herein that
will be apparent after an understanding of the disclosure of
this application.

[0040] The terminology used herein is for describing
various examples only and is not to be used to limit the
disclosure. The articles “a,” “an,” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. As used herein, the term “and/or”
includes any one and any combination of any two or more
of the associated listed items. As non-limiting examples,
terms “comprise” or “comprises,” “include” or “includes,”
and “have” or “has” specify the presence of stated features,
numbers, operations, members, elements, and/or combina-
tions thereof, but do not preclude the presence or addition of
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one or more other features, numbers, operations, members,
elements, and/or combinations thereof.

[0041] Throughout the specification, when a component or
element is described as being “connected to,” “coupled to,”
or “joined to” another component or element, it may be
directly “connected to,” “coupled to,” or “joined to” the
other component or element, or there may reasonably be one
or more other components or elements intervening therebe-
tween. When a component or element is described as being
“directly connected to,” “directly coupled to,” or “directly
joined to” another component or element, there can be no
other elements intervening therebetween. Likewise, expres-
sions, for example, “between” and “immediately between”
and “adjacent to” and “immediately adjacent to” may also be
construed as described in the foregoing.

[0042] Although terms such as “first,” “second,” and
“third”, or A, B, (a), (b), and the like may be used herein to
describe various members, components, regions, layers, or
sections, these members, components, regions, layers, or
sections are not to be limited by these terms. Each of these
terminologies is not used to define an essence, order, or
sequence of corresponding members, components, regions,
layers, or sections, for example, but used merely to distin-
guish the corresponding members, components, regions,
layers, or sections from other members, components,
regions, layers, or sections. Thus, a first member, compo-
nent, region, layer, or section referred to in the examples
described herein may also be referred to as a second mem-
ber, component, region, layer, or section without departing
from the teachings of the examples.

[0043] Unless otherwise defined, all terms, including tech-
nical and scientific terms, used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this disclosure pertains and based on an under-
standing of the disclosure of the present application. Terms,
such as those defined in commonly used dictionaries, are to
be interpreted as having a meaning that is consistent with
their meaning in the context of the relevant art and the
disclosure of the present application and are not to be
interpreted in an idealized or overly formal sense unless
expressly so defined herein. The use of the term “may”
herein with respect to an example or embodiment, e.g., as to
what an example or embodiment may include or implement,
means that at least one example or embodiment exists where
such a feature is included or implemented, while all
examples are not limited thereto.

[0044] The purpose of the present disclosure is to provide
a method and apparatus for transmitting data based on
peripheral component interconnect express (PCle) to
improve the performance of data transmission while reduc-
ing the implementation cost. The method and apparatus
improve the data transmission performance based on PCle
by notifying a direct memory access (DMA) controller to
read data from a memory of a root complex (RC) by polling
and determining whether data recorded by the DMA con-
troller exists in the memory of the RC.

[0045] Hereinafter, methods and apparatuses for transmit-
ting data based on peripheral component interconnect
express (PCle) are described with reference to FIGS. 1 to 10.
[0046] FIG. 1 shows an example of data transmission
based on peripheral component interconnect express (PCle),
according to one or more embodiments.

[0047] Referring to FIG. 1, as indicated by circled num-
bers “17,“2”, and “3”, data copying may be performed three
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times in the process of transmitting data from one end to
another end based on PCle connection. The three data copies
are described next. In places where operations of a sending
or receiving processor are described, such description may
also apply to operations of a PCle controller.

[0048] (1) First data copy: A processor of a transmission
end (e.g., a root complex (RC) end) may copy data from a
user memory 110 of the transmission end to a memory 120
of the transmission end and may do so through an interface
module of a PCle software stack. The memory 120 of the
transmission end may be, for example, memory of a pro-
cessor or PCle controller of the transmission end.

[0049] (2) Second data copy: A processor of the reception
end (e.g., an endpoint (EP) end) may copy data from the
memory 120 of the transmission end to a memory 130 of the
reception end through a direct memory access (DMA)
controller. The memory 130 of the reception end may be
memory of the processor or a PCle controller of the recep-
tion end.

[0050] (3) Third data copy: The processor of the reception
end (e.g., the EP end) may copy data from the memory 130
of the reception end to the user memory 140 of the reception
end through the interface module of the PCle software stack.
[0051] When transmitting data based on PCle as described
with reference to FIG. 3, since cache of the sending/
receiving processor/controller is not usually synchronized
with data of its corresponding memory (on the same end as
the processor/controller), when the sending or receiving
processor/controller operates in a non-cacheable mode, data
is not generally copied to/from the cache of the processor (or
PCle controller) to the memory thereof, and the data is
generally copied only in the unit of bytes from the user
memory (e.g., memory 110) to the memory of the processor.
Therefore, an actual data transmission bandwidth may be
significantly lower than a PCle transmission bandwidth
capacity.

[0052] Inaddition, problems may occur in some scenarios.
When transmitting data from the RC end to the EP end, there
may be no DMA controller in the RC end, i.e., there may be
a DMA controller only exist in the EP end. The RC end may
transmit an in-band doorbell (DB) message (or DB interrupt)
to the EP end through a message module of the PCle
software stack (of the RC end), thus triggering an interrupt
at the EP end. The DB message may be a PCle message, e.g.,
a message signaled interrupt (MSI) message. The EP may
receive the DB message (as transmitted by the message
module of the PCle stack of the RC end) and in response
may notify its DMA controller to perform a read operation.
In response to being notified of the read operation, the DMA
controller may read data from the PCle controller memory
of'the RC end (e.g., memory 120) to the memory of the PCle
controller of the EP end (e.g., memory 130). Since a DB
message needs to be transmitted to the EP end when
transmitting data from the RC end, the following problems
may occur.

[0053] In some implementations, a location of where the
data is to be read from (e.g., a memory location) may be read
from the RC end, possibly predefined, e.g., in the interrupt
hander, or may be read from a register. When the EP receives
a DB message from the RC, the EP may notify its DMA
controller to read data from the predefined memory address
of the memory of the RC. Alternatively, the information of
where to read the data from may be read from the RC end
from within the DB message.
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[0054] (1) The DB message may be lost, and since in this
case the EP does not receive the DB message, its DMA
controller may not read data in the memory of the RC, hence
the data may be lost.

[0055] (2) When there are many DB messages/interrupts,
the EP processor must respond with frequent context con-
versions (context switches) which may significantly increase
overhead of the EP processor.

[0056] Similarly, when transmitting a message signaled
interrupt (MSI) message from the EP end to the RC end, the
same problem may frequently occur; the MSI message or a
response thereto may be omitted.

[0057] Some implementations of methods and apparatuses
described herein for PCle-based data transmission may
prevent or reduce data loss (or other errors) that stem from
the loss of a DB message and/or an MSI message, and may
improve the reliability of data transmission while improving
the data transmission speed.

[0058] The RC and the EP described herein are two
respective electronic devices having a PCle connection; the
RC represents an electronic device not having a DMA
controller and the EP represents another electronic device
having a DMA controller.

[0059] In addition, the RC described herein may include a
processor (or a PCle controller), a cache (cache of the
processor or cache of the PCle controller), and a memory (a
memory of the PCle controller or a memory of the proces-
sor). Similarly, the EP may include a processor (or the PCle
controller), a cache (cache of the processor or cache of the
PCle controller), a memory (a memory of the PCle control-
ler or a memory of the processor), and a DMA controller.

[0060] When the RC transmits user data to the EP, the RC
needs to record the data to be transmitted in the memory of
the RC (e.g., memory 120), and when receiving data from
the EP, the is recorded/copied from the memory of the EP
into the memory of the RC by the DMA controller of the EP.
In addition, the memory of the RC used for transmitting data
and the memory of the RC used for receiving data may be
different memories, the same memory, or different areas in
the same RC memory.

[0061] When the EP transmits data to the RC, the EP may
record the data to be transmitted in the memory of the EP
(e.g., memory 130). When receiving data from the RC, the
data in the memory of the RC may be read and written into
the memory of the EP (e.g., memory 130) by the DMA
controller. The memory of the EP used for transmitting data
and the memory of the EP used for receiving data may be
different memories, the same memory, or different areas in
the same EP memory.

[0062] The cache of the RC used for transmitting data and
the cache of the RC used for receiving data may be different
caches of the RC, the same cache, or different areas in the
same cache.

[0063] FIG. 2 shows a PCle-based data transmission
method, according to one or more embodiments.

[0064] Referring to FIG. 2, in operation 201, a data
transmission method may include an EP receiving a doorbell
(DB) message from an RC that is connected to the EP based
on PCle.

[0065] In operation 202, based on the DB message, the
data transmission method may include transmitting a read
request message to a DMA controller of the EP from the
processor of the EP by polling performed by the EP (e.g., a
processor of the EP) at a predetermined interval. For
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example, the processor of the EP may transmit the read
request message to the DMA controller by polling through
(performed by) a message module of a PCle software stack
of the EP processor.

[0066] In addition, in operation 203, in response to the
read request message being received by the DMA controller
(as sent by the polling action of the EP processor’s PCle
message module), the data transmission method may include
the DMA controller reading the data to be transmitted from
the RC and the EP may record the read data. To that end, the
memory of the RC may store, into the EP end, data to be read
by the DMA controller of the EP, i.e., the DMA controller
may read data from the RC memory (e.g., memory 120) to
EP memory (e.g., memory 130).

[0067] In some embodiments, when the DB message is
received by the processor of the EP, the processor of the EP
may begin polling and may thereby notity the DMA con-
troller to read (and continue reading, according to the
polling) the data from the memory of the RC. Thus, even if
the DB message becomes lost, the data transmission method
may prevent data loss because data corresponding to the lost
DB message is nonetheless read by the DMA controller. In
addition, the data transmission method may prevent frequent
initialization of the DMA controller because the DMA
controller is polled to read data from the memory of the RC
end. In addition, the data transmission method may reduce
processor overhead and occupancy due to frequent interrupt
context switching and may reduce a data transmission delay
because the processor polls the DMA controller to read data
from the memory of the RC, and even if the processor does
not respond to (or receive) a subsequent DB message, the
DMA controller also, due to being polled, reads data corre-
sponding to the subsequent DB message. For example, when
the data transmission method determines that data to be
transmitted no longer exists in the method of the RC
(described below), the processor of the EP may stop the
polling-transmission of the read request message to the
DMA controller.

[0068] Regarding the potential loss of a DB message,
consider that when a DMA controller of the EP reads data
from the memory of the RC, it may read a block (for
example) that includes data-1, data-2, . . ., data-n. When the
EP receives a DB message corresponding data 2, the DMA
controller still reads the block including data-1, data-2, . . .
, data-n. Therefore, even if a DB message corresponding
data-1 or data-3 is lost during the communication, data-1 and
data-3 are still read by the DMA controller. When the EP
finds that there is no data to be read in the memory of RC
(since all the data of the block has already been read by the
DMA controller), the EP may stop the DMA controller from
reading the data from the EP. Since data-3, . . . data-n are
already read, the EP does not have to respond/acknowledge
to a DB message corresponding to data-3, . . . data-n.
[0069] Regarding the stopping of the polling, for example,
when the data read from the memory of the RC includes a
data terminator, the processor of the EP may determine that
the data to be transmitted no longer exists in the memory of
the RC. In some examples, the terminator may be detected
by the EP processor when the EP processor is copying the
data from the EP memory (e.g., memory 130) to the user
memory (e.g., memory 140).

[0070] According to one embodiment of the present dis-
closure, because the data to be transmitted no longer exists
in the memory of the RC when the data terminator is read
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from the memory of the RC, the processor of the EP may
stop polling-transmission of the read request message to the
DMA controller and thus unnecessary polling (transmitting
the read request message) may be prevented.

[0071] For example, the processor of the EP may operate
in a cacheable mode and in response to the data being
recorded in memory 140, wherein the data is read from the
processor of the EP to the memory of the EP, the data
transmission method may invalidate data in the first cache of
the processor of the EP, and then, may record the data read
from the memory of the EP in the first cache.

[0072] In response to the reception of a data transmission
request by the processor of the EP, the processor of the EP
may record the data to be transmitted to the second cache of
the processor of the EP. In addition, the processor of the EP
may flush the data to be transmitted from the second cache
to the memory of the EP. Furthermore, the DMA controller
may record the data to be transmitted in the memory of the
RC from the memory of the EP.

[0073] When the processor of the EP operates in the
cacheable mode, when data exists in the memory of the EP,
the processor of the EP may copy the data in the memory of
the EP to the cache of the EP in the unit of cache operations.
In addition, when the processor of the EP invalidates data in
the cache of the EP (before writing data in the memory of the
EP into the cache of the EP), the processor of the EP may
ensure that the data obtained from the cache of the EP is the
latest data from the memory of the EP. In addition, when
transmitting the data, if the processor of the EP inputs the
data in the second cache of the processor of the EP to the
memory of the EP, the processor of the EP may ensure that
the data in the second cache is recorded in the memory of the
RC. The first cache and the second cache may be different
caches of the EP, different areas in the same cache, or the
same cache.

[0074] FIG. 3 shows an example of a change in a state of
a message module of an endpoint (EP), according to one or
more embodiments. A message module 310 of the EP may
be in a PCle software stack of the EP (as discussed above).

[0075] Referring to FIG. 3, when a DB interrupt/message
is received by the EP (e.g., EP processor or controller), the
message module 310 of the EP may transition from a power
saving state 312 (with no polling) to a polling state 314.
When it is determined that data still exists in a corresponding
memory of an RC, the message module 310 of the EP may
continue its polling loop. When it is determined that data
does not exist in the memory of the RC, the message module
310 may transition back to the power saving state 312. the
noted data in the memory of the RC is data that needs to be
transmitted from the RC to the EP.

[0076] For example, after recording the data to be trans-
mitted into the second cache of the processor of the EP, the
processor of the EP may record a data terminator in the
second cache of the processor of the EP and may enter the
data terminator into the memory of the EP from the second
cache.

[0077] By the RC recording the data terminator in the
memory of the RC, the processor of the EP may determine
that there is no more data in the memory of the RC to
transfer, and based on this determination, the EP processor
may stop reading from the memory of the RC. In other
words, when the RC provides a data terminator, that serves
to stop the EP processor’s reading of the data.
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[0078] For example, the data transmission method may
include being able to receive read request messages and/or
a write request messages by the DMA controller and may
include responding to the read request messages and/or the
write request messages according to the order of the time of
receipt thereof(e.g., in first-in-first-out order) (here, a read
request refers to a message for transferring data from the RP
to the EP, and a write request refers to a message for
transferring data from the EP to the RP). A read request
message may be transmitted by the processor of the EP to the
DMA controller to instruct the DMA controller to read the
data to be read in the memory of the RC into the memory of
the EP. Before, at the same time, or after, a write request
message may be transmitted by the processor of the EP to the
DMA controller to instruct the DMA controller to record the
data to be transmitted to the memory of the EP into the
memory of the RC.

[0079] When there is a DMA controller only in the EP end
(not in the RP end), the DMA controller may need to respond
to not only the read request messages but also the write
request messages, the DMA controller may respond to such
messages based on the times (or order) of receipt of the
messages, and the DMA controller may perform a read
operation or a write operation (corresponding to the received
message) to reasonably allocate a bandwidth when trans-
mitting data from both ends to each other.

[0080] For example, to be able to respond to read request
messages and write request messages based on the times of
receipt thereof, the DMA controller may compare (i) the
time of receipt of a write request message that is the earliest
among received write request messages with (ii) the time of
receipt of a read request message that is the earliest among
the received read request messages. When the time of receipt
of the earliest write request message is different from the
time of receipt of the earliest read request message, the
DMA controller may respond to the message (earliest read
or earliest write) having the earlier time of receipt and may
delete the other message; when neither is earlier (they have
the same time) the DMA controller may arbitrarily or
randomly respond to one and then the other.

[0081] In some embodiments, the DMA controller may
respond to a read request message or a write request message
having an earliest time of receipt between them, and when
the time of receipt of an earliest read request message is the
same as the time of receipt of the earliest write request
message, the fairness of data transmission may be ensured
by responding to the two messages in a random order. When
a read request message having the earliest time of receipt
and an earliest write request message have the same time of
receipt, it is possible to determine in advance which of the
messages to respond to first.

[0082] FIG. 4 shows an example of a DMA controller
responding to read request messages and/or write requests
message in the order of receipt thereof, according to one or
more embodiments.

[0083] Referring to FIG. 4, write request messages and
read request messages may be managed by using two
respective unlocked message queues managed by the DMA
controller. Read/write messages received by the DMA con-
troller are enqueued into the corresponding queues. A write
request queue 410 includes write request messages trans-
mitted by the processor of the EP to the DMA controller to
instruct the DMA controller to record the data to be trans-
mitted from the memory of the EP into the memory of the
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RC. A read request queue 420 holds read request messages
transmitted by the processor of the EP to the DMA controller
to instruct the DMA controller to read the data to be
transmitted from the memory of the RC into the memory of
the EP. The DM A controller may compare the time of receipt
of an earliest/first write request message (in the write request
queue 410) and the time of receipt of an earliest/first read
request message (in the read request queue 420), and when
the earliest time of receipt of the earliest/first write request
message is different from the earliest time of receipt of the
earliest/first read request message, the DMA controller may
respond to whichever message has the earliest time of
receipt and may delete the message from the queue (the
messaging having been handled/responded to). In addition,
the DMA controller may arbitrarily respond to one of the
earliest write request message and the earliest read request
message and then may respond to the other when their
receipt times are the same.

[0084] When the earliest time of receipt of an earliest read
request message is different from the time of receipt of an
earliest/first write request message, a processor may execute
whichever of the messages has an earlier time of receipt, and
may delete (dequeue) a corresponding message. The pro-
cessor may then compare a remaining (new earliest/first)
read request message with the earliest/first write request
message, and when the earliest time of receipt of the read
request message is the same as the time of receipt of the
write request message, the processor may randomly and
sequentially execute the two messages and then may delete
the two messages. This process may be iteratively performed
on the remaining read request messages and the write
request messages. For example, for a first write request
message in the write request message queue (at the head of
the queue) and a first read request message in a read request
message queue(at the head of the queue), when the time of
receipt of the first write request message is earlier than the
time of receipt of the first read request message, the DMA
controller may write data in the memory of the EP to the
memory of the RC in response to the first write request
message. Thereafter, the first write request message may be
deleted. Next, the processor may compare the time of receipt
of the first read request message in the updated queue with
the time of receipt of the first write request message (the first
write request message is a second write request message
before the queue is updated), and may determine to which
message to respond based on the time of receipt of the first
read request message in the updated queue and a second
write request message. In other words, the processor con-
tinues to dequeue and execute whichever first/earliest mes-
sage, among the queues, is earliest, regardless of which
queue the earliest message is in.

[0085] The DMA controller may manage the read request
message and the write request message by executing a
bandwidth allocation management module in the software
stack.

[0086] The data to be transmitted may be recorded in the
cache of the EP and the memory in the form of a data packet,
for example.

[0087] FIG. 5 is an example of a data packet structure
according to one or more embodiments.

[0088] Referring to FIG. 5, a data packet 500 may include
a packet header 510 and a payload 520. In this case, the
header 510 may include a field indicating the data length of
the payload 520 (in other words, a length of the data packet).
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[0089] For example, after the data to be transmitted is
recorded in the memory of the EP in the form of the data
packet 500 through the cache of the EP, the data packet 500,
of which the payload 520 is, by convention, a terminator,
may be recorded in the memory of the EP in the form of the
data packet 500 through the cache of the EP, and after the
data to be transmitted is transmitted to the memory of the RC
by the DMA controller, the data packet 500, of which the
payload 520 is a terminator, may be transmitted to the
memory of the RC.

[0090] Forexample, when the data to be transmitted exists
in the EP, in the EP end, a PCle_read interface may be called
and the data may be capsulated in the data packet 500 in the
form of the “packet header 510 (data length)+payload 520~
and may be transmitted to the EP memory, while a PCle
message module of the EP end may be notified in the form
of a signal quantity. When data to be transmitted to the RC
does not exist (there is no more data to transmit), one data
terminator may be recorded at the beginning of the EP
memory. When the message module senses that the data to
be transmitted exists in the memory of the EP, the message
module may notify the DMA controller to perform a write
operation to record the data in the memory of the EP in the
memory of the RC.

[0091] When data of one data packet in the memory of the
EP is recorded in the memory of the RC by the DMA
controller, the EP transmits an MSI message to the RC to
notify the RC to read the data from the memory of the RC.
[0092] For example, when it is determined that the data
exists in the memory of the EP, a PCle_write interface may
be called and the data may be transmitted to the user. In
addition, before the data is transmitted to the user by calling
the PCle_write interface, an invalidation operation on the
EP cache may be performed to ensure that the data read by
the user from the EP end is the same as the data in the EP
memory.

[0093] Reading data from the memory of the RC by/in the
DMA controller may include reading a data packet in the
memory of the RC at a preset length.

[0094] The processor of the EP may determine whether the
number of read data packets is an integer multiple of a
predetermined number, and when the number of read data
packets is the integer multiple of the predetermined number,
the processor of the EP may determine whether the preset
length is greater than a length of a data packet having the
greatest length among the predetermined number of recently
read data packets. When the preset length is greater than the
length of the data packet having the greatest length among
the predetermined number of the recently read data packets,
the processor of the EP may update the preset length to the
greatest length.

[0095] Conversely, when the number of read data packets
is not an integer multiple of the predetermined value, the
processor of the EP may determine whether the length of the
data packet is greater than the preset length based on the data
of'the read data packet. When it is determined that the length
of the data packet is greater than the preset length, the
processor of the EP may update the preset length to the
length of the data packet. In this case, when the processor of
the EP determines that the length of the data packet is greater
than the preset length, the DMA controller may read the data
packet again at the length of the data packet. In this case, the
number of read data packets may consider a data packet that
is currently read or may not consider the data packet that is
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currently read. For example, when a read data packet is a
99th data packet, the number of read data packet may be 99
or 98.

[0096] In a conventional method, when the DMA control-
ler reads data from the memory of the RC, since the length
of a data packet to be transmitted from the memory of the
RC is unclear, the DMA controller may read data based on
a maximum data packet length in general. For example, the
memory of the RC may be divided into blocks of 65535
bytes (in other words, a maximum length of a data packet is
65535 bytes), and in this case, the DMA controller may read
a data packet in the unit of 65535 bytes from the memory of
the RC. However, when a length of a data packet in the
memory of the RC is significantly less than 65535 bytes,
reading a data packet in the unit of 65535 bytes in the
memory may cause a waste of bandwidth.

[0097] However, in at least some embodiments described
herein, the data packet in the memory of the RC may be read
in the length unit less than 65535 bytes and the length of the
read data packet may be determined based on the read data.
For example, the length of the read data packet may be
identified based on read header information (determined
based on header information of the read data packet), and
when the length of the data packet is greater than the unit
length, it may indicate that all pieces of data of the data
packet are not read, and, in this case, because the data packet
may be read again based on the length of the data packet, all
pieces of data included in the data packet may be read.

[0098] In addition, since the size of a transmitted data
packet may vary over time, the transmission performance of
the data may be improved if it is able to dynamically change
the length of the unit to a value appropriate for reading the
data packet from the memory of the RC.

[0099] According to one or more embodiments, the unit
length may be updated to determine the data packet from the
memory of the RC based on a preset length of a recently
obtained data packet. For example, the preset length may be
updated by an increment that is greater than a maximum
length, and the increment may be a preset value.

[0100] FIG. 6 shows a PCle-based data transmission
method according to one or more embodiments.

[0101] Referring to FIG. 6, in operation 601, a data
transmission method may receive an MSI message trans-
mitted by an EP connected to an RC based on PCle.

[0102] In addition, in operation 602, the data transmission
method may read data in a memory of the RC by polling
performed in a processor of the RC. In this case, the data in
the memory of the RC may be recorded by a DMA controller
of the EP.

[0103] According to one or more embodiments, since the
processor of the RC reads data from the memory of the RC
by polling initiated in response to the MSI message, the data
corresponding to the MSI message may be read from the
memory of the RC even if the MSI memory is later lost/
omitted/overwritten etc. In addition, since the processor
determines whether the data exists in the memory of the RC
by polling, the processor may not need to frequently respond
to a subsequent MSI message, thus, overhead of the pro-
cessor may be reduced and the data transmission perfor-
mance may be improved. For example, the processor of the
RC may perform the polling operation by executing a
message module in a software stack (within which the
polling is performed).
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[0104] FIG. 7 shows an example of a change in a state of
a message module of a root complex according to one or
more embodiments.

[0105] Referring to FIG. 7, when an MSI message is
received, a message module 710 may enter a polling state
714 from a power-saving state 712, and when it is deter-
mined that data to be read still exists in a memory of the RC,
the message module 710 may continue the polling. When it
is determined that the data to be read does not exist (there is
no more data) in the memory of the RC, the message module
710 may enter the power saving state 712.

[0106] For example, when the processor of the RC deter-
mines that the data no longer exists (there is no more data)
in the memory of the RC, the processor of the RC may stop
reading the data by polling (i.e., stops polling).

[0107] For example, when the data read from the memory
of'the RC includes a terminator, based thereon, the processor
of'the RC may determine that the data no longer exists in the
memory of the RC.

[0108] According to one or more embodiments, when the
data terminator is read from the memory of the RC, it may
indicate that the data to be read no longer exists in the
memory of the RC, thus the data reading from the memory
of the RC may be stopped; through this mechanism, unnec-
essary polling for reading may be prevented.

[0109] For example, the processor of the RC may operate
in a cacheable mode and in response to reading data from the
memory of the RC by way of the polling action, the
processor of the RC may invalidate data in a third cache of
the processor of the RC and may record the read data into the
third cache.

[0110] In response to the reception of the data transmis-
sion request, the processor of the RC may record the data to
be transmitted in a fourth cache of the processor of the RC,
may flush the data to be transmitted from the fourth cache of
the processor of the RC to the memory of the RC, and may
transmit a doorbell (DB) message to the EP.

[0111] According to one or more embodiments, when data
in the third cache of the RC is invalidated before writing the
data in the memory of the RC to the third cache of the RC,
it may be ensured that the data obtained from the third cache
of the RC is the latest data from the memory of the RC. In
addition, when transmitting the data, if data in the fourth
cache of the processor of the RC is input to the memory of
the RC, it may ensure that the data in the fourth cache is
recorded in the memory of the EP.

[0112] For example, after recording the data in the fourth
cache of the RC, the processor of the RC may record a data
terminator in the fourth cache of the RC and may flush the
data terminator from the fourth cache to the memory of the
RC.

[0113] The third cache and the fourth cache may be
different caches of the RC, the same cache, or different areas
in the same cache.

[0114] According to one or more embodiments, since the
data of the fourth cache is transmitted to the memory of the
RC, by recording the data terminator in the fourth cache,
when the EP’s DMA controller/module reads data from the
memory of the RC and reads the data terminator, the DMA
controller may determine that the data no longer exists in the
memory of the RC, and in this case, the DMA controller may
stop reading the data from the memory of the RC.

[0115] For example, when a message module of the RC
end discovers that the data to be read exists (there is still data
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remaining) based on polling the memory of the RC, the
message module may notify a PCle_write interface through
a semaphore. The PCle_write interface may call kernel
write, which is a read data function, and may send data—of
which a header is removed—{from the memory of the RC to
a user process/memory. The cache of the processor may
need to be invalidated before calling the read data function
to obtain correct data. This may ensure that the data that the
user process retrieves from the cache is the same as the data
in the memory of the RC.

[0116] For example, when the data to be transmitted exists
in the RC end, a user of the RC end may transmit the data
to the memory of the RC by calling the PCle_read interface
and may simultaneously notify the message module of the
RC end in the form of semaphore. After the RC records the
data packet in the memory of the RC, the message module
may indicate that the data does not exist (there is no more
data to be read) by recording a terminator in the header at a
position to be recorded the next time. In some implemen-
tations, the terminator may be in the header, and in some
other implementations the terminator may be a specific
length value in the header.

[0117] FIG. 8 shows an example of a PCle-based data
transmission method according to one or more embodi-
ments.

[0118] Referring to FIG. 8, a user memory 810 and a
memory 830 of a processor (or a PCle controller) may
exchange data through cache 820 (e.g., cache of an EP or
cache of an RC) of a processor (e.g., a central processing
unit (CPU) such as a host CPU). Since the data may be
transmitted in the unit of cache operation, the data trans-
mission efficiency may be improved. In addition, when the
data of processor cache 850 is invalidated before copying
the data of a processor memory 840 to the processor cache
850, the processor may correctly transmit the data of the
processor memory 840 to a user memory 860. When flush-
ing data in the cache 820 of a transmission end processor to
the memory 840 of a reception end processor before trans-
mitting data in the memory 830 of the transmission end
processor to the memory 840 of the reception end processor,
the data consistency in the cache 820 of the processor and
the memory 830 of the processor may be ensured and
through this, the reliability of data transmission may be
ensured.

[0119] As described above, stable data transmission may
be implemented and transmission performance may be
improved by executing a program of a software stack
through existing hardware (e.g., a processor and a DMA
controller) rather than adding hardware to improve the data
transmission performance.

[0120] The PCle-based data transmission method accord-
ing to one or more embodiments is described above with
reference to FIGS. 1 to 8. Next, an EP and an RC according
to another embodiment of the present disclosure are
described with reference to FIGS. 9 and 10.

[0121] FIG. 9 shows an example structure of an endpoint
according to one or more embodiments.

[0122] Referring to FIG. 9, an EP 900 may include a
receiver 901, a processor 902, and a DMA controller 903.
The EP 900 may additionally include other components, and
some of the components of the EP 900 may be separated,
combined, or omitted.
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[0123] Forexample, the receiver 901 may be configured to
receive a doorbell (DB) message from an RC connected to
an EP based on PCle.

[0124] For example, the processor 902 may be configured
to transmit a read request memory to a DMA controller of
the EP by polling.

[0125] For example, in response to the reception of the
read request message, the DMA controller 903 may be
configured to read the data to be transmitted from the
memory of the RC and record the read data in the memory
of the EP 900.

[0126] For example, the processor 902 may be configured
to stop the transmission of the read request message to the
DMA controller when it is determined that the data to be
transmitted no longer exists in the memory of the RC (i.e.,
there is no more data).

[0127] For example, when data read from the memory of
the RC includes a data terminator, the processor 902 may be
configured to determine that the data to be transmitted no
longer exists in the memory of the RC.

[0128] For example, the processor 902 may operate in a
cacheable mode, and in response to recording read data into
the memory of the EP 900, the processor 902 may be
configured to record the data read from the memory of the
EP 900 in the first cache after invalidating data in the first
cache of the processor. In response to the reception of a data
transmission request, the processor 902 may be configured
to record the data to be transmitted in a second cache of the
processor and flush the data to be transmitted from the
second cache to the memory of the EP 900.

[0129] For example, the DMA controller 903 may be
configured to record the data to be transmitted from the
memory of the EP to the memory of the RC.

[0130] For example, the processor 902 may also be con-
figured to record a data terminator in the second cache of the
processor of the EP 900 after recording the data to be
transmitted in the second cache of the processor of the EP
900 and input the data terminator to the memory of the EP
900 from the second cache.

[0131] For example, the DMA controller 903 may be
configured to read a data packet from the memory of the RC
in a preset length.

[0132] For example, the processor 902 may determine
whether the number of read data packets is an integer
multiple of a predetermined number, and when the number
of read data packets is the integer multiple of the predeter-
mined number, the processor 902 may determine whether
the preset length is greater than a length of a data packet
having the greatest length among the predetermined number
of recently read data packets. When the preset length is
greater than the length of the data packet having the greatest
length among the predetermined number of the recently read
data packets, the processor 902 may update the preset length
to the greatest length. In addition, when the number of read
data packets is not an integer multiple of the predetermined
value, the processor 902 may be configured to determine
whether the length of the data packet is greater than the
preset length based on the data of the read data packet. When
it is determined that the length of the data packet is greater
than the preset length, the processor 902 may be configured
to update the preset length to the length of the data packet.

[0133] For example, when it is determined that the length
of'the data packet is greater than the preset length, the DMA
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controller 903 may be configured to read the data packet
again at the length of the data packet.

[0134] FIG. 10 shows example structure of a structure of
a root complex according to one or more embodiments.
[0135] Referring to FIG. 10, an RC 1000 may include a
receiver 1001 and a processor 1002, the RC 1000 may
additionally include other components, and some of the
components of the RC 1000 may be separated, combined, or
omitted.

[0136] For example, the receiver 1001 may be configured
to receive an MSI message transmitted by an EP.

[0137] For example, the processor 1002 may be config-
ured to read data in a memory of an RC by performing
polling. In this case, the data in the memory of the RC may
be recorded by a DMA controller of the EP.

[0138] For example, when it is determined that data no
longer exists in the memory of the RC, the processor 1002
may be configured to stop reading data by polling.

[0139] For example, the processor 1002 may operate in a
cacheable mode, and in response to reading data in the
memory of the RC 1000 by polling, the processor 1002 may
be configured to record read data in a third cache after
invalidating data in the third cache. In response to the
reception of a data transmission request, the processor 1002
may be configured to record the data to be transmitted in a
fourth cache of the processor 1002, flush the data to be
transmitted from the fourth cache of the RC 1000 to the
memory of the RC 1000, and transmit a doorbell (DB)
message to the EP.

[0140] For example, the processor 1002 may also be
configured to record a data terminator in the fourth cache of
the RC 1000 after recording the data in the fourth cache of
the RC 1000 and flush the data terminator from the fourth
cache to the memory of the RC 1000.

[0141] For example, when a terminator is included in the
data read from the memory of the RC 1000, the processor
1002 may be configured to determine that the data no longer
exists in the memory of the RC 1000.

[0142] According to one or more embodiments, an elec-
tronic device may be provided and the electronic device may
include a processor and a memory storing a computer
program. In this case, when the computer program is
executed by the processor, the PCle-based data transmission
method may be implemented.

[0143] According to one or more embodiments, a non-
transitory computer-readable storage medium storing the
computer program may be provided. In this case, when the
computer program is executed by the processor, the proces-
sor may be prompted to execute the PCle-based data trans-
mission method.

[0144] The computing apparatuses, the electronic devices,
the processors, the memories, the displays, the information
output system and hardware, the storage devices, and other
apparatuses, devices, units, modules, and components
described herein with respect to FIGS. 1-10 are imple-
mented by or representative of hardware components.
Examples of hardware components that may be used to
perform the operations described in this application where
appropriate include controllers, sensors, generators, drivers,
memories, comparators, arithmetic logic units, adders, sub-
tractors, multipliers, dividers, integrators, and any other
electronic components configured to perform the operations
described in this application. In other examples, one or more
of the hardware components that perform the operations
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described in this application are implemented by computing
hardware, for example, by one or more processors or com-
puters. A processor or computer may be implemented by one
or more processing elements, such as an array of logic gates,
a controller and an arithmetic logic unit, a digital signal
processor, a microcomputer, a programmable logic control-
ler, a field-programmable gate array, a programmable logic
array, a microprocessor, or any other device or combination
of devices that is configured to respond to and execute
instructions in a defined manner to achieve a desired result.
In one example, a processor or computer includes, or is
connected to, one or more memories storing instructions or
software that are executed by the processor or computer.
Hardware components implemented by a processor or com-
puter may execute instructions or software, such as an
operating system (OS) and one or more software applica-
tions that run on the OS, to perform the operations described
in this application. The hardware components may also
access, manipulate, process, create, and store data in
response to execution of the instructions or software. For
simplicity, the singular term “processor” or “computer” may
be used in the description of the examples described in this
application, but in other examples multiple processors or
computers may be used, or a processor or computer may
include multiple processing elements, or multiple types of
processing elements, or both. For example, a single hard-
ware component or two or more hardware components may
be implemented by a single processor, or two or more
processors, or a processor and a controller. One or more
hardware components may be implemented by one or more
processors, or a processor and a controller, and one or more
other hardware components may be implemented by one or
more other processors, or another processor and another
controller. One or more processors, or a processor and a
controller, may implement a single hardware component, or
two or more hardware components. A hardware component
may have any one or more of different processing configu-
rations, examples of which include a single processor,
independent processors, parallel processors, single-instruc-
tion single-data (SISD) multiprocessing, single-instruction
multiple-data (SIMD) multiprocessing, multiple-instruction
single-data (MISD) multiprocessing, and multiple-instruc-
tion multiple-data (MIMD) multiprocessing.

[0145] The methods illustrated in FIGS. 1-10 that perform
the operations described in this application are performed by
computing hardware, for example, by one or more proces-
sors or computers, implemented as described above imple-
menting instructions or software to perform the operations
described in this application that are performed by the
methods. For example, a single operation or two or more
operations may be performed by a single processor, or two
or more processors, or a processor and a controller. One or
more operations may be performed by one or more proces-
sors, or a processor and a controller, and one or more other
operations may be performed by one or more other proces-
sors, or another processor and another controller. One or
more processors, or a processor and a controller, may
perform a single operation, or two or more operations.

[0146] Instructions or software to control computing hard-
ware, for example, one or more processors or computers, to
implement the hardware components and perform the meth-
ods as described above may be written as computer pro-
grams, code segments, instructions or any combination
thereof, for individually or collectively instructing or con-
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figuring the one or more processors or computers to operate
as a machine or special-purpose computer to perform the
operations that are performed by the hardware components
and the methods as described above. In one example, the
instructions or software include machine code that is directly
executed by the one or more processors or computers, such
as machine code produced by a compiler. In another
example, the instructions or software includes higher-level
code that is executed by the one or more processors or
computer using an interpreter. The instructions or software
may be written using any programming language based on
the block diagrams and the flow charts illustrated in the
drawings and the corresponding descriptions herein, which
disclose algorithms for performing the operations that are
performed by the hardware components and the methods as
described above.

[0147] The instructions or software to control computing
hardware, for example, one or more processors or comput-
ers, to implement the hardware components and perform the
methods as described above, and any associated data, data
files, and data structures, may be recorded, stored, or fixed
in or on one or more non-transitory computer-readable
storage media. Examples of a non-transitory computer-
readable storage medium include read-only memory
(ROM), random-access programmable read only memory
(PROM), electrically erasable programmable read-only
memory (EEPROM), random-access memory (RAM),
dynamic random access memory (DRAM), static random
access memory (SRAM), flash memory, non-volatile
memory, CD-ROMs, CD-Rs, CD+Rs, CD-RWs, CD+RWs,
DVD-ROMs, DVD-Rs, DVD+Rs, DVD-RWs, DVD+RWs,
DVD-RAMs, BD-ROMs, BD-Rs, BD-R LTHs, BD-REs,
blue-ray or optical disk storage, hard disk drive (HDD),
solid state drive (SSD), flash memory, a card type memory
such as multimedia card micro or a card (for example, secure
digital (SD) or extreme digital (XD)), magnetic tapes, floppy
disks, magneto-optical data storage devices, optical data
storage devices, hard disks, solid-state disks, and any other
device that is configured to store the instructions or software
and any associated data, data files, and data structures in a
non-transitory manner and provide the instructions or soft-
ware and any associated data, data files, and data structures
to one or more processors or computers so that the one or
more processors or computers can execute the instructions.
In one example, the instructions or software and any asso-
ciated data, data files, and data structures are distributed over
network-coupled computer systems so that the instructions
and software and any associated data, data files, and data
structures are stored, accessed, and executed in a distributed
fashion by the one or more processors or computers.

[0148] While this disclosure includes specific examples, it
will be apparent after an understanding of the disclosure of
this application that various changes in form and details may
be made in these examples without departing from the spirit
and scope of the claims and their equivalents. The examples
described herein are to be considered in a descriptive sense
only, and not for purposes of limitation. Descriptions of
features or aspects in each example are to be considered as
being applicable to similar features or aspects in other
examples. Suitable results may be achieved if the described
techniques are performed in a different order, and/or if
components in a described system, architecture, device, or
circuit are combined in a different manner, and/or replaced
or supplemented by other components or their equivalents.
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[0149] Therefore, in addition to the above disclosure, the
scope of the disclosure may also be defined by the claims
and their equivalents, and all variations within the scope of
the claims and their equivalents are to be construed as being
included in the disclosure.

What is claimed is:

1. A method peripheral component interconnect express
(PCle) data transmission, the method comprising:

receiving, at an endpoint (EP), a doorbell (DB) message

transmitted from a root complex (RC) via a PCle
connection between the endpoint (EP) and the RC;

based on the DB message, transmitting, by polling of a

processor of the EP, a read request message to a direct
memory access (DMA) controller of the EP; and

in response to reception of the read request message by

the DMA controller, reading, by the DMA controller,
data to be transmitted from a memory of the RC and
recording read data into a memory of the EP.

2. The method of claim 1, further comprising:

when determined that there is no more of the data to be

transmitted from the processor of the EP in the memory
of the RC, stopping the polling transmission of the read
request message to the DMA controller by the EP
processor.

3. The method of claim 2, wherein, the determining that
there is no more of the data to be transmitted from the
processor of the EP is based on the read data from the
memory of the RC from the processor of the EP comprising
a data terminator.

4. The method of claim 1, further comprising:

in response to recording the read data into the memory of

the EP from the processor of the EP, recording the read
data from the memory of the EP after invalidating data
in a first cache of the processor of the EP,

wherein the processor of the EP operates in a cacheable

mode.
5. The method of claim 1, further comprising:
in response to reception of a data transmission request by
the processor of the EP, recording the data to be
transmitted in a second cache of the processor of the
EP;

flushing, by the processor of the EP, the data to be
transmitted from the second cache to the memory of the
EP; and

recording the data to be transmitted from the DMA
controller from the memory of the EP to the memory of
the RC,

wherein the processor of the EP operates in a cacheable

mode.

6. The method of claim 5, further comprising:

after recording the data to be transmitted from the pro-
cessor of the EP into the second cache, recording a data
terminator in the second cache; and

inputting the data terminator from the processor of the EP

from the second cache to the memory of the EP.

7. The method of claim 1, wherein the reading of the data
to be transmitted from the memory of the RC and the
recording of the read data in the memory of the EP com-
prises:

reading a data packet in the memory of the RC in a preset

length from the DMA controller.
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8. The method of claim 7, further comprising:

determining whether a number of data packets read from
the processor of the EP is an integer multiple of a preset
number;

when the number of data packets read from the processor
of the EP is the integer multiple of the preset number,
determining whether the preset length is greater than a
length of a data packet having a greatest length among
the preset number of data packets which are recently
read; and

when the preset length is determined that the preset length
is greater than a length of the data packet having the
greatest length among the preset number of data pack-
ets read from the processor the EP, updating the preset
length to the greatest length.

9. The method of claim 7, further comprising:

determining whether a number of data packets read from
the processor of the EP is an integer multiple of a preset
number;

when a number of data packets read from the processor of
the EP is not the integer multiple of the preset number,
determining whether a length of the data packet is
greater than the preset length based on data of the read
data packet;

when the length of the data packet is determined that the
length of the data packet is greater than the preset
length in the processor of the EP, updating the preset
length to the length of the data packet; and

when the length of the data packet is determined that the
length of the data packet is greater than the preset
length in the DMA controller, reading the data packet
again in the length of the data packet.

10. A method of peripheral component interconnect

express (PCle) data transmission, the method comprising:

receiving a PCle message signaled interrupts (MSI) mes-
sage transmitted by an endpoint (EP) via a PCle
connection to a root complex (RC); and

reading data in a memory of the RC from a processor of
the RC by polling performed by the processor of the
RC,

wherein the data in the memory of the RC is recorded by
a direct memory access (DMA) controller of the EP.

11. The method of claim 10, further comprising:

when determined that the data does not exist in the
memory of the RC, stopping polling that causes the
reading the data.

12. The method of claim 11, further comprising:

in response to reading data of the memory of the RC from
the processor of the RC by the polling, recording read
data in a third cache after invalidating data in the third
cache of the processor of the RC,

wherein the processor of the RC operates in a cacheable
mode.

13. The method of claim 11, further comprising:

in response to reception of a data transmission request
from the processor of the RC, recording data to be
transmitted into a fourth cache of the processor of the
RC;
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flushing the data to be transmitted from the processor of
the RC from the fourth cache to the memory of the RC;
and

transmitting a doorbell (DB) message from the processor
of the RC to the EP,

wherein the processor of the RC operates in a cacheable
mode.

14. The method of claim 13, further comprising:

after recording the data to be transmitted from the pro-
cessor of the RC into the fourth cache, recording a data
terminator in the fourth cache and flushing the data
terminator from the fourth cache to the memory of the
RC.

15. The method of claim 11, further comprising:

when a terminator is comprised in data read from the
memory of the RC in the processor of the RC, deter-
mining that the data to be transmitted does not exist in
the memory of the RC.

16. A non-transitory computer-readable storage medium
storing instructions that, when executed by a processor,
cause the processor to perform the method of claim 1.

17. An endpoint (EP) comprising:

an interface configured to receive a doorbell (DB) mes-
sage from a root complex (RC) connected to the EP
based on peripheral component interconnect express
(PCle);

a processor configured to transmit a read request message
to a direct memory access (DMA) controller of the EP
by polling; and

the DMA controller configured to read data to be trans-
mitted from a memory of the RC in response to
reception of the read request message, and record read
data in a memory of the EP.

18. The EP of claim 17, wherein the processor is further

configured to:

when the data to be transmitted is determined that the data
to be transmitted does not exist in the memory of the
RC, stop transmission of the read request message to
the DMA controller.

19. A root complex (RC) comprising:

an interface configured to receive a peripheral component
interconnect express (PCle) message signaled inter-
rupts (MSI) message transmitted by an endpoint (EP)
via a PCle connection; and

a processor configured to read data in a memory of the RC
by polling,

wherein the data in the memory of the RC is recorded by
a direct memory access (DMA) controller of the EP
based on the polling.

20. The RC of claim 19, wherein the processor is further

configured to:

when determined that the data does not exist in the
memory of the RC, stop the polling.
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