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(57) Abstract: A plurality of registers (222) implemented in association with a memory physical layer intertace (PHY) (140, 205)
can be used to store one or more instruction words (300) that indicate one or more commands and one or more delays (415, 515,
535, 540). A training engine (220) implemented in the memory PHY can generate at-speed programmable sequences of commands
(410, 420, 430, 510, 520, 525) for delivery to an external memory (210) and to delay the commands based on the one or more
delays. The at-speed programmable sequences of commands can be generated based on the one or more instruction words.
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MEMORY PHYSICAL LAYER INTERFACE LOGIC FOR GENERATING DYNAMIC RANDOM ACCESS
MEMORY (DRAM) COMMANDS WITH PROGRAMMABLE DELAY S

BACKGROUND

Field of the Disclosure

The present disclosure relates generally to processing systems and, more particularly, to a memory physical layer

interface in a processing system.

Description of the Related Art

Processing systems such as systems-on-a-chip (SOCs) use memory to store data or instructions for later use. For
example, an SOC may include processing units such as central processing units (CPUs), graphics processing units
(GPUs), and accelerated processing units (APUs) can read instructions or data from memory, perform operations
using the instructions or data, and then write the results back into the memory. Processing systems may include a
memory physical layer interface for controlling access to a memory module such as dynamic random access
memory (DRAM) that can be used to store information so that the stored information can be accessed by the
processing units during operation of the processing system. The memory physical layer interface in a processing
system is conventionally referred to as a “memory PHY.” A memory controller is typically used to control

operation of the memory PHY.

The memory PHY typically is trained using sequences exchanged over an interface between the memory PHY and
the DRAM before data can be accurately read from the DRAM or written to the DRAM. A training sequence may
include multiple commands such as read commands, write commands, activate commands, or other commands that
are used to perform other operations. The memory PHY or the DRAM may require commands in the training
sequence to be separated by a specified delay time interval. For example, when a write command is followed by a
read command, the DRAM may require a delay of 8 cycles between the write command and the read command.
The delay time interval may be different for different types of commands. For example, the delay time interval
between two write commands may be different than the delay time interval between a write command and a read
command. The delay time interval may also be different for different types of DRAM and may change as new

DRAM designs or timing standards are introduced.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood, and its numerous features and advantages made apparent to those
skilled in the art by referencing the accompanying drawings. The use of the same reference symbols in different

drawings indicates similar or identical items.
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FIG. 1 is a block diagram of an accelerated processing unit (APU) that includes one or more central processing unit

(CPU) processor cores and a graphics processing unit (GPU) according to some embodiments.

FIG. 2 is a block diagram of a portion of a processing unit that includes a memory physical layer interface (PHY)

and a dynamic random access memory (DRAM) according to some embodiments.

FIG. 3 is a block diagram of an example of an instruction word that can be stored in registers according to some

embodiments.

FIG. 4 is a diagram illustrating a sequence of commands that may be issued by a training engine according to some

embodiments.

FIG. 5 is a diagram illustrating a sequence of commands that may be issued by a training engine according to some

embodiments.

FIG. 6 is a flow diagram of a method of executing command sequences according to some embodiments.

FIG. 7 is a flow diagram of a method of training a memory PHY that may be implemented in a processing unit such

as the APU shown in FIG. 1 according to some embodiments.

FIG. 8 is a flow diagram illustrating a method for designing and fabricating an integrated circuit device

implementing at least a portion of a component of a processing system in accordance with some embodiments.

DETAILED DESCRIPTION

Conventional training sequences use a predetermined sequence of commands that are separated by predetermined
delay time intervals. Consequently, conventional training sequences cannot be modified, e.g., to account for the
different timing requirements of different DRAM designs. However, as discussed herein, delay time intervals
between commands issued to a DRAM may be different for different types of commands and the delay time interval
may also be different for different types of DRAM and may change as new DRAM designs are introduced. To
account for timing requirements of different memory PHY or DRAM designs, training sequences can be flexibly
defined by a programmable training engine that is implemented in the memory PHY. The training engine may be
programmed using instruction words that include a first field to indicate a command and a second field to indicate a
delay time interval that is to elapse before executing the command. Some embodiments of the instruction words
may also include other fields that indicate a DRAM address used by the command, a bank of the DRAM used by the
command, a repetition count for the command, and the like. Some embodiments of the memory PHY include
registers for holding the instruction words and a start bit that can be written to initiate execution of the instruction

words stored in the registers.

Incorporating the delay time interval into the instruction word allows programmers to create training sequences that
meet the requirements of different types of DRAM, as well as supporting the development of future training

sequences that can meet the as-yet-unknown requirements of future DRAM designs. Furthermore, although two

.
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commands may need to be separated by a particular delay time interval, some embodiments of the memory PHY or
DRAM may allow another type of command to be performed between the two commands. The delay time intervals
indicated in the instruction words for the commands may therefore be set to values that allow the intermediate

command to be executed while still meeting the delay time interval requirements for the other two commands.

FIG. 1 is a block diagram of an accelerated processing unit (APU) 100 that includes one or more central processing
unit (CPU) processor cores 105, 110 and a graphics processing unit (GPU) 115 according to some embodiments.
The APU 100 may be implemented as a system-on-a-chip (SOC). The CPU processor cores 105, 110 can execute
instructions independently, concurrently, or in parallel. Although the APU 100 shown in FIG. 1 includes two CPU
processor cores 105, 110, persons of ordinary skill in the art having benefit of the present disclosure should
appreciate that the number of processor cores in the APU 100 is a matter of design choice. Some embodiments of
the APU 100 may include more or fewer than the two CPU processor cores 105, 110 shown in FIG.1. The GPU 115
is used for creating visual images intended for output to a display. Some embodiments of the GPU 115 may also

include multiple processing cores (not shown).

The CPU processor core 105 includes a basic input/output system (BIOS) 120 that may be implemented in
hardware, firmware, software, or a combination thereof. Some embodiments of the BIOS 120 are used to initialize
or test components of the APU 100, e.g., in response to a system including the APU 100 being powered on or
booted up. The BIOS 120 may also be used to load an operating system. Instructions or commands generated by
the BIOS 120 may be conveyed to other locations in the APU 100 using one or more data pipelines (not shown in
FIG. 1). The BIOS 120 may alternatively be implemented in the CPU processor core 110 or other locations within
the APU 100.

The APU 100 shown in FIG. 1 also includes other SOC logic 125. Some embodiments of the other SOC logic 125
may include a DMA engine (not shown) for generating addresses and initiating memory read or write cycles, for
performing memory-to-memory data transfer, or for transferring data between the CPU processor cores 105, 110 or
the GPU 115. The other SOC logic 125 may also include routing logic, coherency logic, or logic to implement other
functionality. Some embodiments of the other SOC logic 125 include a memory controller (MC) 130 to coordinate
the flow of data between the APU 100 and other memory such as an external dynamic random access memory
(DRAM) 135. The memory controller 130 includes logic used to control reading information from the external
memory and writing information to the external memory. The memory controller 130 may also include refresh logic
that is used to periodically re-write information to the DRAM so that information in the memory cells of the DRAM

is retained.

The memory controller 130 may control the operation of other memory modules such as the DRAM 135 using
signals transmitted via a memory physical layer interface 140, which may be referred to as a memory PHY 140.

The memory PHY 140 includes the circuitry used to drive signals that govern operation of the other memory
modules that may be coupled to the APU 100. For example, the memory PHY 140 may provide signals that control
reading, writing, refreshing, or erasing portions of a memory module such as the DRAM 135. The memory PHY
140 may be able to operate at different operating points, which may be determined by an operating frequency and/or

operating voltage of the memory PHY 140. For example, the other SOC logic 125 may include a clock 145
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provides a clock signal to govern synchronization in the memory PHY 140 and/or the memory controller 130 and a
reference voltage (VDD) 150 that governs the voltage used by the memory PHY 140 and/or the memory controller
130.

The memory PHY 140 should be trained in order to improve the read or write performance during communication
between the memory PHY 140 and the DRAM 135. The memory PHY 140 therefore includes integrated training
control logic 155 that is used to generate training sequences or commands, transmit the training sequences or
commands to the DRAM 135, receive signals generated by the DRAM 135 in response to the transmitting sequences
or commands, and adjust the read/write parameters of the memory PHY 140 based on the responses from the
DRAM 135. Integrating the training control logic 155 into the memory PHY 140 has a number of advantages over
the conventional practice of training the memory PHY 140 using algorithms implemented in the BIOS 120. Post-
processing and/or seeding of the training algorithm used by the training control logic 155 may be reduced or
eliminated by removing the need to transmit training sequences over a data pipeline between the BIOS 120 and the

memory PHY 140.

Some embodiments of the training control logic 155 include a microcontroller and one or more training engines for
generating training sequences and using the training sequences to configure operation of the memory PHY 140. For
example, the training control logic 155 may include a training engine that generates at-speed programmable
sequences of commands for delivery to the DRAM 135. The training control logic 155 may also include (or have
access to) one or more registers to store instruction words that include information identifying one or more
commands that may be used to form the at-speed programmable sequences. The instruction words may also include
information indicating a delay associated with the command, as well as other information. The training control
logic 155 may then insert the indicated delay between the command and other commands in the command sequence,

as discussed herein.

FIG. 2 is a block diagram of a portion 200 of a processing unit that includes a memory PHY 205 and a DRAM 210
such as the memory PHY 140 and the DRAM 135 shown in FIG.1 according to some embodiments. The memory
PHY 205 includes a controller 215 that is used to control read training and write training of the memory PHY 205
for communication with the DRAM 210 based on a training algorithm. Some embodiments of the controller 215
may be implemented in hardware, firmware, software, or a combination thereof. The controller 215 may also be
referred to as a microcontroller 215 in some embodiments. Since the controller 215 is integrated into the memory
PHY 205 and is therefore not separated from the memory PHY 205 by a data pipeline, the training algorithm
implemented by the controller 215 may be a seedless training algorithm. As discussed herein, a seedless training
algorithm does not need to be configured using information that characterizes a signal path or data pipeline traversed
by training sequences or commands generated by the training algorithm, e.g. for post-processing of the returned
signals. The controller 215 may initiate training in response to power up, vertical retrace frequency changes, power
state transitions (e.g., between idle and active states), periodically at a predetermined frequency, or in response to

other events or signals.

The controller 215 may interact with a BIOS such as the BIOS 120 shown in FIG. 1. In some embodiments, the

BIOS may configure the controller 215 by loading a memory array such as local static random access memory
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(SRAM), providing configuration information associated with the DRAM 210, or instructing the controller 215 to
initiate a training sequence in response to the system booting up. However, once the controller 215 has been
configured, some embodiments of the controller 215 can control training of the memory PHY 205 substantially
independently of the BIOS and substantially without input from the BIOS. For example, the controller 215
implements a training algorithm that operates independently of the BIOS and can train the memory PHY 205
without receiving training commands or training sequences from the BIOS. Since the controller 215 can control
training of the memory PHY 205 without input from the BIOS, which would have to be transmitted from the BIOS
to the controller 215 over a data pipeline, the training algorithm may be implemented as a seedless training

algorithm.

The controller 215 is coupled to a first training engine 220, which also may be referred to as an address command
state machine (ACSM) 220. The ACSM 220 generates commands that may be provided to the DRAM 210 during
training of the memory PHY 205. The programmable commands may be generated “at speed” for embodiments of
the first training engine 220 that are implemented in hardware as an integrated part of the memory PHY 205.
Commands generated by the ACSM 220 may include read commands to read information from a specified location
in the DRAM 210, write commands to write information to a specified location in the DRAM 210 and other
commands such as activate commands. Some embodiments of the ACSM 220 may generate loopback commands
that combine concurrent read and write commands that drive signals to the physical pins of the memory PHY 205,
which are then returned along paths through the memory PHY 205. Loopback commands may therefore be used to
test the memory PHY 205 without requiring that the DRAM 210 be connected to the physical pins of the memory
PHY 205. Some embodiments of the ACSM 220 may generate looped commands that repetitively perform one or
more commands with a specified delay between the commands, looping or repeating on a single instruction during

execution, looping over multiple commands in a sequence, and the like.

One or more registers 222 are accessible, e.g., they may be read or written, by the ACSM 220. The registers 222
shown in FIG. 2 are external to the ACSM 220. However, in some embodiments, the registers 222 or the memory
location 224 may be implemented within the ACSM 220 or at other locations. Some embodiments of the registers
222 may include physical registers for storing information used to configure or control the ACSM 220 and other
physical registers that are used to store instruction words 223. For example, the registers 222 may include a first
predetermined number of physical registers for ACSM control and a second predetermined number of registers for
storing information associated with a predetermined number of instruction words 223. The second predetermined
number of registers may be larger than the first predetermined number of registers. Fach register may be a 16-bit

register or other size register.

The registers 222 are used to store instruction words 223 that each include information indicating a command and a
timing delay associated with the command. The instruction words 223 may be written into the registers 222 by the
controller 215. The timing delay indicates a delay that is to be inserted between the command in the instruction
word and other commands, e.g., commands in other instruction words 223. The timing delay may be inserted before
the corresponding command is executed or after the corresponding command is executed. In some embodiments,

the instruction words 223 may also include other information such as a command repetition count that indicates a
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number of repetitions of the command indicated in the instruction word, an address in an external memory such as
the DRAM 210, algorithmic address generation control information that can be used to generate addresses for
accessing the DRAM 210, a bank in the external memory, and the like. The algorithmic address generation control
information may include information used to define polynomials for random selection of addresses, information for

incrementing addresses, address offsets or strides, information used to rotate addresses, and the like.

Some embodiments of the registers 222 may also include a memory location 224 for storing one or more control bits
that may be used to indicate information such as start addresses, sequence loop addresses, and the like. The ACSM
220 may initiate execution of one or more commands or command sequences in response to the controller 215
writing a predetermined value of the start bit to the memory location 224. Some embodiments of the instruction
words 223 stored in the registers 222 may include a terminate bit that can be used to terminate execution of a

sequence of commands by writing a particular value of the terminate bit into the instruction word.

The controller 215 is also coupled to a second training engine 225, which may be referred to as a PRBS pattern
generator checker (PPGC) 225. Some embodiments of the PPGC 225 are programmable and can generate data
streams that are used as the training sequences for training the memory PHY 205. For example, the PPGC 225 may
generate a data stream for any 16-bit (or less) polynomial in response to signaling provided by the controller 215.
Some embodiments of the PPGC 225 include a separate generator 235 that is used to generate the training sequence
and a checker 230 that is used to check synchronization of the read or write streams that include the training
sequences that flow between the memory PHY 205 and the DRAM 210. Operation of the PPGC 225 may be
controlled by signaling received from the ACSM 220. For example, the ACSM 220 may provide signaling that

sequences execution of operations such as generating the training sequences at the generator 235.

The controller 215 is also coupled to a third training engine, which may be referred to as a data training state
machine (DTSM) 240. The DTSM 240 compares traffic received from the DRAM 210 to the training sequences
provided to the DRAM 210 to determine whether to adjust timing parameters or voltage offset parameters used by
the memory PHY 205. For example, the PPGC 225 may provide representations of the training sequences to the
DTSM 240 for comparison to the sequences returned from the DRAM 210 during read training or write training of
the memory PHY 205. Prior to starting a training loop, the controller 215 may configure the DTSM 240 to control
timing parameters or voltage offset parameters used by the memory PHY 205. The controller 215 may then
program the ACSM 220 and the PPGC 225 to drive one or more training sequences. The DTSM 240 may then
compare the training sequences generated by the PPGC 225 to sequences that have been received from the DRAM
210. For example, the DTSM 240 may correlate the training sequences and the receive sequences at a plurality of
different delays. Based on the comparison, the DTSM 240 decides whether to adjust the timing parameters or the
voltage offset parameters, e.g., by incrementing or decrementing one or more of these parameters. For example, a
timing offset may be increased or decreased based on the delay determined based on the correlation of the training
sequences and the receive sequences. Some embodiments of the DTSM 240 may also implement data filters or

binary adders with upper or lower threshold comparison logic to train to a data contour eye position.

Sets of first-in-first-out (FIFO) buffers may be used to buffer the training sequences before being provided to the
DRAM 210 and to buffer received sequences after being received from the DRAM 210. For example, a set of
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outbound FIFO buffers 245 may be used to buffer the outbound traffic and a set of inbound FIFO buffers 250 may
be used to buffer the inbound traffic. One or more receivers 255 may be used to receive signals over channels to the
DRAM 210 and provide them to the inbound FIFO buffer 250. One or more drivers 260, 265 may be used to
transmit signals from the outbound FIFO buffer 245 over the channels to the DRAM 210. For example, the driver
260 may be used to drive data (DQ) or timing (DQS) signals onto the channel 270 and the receiver 255 may receive
data (DQ) or timing (DQS) signals over the channel 270. For another example, the driver 265 may be used to drive
addresses (ADDR) or commands (CMD) over the channel 275 to the DRAM 210. Timing delays and voltage
offsets used by the receivers 255 or the drivers 260, 265 may be adjusted.

The memory PHY 205 includes timing/voltage control logic 280. The DTSM 240 may provide signals to the
timing/voltage control logic 280 to indicate adjustments to the timing parameters. For example, the DTSM 240 may
instruct the timing/voltage control logic 280 to increment or decrement timing delays or voltage offsets based on
comparisons of training sequences provided to the DRAM 210 and sequences received from the DRAM 210. The
timing/voltage control logic 280 may then provide control signals to the receivers 255 or the drivers 260, 265 to
adjust the timing delays or voltage offsets used by the receivers 255 or the drivers 260, 265. Some embodiments of
the timing/voltage control logic 280 may be used to adjust timing delays or voltage offsets in multiple stages such as
a receive enable stage, a write leveling stage, a read training stage, a write training stage, and a stage for determining

voltage levels of a data eye contour for the interface between the memory PHY 205 and the DRAM 210.

FIG. 3 is a block diagram of an example of an instruction word 300 according to some embodiments. Some
embodiments of the instruction word 300 can be stored in registers such as the instruction words 223 stored in the
registers 222 shown in FIG. 2. The instruction word 300 includes a field 305 for storing information indicating a
command type such as a read command, a write command, an activate command, or other commands that can be
executed as part of training sequences for a memory PHY such as the memory PHY 205 shown in FIG. 2. The
instruction word 300 also includes a field 310 for storing information indicating a command delay associated with
the command indicated in the field 305. Some embodiments of the field 310 may include information indicating a

number of cycles that should elapse before or after executing the command indicated in the field 305.

Some embodiments of the instruction word 300 also include a field 315 for storing information indicating a
command repetition count that indicates the number of times that the command indicated in the field 305 should be
repeated. The command delay indicated in the field 310 may be applied to each repetition of the command. A field
320 may include an address associated with the command indicated in the field 305. The address may indicate a
location in an external memory (such as the DRAM 210 shown in FIG. 2) that may be read from or written to during
execution of the command. Some embodiments of the instruction word 300 may also include one or more fields 325
for storing other information such as algorithmic address generation control information that can be used to generate
addresses for accessing the external memory, a bank in the external memory, a terminate bit that can be used to
terminate execution of a sequence of commands by writing a particular value of the terminate bit into the instruction

word 300, and the like.

FIG. 4 is a diagram illustrating a sequence 400 of commands that may be issued by a training engine such as the

ACSM 220 shown in FIG. 2 according to some embodiments. The horizontal axis indicates time in clock cycles and
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increases from left to right, as indicated by the direction of the arrow. The sequence 400 starts at block 405. For
example, the sequence 400 may be initiated in response to a controller such as the controller 215 shown in FIG. 2
configuring the training engine by writing information to memory associated with the training engine. The
controller may then write a start bit to a particular location such as the location 224 shown in FIG. 2 to start the
sequence 400 at 405. The training engine may then read an instruction word from a register. For example, the
training engine may read the instruction word at a register indicated by a start address pointer. The instruction word
includes information identifying a command to be executed by the training engine and a command delay associated
with the command. Examples of commands include write commands that are used to write information to an
external memory such as a DRAM, read commands that are used to read information from the external memory,

activation commands, and the like.

The first command read by the training engine is a write command 410, which is executed following a delay 415
that is at least as long as the predetermined time interval indicated by the command delay in the instruction word.
The training engine may then read the next instruction word from the registers. The next instruction word includes
information indicating that the next command is a read command 420. In some embodiments, a predetermined
amount of time may be required to elapse between performing a write command that writes information to the
external memory and performing a read command that reads information from the external memory. The required
latency may depend on the characteristics of the external memory such as the type of DRAM that is connected to the
memory PHY that implements the training engine. Programmers may therefore indicate an appropriate command
delay between the write command 410 and the subsequent read command 420 in a command delay field of the
instruction word. The training engine may therefore delay execution of the read command 420 for a time interval
425 that is at least as long as the predetermined time interval indicated by the command delay in the instruction

word.

The training engine may read a subsequent instruction word from the registers. In some embodiments, the
subsequent instruction word includes information identifying a read command 430 that is used to read information
from the external memory following the previous read command 420. A predetermined time interval may be
required to elapse between performing two consecutive read commands 420, 430 and this time interval may be
indicated in the command delay field in the instruction word. The training engine may therefore delay execution of
the read command 430 for a time interval 435 that is at least as long as the predetermined time interval indicated by
the command delay in the instruction word. The predetermined time interval that should elapse between two
consecutive read commands 420, 430 may be different than the predetermined time interval that should elapse

between a write command 410 and a read command 420.

Generally speaking, the time intervals that should elapse between different types of commands may depend on the
types of commands, the order in which the commands are performed, or other characteristics of the commands, the
memory PHY, or external memory including different dual in-line memory modules (DIMMSs). For example,
different DIMMs may be located at different distances relative to the memory PHY and consequently
communications between the memory PHY and the different DIMMs may experience different transport delays.

The delays indicated in the instruction words may be used to account for the different transport delays, e.g. to
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prevent information returned in response to a read command issued to the most distant DIMM from colliding with
(or arriving at the memory PHY after) information returned in response to a subsequent read command issued to a
DIMM that is closer to the memory PHY. Including the command delay field in the instruction word provides
programmers with the flexibility to adapt the command sequence 400 to the requirements of particular

embodiments.

FIG. 5 is a diagram illustrating a sequence 500 of commands that may be issued by a training engine such as the
ACSM 200 shown in FIG. 2 according to some embodiments. The horizontal axis indicates time in clock cycles and
increases from left to right, as indicated by the direction of the arrow. The sequence 500 starts at block 505. For
example, the sequence 500 may be initiated in response to the controller writing a start bit to a particular location
such as the location 224 shown in FIG. 2. The training engine may then read an instruction word from a register,
e.g., aregister indicated by a start pointer. The instruction word includes information identifying a write command
510 to be executed by the training engine and a command delay associated with the write command 510. The write
command 510 is executed following a delay 515 that is at least as long as the predetermined time interval indicated

by the command delay in the instruction word.

The next two commands include a read command 520 and one or more other commands 525. The read command
520 should be executed with a latency 530 relative to the write command 510. The other command 525 can be
executed without any particular latency relative to the write command 510 or the read command 520, or with a
relatively small latency relative to the latency 530. The delays 535, 540 in the instruction words associated with the
read command 520 and the other command 525 may therefore be configured so that the sum of the two delays 535,
540 is at least as large as the latency 530. The training engine may therefore execute the other command 525 after
the delay 535 and subsequently execute the read command 520 after the delay 540, which also satisfies the

requirement that the read command 520 be executed with a latency 530 relative to the write command 510.

FIG. 6 is a flow diagram of a method 600 of executing command sequences according to some embodiments. The
method 600 may be implemented in a training engine such as the ACSM 220 shown in FIG. 2. At block 605, the
method 600 begins in response to the training engine writing a start bit. At block 610, the training engine reads an
instruction word from a register such as a register indicated by a start pointer maintained by the training engine. At
decision block 615, the training engine determines whether the instruction word includes information indicating a
command delay associated with a command indicated by the instruction word. If not, the training engine can issue
the command without constraint and the command may be executed at block 620. If so, the training engine is
constrained to issue the command after a time interval that is at least as long as the indicated delay. The training
engine may therefore wait for at least the indicated delay at block 625. The training engine may then issue the

command, which may be executed at block 620.

Some embodiments of the instruction word may include a command repetition field that indicates a number of
repetitions of the command in the instruction word. At decision block 630, the training engine determines whether
the command has been repeated for a number of repetitions that is less than a command repetition count indicated in
the command repetition field. If the number of repetitions is less than the command repetition count, indicating that

the command should be repeated at least one more time, the training engine determines the appropriate delay at
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decision block 615 and executes the command at the block 620, possibly after waiting for the indicated delay at
block 625. The method 600 may flow to decision block 630 once the number of repetitions is greater than or equal
to the command repetition count. Some embodiments of the training engine may maintain a counter to keep track of

the number of repetitions of the command.

At decision block 635, the training engine determines whether to terminate the command sequence with the current
instruction word. In some embodiments, the command sequence may be terminated in response to a terminate bit
being set in the current instruction word. Ifthe training engine determines that the command sequence is not to be
terminated, the training engine may advance to the next instruction word (at block 640), e.g., by advancing the start
pointer to the next register. The method 600 may then flow to block 610, where the next instruction word is read
from the register. If the training engine determines that the command sequence is to be terminated, the command

sequence may be terminated the method 600 may end by unsetting the start bit at block 645.

FIG. 7 is a flow diagram of a method 700 of training a memory PHY that may be implemented in a processing unit
such as the accelerated processing unit 100 shown in FIG. 1 according to some embodiments. Embodiments of the
method 700 may be implemented in training control logic such as the training control logic 155 shown in FIG. 1 or

the controller 215, ACSM 220, PPGC 225, DTSM 240, and timing/voltage control logic 280 shown in FIG. 2.

At block 705, the training control logic performs receive enable training to determine when to enable the memory
PHY to receive data over the interface with the DRAM. Some embodiments perform receive enable training by
transmitting a read commands to read a selected address from the DRAM. The read commands are interspersed
with a sequence of bubbles that generate corresponding sequences of bubbles in the signals received from the
DRAM. The training control logic then monitors signals received from the DRAM to align the time of command
generation in the memory PHY to the time the command response from the DRAM is returned to the memory PHY.
The bubble spacing time interval range is sized so as to be greater than the worst case round trip latency plus any
internal memory PHY and DRAM latencies in the path. This avoids any potential aliasing of the command response
association with an earlier or later response. The memory PHY may be configured to stay in a continuous read state
during the receive enable training stage. For example, the controller 215 may configure the ACSM 220, PPGC 225,
and DTSM 240 and then initiate the training stage. The ACSM 220 may issue commands/addresses to write a
training sequence to the DRAM 210 and then issue commands/addresses to read the training sequence back from the
DRAM 210. In some embodiments, no information is actually written to the DRAM 210 in response to the issued
commands and the DQ bus is ignored. Only the returned DQS is monitored. The issued command is therefore
similar to a read command but the DTSM 240 does not care what data is returned in response to the command. The
DTSM 240 is only interested in adjusting the timing of the DQS strobe that comes back from DRAM 210. The
training sequence may be generated by the PPGC 225 and provided to the DRAM 210. The DTSM 240 may then
correlate receive data from the DRAM 210 with the training sequence to identify the round-trip delay and instruct
the timing/voltage control logic 280 to tune the parameters for the appropriate receivers/drivers such as the receivers

255 and the drivers 260, 265 to null the detected round trip delay.

At block 710, the training logic performs write leveling to align clock signals used by the memory PHY to clock
signals used by the DRAM. Some embodiments of the training logic may therefore transmit a memory PHY clock
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signal and a timing (DQS) signal that is used to sample the value of the clock at the DRAM. The training logic may
then use the sampled value of the DRAM clock returned on the DQ bus to align the memory PHY clock and the
DRAM clock, e.g., by introducing delays to align the DQS signal with a memory clock phase that is internal to the
DRAM. For example, in response to signaling from the controller 215, the ACSM 220 may generate a write
command that causes a memory PHY clock signal including a rising edge and a DQS signal that is provided to the
DRAM 210 to sample the memory clock in the DRAM. The write command may be generated based on
information read from registers 222, as discussed herein. The sampled value of the DRAM clock may then be
returned to the memory PHY 205. The checker 230 in the PPGC 225 generates an internal comparison value and
provides this value to the DTSM 240. The DTSM 240 may then compare the internal comparison value to the
sampled clock signal value received from the DRAM 210 and generate adjustment signals based on the comparison
to align the write DQS to the clock in the DRAM 210. The DTSM 240 may then instruct the timing/voltage control
logic 280 to tune the timing parameters for the receivers 255 and the drivers 260, 265 to synchronize the memory
PHY clock and the DRAM clock. For example, if the internal comparison value is “0” and the sampled value of the
DRAM clock is “1,” the DTSM 240 may instruct the timing/voltage control logic 280 to advance the timing of the
memory PHY 205 by a predetermined amount of time. If the internal comparison value is “1” and the sampled
value of the DRAM clock is “1,” the DTSM 240 may instruct the timing/voltage control logic 282 delay the timing
of the memory PHY 205 by a predetermined amount of time. This process may be iterated to tune the

synchronization of the memory PHY clock and the DRAM clock to within a predetermined tolerance.

At block 715, the training logic performs read/write phase training to determine the one-dimensional time
boundaries of the data eye contour based on the read/write data paths between the memory PHY and the DRAM.
Some embodiments of the training logic may therefore transmit a series of commands to write a training sequence
into addresses in the DRAM and then loop-read the training sequences out of the addressed locations of the DRAM
at different delays to determine the one-dimensional time boundaries of the data eye contour. For example, in
response to signaling from the controller 215, the ACSM 220 may issue commands to write one or more sequences
generated by the PPGC 225 to one or more addresses in the DRAM 210. The ACSM 220 may then issue a series of
read commands to the addresses in the DRAM 210 that are looped with different delay values. Some embodiments
of the command sequences may be generated by the ACSM 220 based on information read from instruction words
in the registers 222, as discussed herein. The DTSM 240 may then compare the received sequences for each of the
looped read commands to the provided training sequences to determine the left edge and the right edge of the data
eye contour. The DTSM 240 may then instruct the timing/voltage control logic 280 to tune the timing parameters,
e.g., the phase, for the receivers 255 to correspond to a predetermined location in the data eye contour such as the

midpoint between the left edge and the right edge.

At block 720, the training logic performs two-dimensional (2D) read/write phase training to determine the voltage
levels of the data eye contour based on the read/write data paths between the memory PHY and the DRAM. Some
embodiments of the training logic may therefore transmit a series of read/write commands to read and write training
sequences to and from the DRAM. The series of read/write commands may be performed using different timing
delays and different voltage offsets to determine the voltage levels in the data eye contour. For example, in response

to signaling from the controller 215, the ACSM 220 may issue commands to write one or more sequences generated
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by the PPGC 225 to one or more addresses in the DRAM 210 using an initial timing delay. The ACSM 220 may
then issue a series of looped read commands to the addresses in the DRAM 210. The read/write commands may be
issued concurrently with providing different values of the voltage offset to the receivers 255 or the drivers 260, 265.
Some embodiments of the command sequences may be generated by the ACSM 220 based on information read from
instruction words in the registers 222, as discussed herein. The DTSM 240 may then compare the received
sequences for each of the looped read commands to the provided training sequences to determine the voltage levels
between the left edge and the right edge of the data eye contour for the initial timing delay. The timing delay may
be changed (e.g., incremented or decremented) and the process of determining the voltage levels may be repeated.
This process may be iterated to determine the two-dimensional data eye contour over a range of timing delays and
voltage levels. Some embodiments may instead iteratively choose voltage levels and loop over timing delays for the

selected voltage level to determine the two-dimensional data eye contour.

The DTSM 240 instructs the timing/voltage control logic 280 to tune the timing delays and the voltage offsets for
the receivers 255 or the drivers 260, 265 to correspond to a location in the data eye contour that provides the best
voltage level and timing delay. Adjustments to the timing delays or the voltage offsets can be determined based on
numbers of correct samples and incorrect samples in sampled training data. Some embodiments of the DTSM 240
may determine the optimal timing delay and voltage offset based on a predetermined ratio of correct samples to
incorrect samples in sampled training data. For example, the DTSM 240 may tune the timing delay and the voltage
offset until the ratio of the number of correct samples to the number of incorrect samples received by the memory
PHY 205 is at or below the predetermined ratio. Some embodiments of the DTSM 240 may use the predetermined
ratio to alter the shape of the data eye contour with the expectation that a better optimal training position could be
determined. For example, the 2D eye contour could be expanded or contracted based on the predetermined ratio.

Other alterations to the shape of the 2-D data eye contour are also possible.

In some embodiments, the apparatus and techniques described above are implemented in a system comprising one
or more integrated circuit (IC) devices (also referred to as integrated circuit packages or microchips), such as the
memory PHY described above with reference to FIGs. 1-7. Electronic design automation (EDA) and computer
aided design (CAD) software tools may be used in the design and fabrication of these IC devices. These design tools
typically are represented as one or more software programs. The one or more software programs comprise code
executable by a computer system to manipulate the computer system to operate on code representative of circuitry of
one or more IC devices so as to perform at least a portion of a process to design or adapt a manufacturing system to
fabricate the circuitry. This code can include instructions, data, or a combination of instructions and data. The
software instructions representing a design tool or fabrication tool typically are stored in a computer readable
storage medium accessible to the computing system. Likewise, the code representative of one or more phases of the
design or fabrication of an IC device may be stored in and accessed from the same computer readable storage

medium or a different computer readable storage medium.

A computer readable storage medium may include any storage medium, or combination of storage media, accessible
by a computer system during use to provide instructions and/or data to the computer system. Such storage media can

include, but is not limited to, optical media (e.g., compact disc (CD), digital versatile disc (DVD), Blu-Ray disc),

S12-



10

15

20

25

30

35

WO 2015/200318 PCT/US2015/037172

magnetic media (e.g., floppy disc , magnetic tape, or magnetic hard drive), volatile memory (e.g., random access
memory (RAM) or cache), non-volatile memory (e.g., read-only memory (ROM) or Flash memory), or
microelectromechanical systems (MEMS)-based storage media. The computer readable storage medium may be
embedded in the computing system (e.g., system RAM or ROM), fixedly attached to the computing system (e.g., a
magnetic hard drive), removably attached to the computing system (e.g., an optical disc or Universal Serial Bus
(USB)-based Flash memory), or coupled to the computer system via a wired or wireless network (e.g., network

accessible storage (NAS)).

FIG. 8 is a flow diagram illustrating an example method 800 for the design and fabrication of an IC device
implementing one or more aspects in accordance with some embodiments. As noted above, the code generated for
each of the following processes is stored or otherwise embodied in non-transitory computer readable storage media

for access and use by the corresponding design tool or fabrication tool.

At block 802 a functional specification for the IC device is generated. The functional specification (often referred to
as a micro architecture specification (MAS)) may be represented by any of a variety of programming languages or

modeling languages, including C, C++, SystemC, Simulink, or MATLAB.

At block 804, the functional specification is used to generate hardware description code representative of the
hardware of the IC device. In some embodiments, the hardware description code is represented using at least one
Hardware Description Language (HDL), which comprises any of a variety of computer languages, specification
languages, or modeling languages for the formal description and design of the circuits of the IC device. The
generated HDL code typically represents the operation of the circuits of the IC device, the design and organization
of the circuits, and tests to verify correct operation of the IC device through simulation. Examples of HDL include
Analog HDL (AHDL), Verilog HDL, SystemVerilog HDL, and VHDL. For IC devices implementing synchronized
digital circuits, the hardware descriptor code may include register transfer level (RTL) code to provide an abstract
representation of the operations of the synchronous digital circuits. For other types of circuitry, the hardware
descriptor code may include behavior-level code to provide an abstract representation of the circuitry’s operation.
The HDL model represented by the hardware description code typically is subjected to one or more rounds of

simulation and debugging to pass design verification.

After verifying the design represented by the hardware description code, at block 806 a synthesis tool is used to
synthesize the hardware description code to generate code representing or defining an initial physical
implementation of the circuitry of the IC device. In some embodiments, the synthesis tool generates one or more
netlists comprising circuit device instances (e.g., gates, transistors, resistors, capacitors, inductors, diodes, etc.) and
the nets, or connections, between the circuit device instances. Alternatively, all or a portion of a netlist can be
generated manually without the use of a synthesis tool. As with the hardware description code, the netlists may be

subjected to one or more test and verification processes before a final set of one or more netlists is generated.

Alternatively, a schematic editor tool can be used to draft a schematic of circuitry of the IC device and a schematic

capture tool then may be used to capture the resulting circuit diagram and to generate one or more netlists (stored on
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a computer readable media) representing the components and connectivity of the circuit diagram. The captured

circuit diagram may then be subjected to one or more rounds of simulation for testing and verification.

At block 808, one or more EDA tools use the netlists produced at block 806 to generate code representing the
physical layout of the circuitry of the IC device. This process can include, for example, a placement tool using the
netlists to determine or fix the location of each element of the circuitry of the IC device. Further, a routing tool
builds on the placement process to add and route the wires needed to connect the circuit elements in accordance with
the netlis(s). The resulting code represents a three-dimensional model of the IC device. The code may be
represented in a database file format, such as, for example, the Graphic Database System II (GDSII) format. Data in
this format typically represents geometric shapes, text labels, and other information about the circuit layout in

hierarchical form.

At block 810, the physical layout code (e.g., GDSII code) is provided to a manufacturing facility, which uses the
physical layout code to configure or otherwise adapt fabrication tools of the manufacturing facility (e.g., through
mask works) to fabricate the IC device. That is, the physical layout code may be programmed into one or more
computer systems, which may then control, in whole or part, the operation of the tools of the manufacturing facility

or the manufacturing operations performed therein.

In some embodiments, certain aspects of the techniques described above may implemented by one or more
processors of a processing system executing software. The software comprises one or more sets of executable
instructions stored or otherwise tangibly embodied on a non-transitory computer readable storage medium. The
software can include the instructions and certain data that, when executed by the one or more processors, manipulate
the one or more processors to perform one or more aspects of the techniques described above. The non-transitory
computer readable storage medium can include, for example, a magnetic or optical disk storage device, solid state
storage devices such as Flash memory, a cache, random access memory (RAM) or other non-volatile memory
device or devices, and the like. The executable instructions stored on the non-transitory computer readable storage
medium may be in source code, assembly language code, object code, or other instruction format that is interpreted

or otherwise executable by one or more processors.

Note that not all of the activities or elements described above in the general description are required, that a portion
of a specific activity or device may not be required, and that one or more further activities may be performed, or
elements included, in addition to those described. Still further, the order in which activities are listed are not
necessarily the order in which they are performed. Also, the concepts have been described with reference to specific
embodiments. However, one of ordinary skill in the art appreciates that various modifications and changes can be
made without departing from the scope of the present disclosure as set forth in the claims below. Accordingly, the
specification and figures are to be regarded in an illustrative rather than a restrictive sense, and all such

modifications are intended to be included within the scope of the present disclosure.

Benefits, other advantages, and solutions to problems have been described above with regard to specific
embodiments. However, the benefits, advantages, solutions to problems, and any feature(s) that may cause any

benefit, advantage, or solution to occur or become more pronounced are not to be construed as a critical, required, or
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essential feature of any or all the claims. Moreover, the particular embodiments disclosed above are illustrative only,
as the disclosed subject matter may be modified and practiced in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. No limitations are intended to the details of construction
or design herein shown, other than as described in the claims below. It is therefore evident that the particular
embodiments disclosed above may be altered or modified and all such variations are considered within the scope of

the disclosed subject matter. Accordingly, the protection sought herein is as set forth in the claims below.

-15-



10

15

20

25

30

WO 2015/200318 PCT/US2015/037172

WHAT IS CLAIMED IS:

1. An apparatus comprising:
a memory physical layer interface (PHY) (140, 205) to couple to an external memory (210);
a plurality of registers (222) implemented in association with the memory PHY, the plurality of registers to
store at least one instruction word (300) that indicates at least one command (410, 420, 430, 510,
520, 525) and at least one delay (415, 515, 535, 540); and
a first training engine (220) implemented in the memory PHY to generate, based on said at least one
instruction word, at-speed programmable sequences of commands (420, 430, 525) for delivery to

the external memory and to delay the commands based on said at least one delay.

2. The apparatus of claim 1, further comprising:
a controller (215); and
a memory location (224) implemented in association with the memory PHY, wherein the first training
engine initiates execution of said at least one command in response to the controller writing a start

bit to the memory location.

3. The apparatus of claim 2, wherein the first training engine is to determine said at least one delay based on
said at least one command, and wherein the controller is to write said at least one instruction word to the plurality of

registers.

4, The apparatus of claim 3, wherein said at least one command comprises first, second, and third commands,
and wherein the first training engine is to execute the first command, execute the second command after a first delay
relative to executing the first command, and execute the third command after a second delay relative to executing
the second command, and wherein a sum of the first delay and the second delay satisfies a latency requirement for

the first command and the third command.

5. The apparatus of claim 1, wherein said at least one instruction word indicates at least one command

repetition count that indicates a number of repetitions of said at least one command.

6. The apparatus of claim 1, wherein said at least one instruction word indicates at least one of an address in

the external memory, an algorithmic address generation control, a bank in the external memory, and a terminate bit.

7. The apparatus of claim 1, further comprising:
a controller (215) integrated in the memory PHY, wherein the controller is to control training of the
memory PHY for communication with the external memory based on a seedless training

algorithm.

8. The apparatus of claim 1, further comprising:
a second training engine (225) to generate training sequences for delivery to the external memory in

response to control signaling generated by the first training engine (220); and
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a third training engine to compare sequences received from the external memory to the training sequences

generated by the second training engine (225).

9. A method (600) comprising:
generating, using a first training engine (220) implemented in a memory physical layer interface (PHY)
(140), at-speed programmable sequences of commands (420, 430, 525) for delivery to an external
memory based on at least one instruction word (300) that indicates at least one command (410,
420, 430, 510, 520, 525) and at least one delay (415, 515, 535, 540), wherein the commands are to

be delayed based on said at least one delay.

10. The method of claim 9, further comprising:
initiating execution of said at least one command by writing a start bit to a memory location (224)

implemented in the memory PHY.

11. The method of claim 9, further comprising:
determining said at least one delay based on said at least one command; and

writing said at least one instruction word to a plurality of registers (222).

12. The method of claim 11, wherein said at least one command comprises first, second, and third commands,
and further comprising:
executing the first command;
executing the second command after a first delay relative to executing the first command; and
executing the third command after a second delay relative to executing the second command, and wherein a
sum of the first delay and the second delay satisfies a latency requirement for the first command

and the third command.

13. The method of claim 9, further comprising executing said at least one command for a number of repetitions
indicated by at least one command repetition count in said at least one instruction word, wherein repetitions of said

at least one command are delayed by said at least one delay.

14. The method of claim 9, wherein accessing said at least one instruction word comprises accessing said at
least one instruction word that indicates at least one of an address in the external memory, an algorithmic address

generation pattern, a bank in the external memory, and a terminate bit.

15. The method of claim 9, further comprising:
terminating execution of said at least one command in response to detecting a predetermined value of a

terminate bit in said at least one instruction word.
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16. The method of claim 9, further comprising:
generating, at a controller (215) integrated in the memory PHY, control signaling for training of the
memory PHY for communication with the external memory based on a seedless training

algorithm.

5 17. The method of claim 16, further comprising:
providing second control signaling from the first training engine to a second training engine (225), wherein
the second training engine is to generate training sequences for delivery to the external memory in
response to the second control signaling from the first training engine; and
providing third control signaling from the first training engine to a third training engine, wherein the third
10 training engine is to compare sequences received from the external memory to the training

sequences generated by the second training engine in response to the third control signaling.

- 18 -



PCT/US2015/037172

WO 2015/200318

1/7

O LIND DNISSE008d QELvdET1E00V

(g4

2107
TORINGD
ONINIVHL

vt
Abd AHOWEN

bb

LINN ONISE300dd 50IHAYHD

oot

sS0id

gt 507

FHOO 3400
HOSSID0Ed NG HO583004d N0




PCT/US2015/037172

WO 2015/200318

2/7

g
\

NS/HaayY

J

[
\

500/04

0LZ-

/

Y,

(174

S04
{INNGOELNO

§5¢

S04
ONNOYGN

o8
TOHINQD

FOVLTOA
TONINLL

G072 AMd AHOWINW

4 SH3LSIO3Y

o1
HATIOHINGD




PCT/US2015/037172

WO 2015/200318

3/7

o8
SSIHAAY

IS
FONEN0ES ONYIRINOO

ore
AV 130 ONYWNOD

(415
INAOD NOLLLLZd3d ONVINNOD

[543
SA13E ¥3HLO




WO 2015/200318

g
\ é\
¥
»»»»» ava |
 { N
<
2
u;
&
z v
o
S
,'/// /////
U
<
“*z" LM ~
\
o
=
u;
<
X s |
o
g

TIME (IN CLOCK CYCLES)

4/7

PCT/US2015/037172

<D
[
[
\\ L:L“J‘i
A O
et
&)
e
&
e RN -
N [ @]
o =
S
=
=
<
<F
W
HAHLO
[Xe
N
[T
"*§“~ LM ~
<
v
- - EReLARY N
w
o
[Xgd




WO 2015/200318 PCT/US2015/037172

5/7
605 600
\{ WRITE START BIT ) o
610 i
| e |
62

WIAT FOR INDICATED
DELAY

EXECUTE COMMAND

630

REPETITIONS < COMMAND
REPETITION COUNT?

840

ADVANCE TONEXT | o / )
INSTRUCTION WORD [ |- MINATE?

645
( UNSET START BIT




WO 2015/200318 PCT/US2015/037172

700
L
708
~ RECEIVE ENABLE

710 4

S WRITE LEVELING
715 4

] READ/WRITE PHASE TRAINING
720 4

\\\ | DETERMINE VOLTAGE LEVELS
OF DATAEYE CONTOUR




WO 2015/200318 PCT/US2015/037172

717

800

802~_]  CGENERATE FUNCTIONAL
SPECIFICATION

y

GENERATE HARDWARE
DESCRIPTION CODRE

804 N

y

806~ GENERATE NETLISTS

4

808~ GENERATE PHYSICAL LAYOUT
CODE

k-4

810 FABRICATE IC DEVICE




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2015/037172

A. CLASSIFICATION OF SUBJECT MATTER
G11C 11/4093(2006.01)i, G11C 11/4096(2006.01)i, G11C 7/10(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

G11C 11/4093; GO6F 12/02; G11C 7/10; GO6N 99/00; GO6F 13/10; G11C 7/00; GO6F 13/36; G11C 11/4096

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

engine, programmable, sequence

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: memory, physical, layer, interface, register, instruction,

word, command, delay, training,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2014-0114887 A1 (VENKATRAMAN IYER et al.) 24 April 2014 1,5-7,9,13-14,16
See paragraphs [0053], [0077], [0101], [0116], [0122], [0132]1, [0181],
[0193]-[0194], [0229]; and figures 6-8, 10-11, 16.
A 2-4.,8,10-12,15,17
A US 2013-0318285 A1 (DAVID J. PIGNATELLI) 28 November 2013 1-17
See paragraphs [0058], [0065]; and figures 1-2.
A US 2010-0275037 A1 (CHARLES C. LEE et al.) 28 October 2010 1-17
See paragraphs [0054]-[0056]; and figure 2.
A US 2014-0006675 A1 (ALON MEIR) 02 January 2014 1-17
See paragraphs [0020]-[0029]; and figure 3.
A US 2014-0043918 A1 (JACKSON L. ELLIS et al.) 13 February 2014 1-17
See paragraphs [0020]-[0030]; and figure 2.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search
11 September 2015 (11.09.2015)

Date of mailing of the international search report

21 September 2015 (21.09.2015)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-10, Seo-gu, Daejeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer

BYUN, Sung Cheal

Telephone No.

+82-42-481-8262

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2014-0114887 Al 24/04/2014 CN 104303166 A 21/01/2015
CN 104335196 A 04/02/2015
CN 104380269 A 25/02/2015
KR 10-2014-0137398 A 02/12/2014
KR 10-2015-0003363 A 08/01/2015
KR 10-2015-0047550 A 04/05/2015
KR 10-2015-0047551 A 04/05/2015
KR 10-2015-0047552 A 04/05/2015
KR 10-2015-0052102 A 13/05/2015
KR 10-2015-0059721 A 02/06/2015
KR 10-2015-0059775 A 02/06/2015
KR 10-2015-0063044 A 08/06/2015
KR 10-2015-0070107 A 24/06/2015
US 2014-0114928 Al 24/04/2014
US 2014-0115207 Al 24/04/2014
US 2014-0115208 Al 24/04/2014
US 2014-0115268 Al 24/04/2014
US 2014-0115374 Al 24/04/2014
US 2014-0115420 Al 24/04/2014
US 2014-0201463 Al 17/07/2014
US 2014-0215112 Al 31/07/2014
US 2014-0215437 Al 31/07/2014
US 2015-067210 Al 05/03/2015
WO 2014-065873 Al 01/05/2014
WO 2014-065875 Al 01/05/2014
WO 2014-065876 Al 01/05/2014
WO 2014-065877 Al 01/05/2014
WO 2014-065878 Al 01/05/2014
WO 2014-065879 Al 01/05/2014
WO 2014-065880 Al 01/05/2014
WO 2014-065881 Al 01/05/2014
WO 2014-065882 Al 01/05/2014
WO 2014-065883 Al 01/05/2014
WO 2014-065884 Al 01/05/2014
US 2013-0318285 Al 28/11/2013 CN 104520932 A 15/04/2015
KR 10-2015-0022847 A 04/03/2015
WO 2013-176912 Al 28/11/2013
US 2010-0275037 Al 28/10/2010 CN 101097551 A 02/01/2008
CN 101118783 A 06/02/2008
CN 101122865 A 13/02/2008
CN 101122865 B 14/07/2010
CN 101122887 A 13/02/2008
CN 101398764 A 01/04/2009
CN 101398785 A 01/04/2009
CN 101399075 A 01/04/2009
CN 101399076 A 01/04/2009
CN 101403997 A 08/04/2009

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date

CN 101409111 A 15/04/2009
CN 101425324 A 06/05/2009
CN 101630375 A 20/01/2010
CN 101644995 A 10/02/2010
CN 101644995 B 28/12/2011
CN 101727976 A 09/06/2010
CN 101727976 B 19/09/2012
CN 101923512 A 22/12/2010
CN 101923512 B 20/03/2013
CN 102469715 A 23/05/2012
CN 2859750 Y 17/01/2007
CN 2886681 Y 04/04/2007
JP 03274433 B2 15/04/2002
JP 03338417 B2 28/10/2002
JP 2001-005945 A 12/01/2001
JP 2001-118046 A 27/04/2001
TW 200813713 A 16/03/2008
TW 200842887 A 01/11/2008
TW 200915080 A 01/04/2009
TW 200917017 A 16/04/2009
TW 200917256 A 16/04/2009
TW 200926394 A 16/06/2009
TW 201005652 A 01/02/2010
TW 1351599 B 01/11/2011
US 2003-061474 Al 27/03/2003
US 2004-236980 Al 25/11/2004
US 2005-055481 Al 10/03/2005
US 2005-059273 Al 17/03/2005
US 2005-059301 Al 17/03/2005
US 2005-070138 Al 31/03/2005
US 2005-085129 Al 21/04/2005
US 2005-085133 Al 21/04/2005
US 2005-114587 Al 26/05/2005
US 2005-120146 Al 02/06/2005
US 2005-120157 Al 02/06/2005
US 2005-120163 Al 02/06/2005
US 2005-127735 Al 16/06/2005
US 2005-138288 Al 23/06/2005
US 2005-156333 Al 21/07/2005
US 2005-160213 Al 21/07/2005
US 2005-160218 Al 21/07/2005
US 2005-164532 Al 28/07/2005
US 2005-181645 Al 18/08/2005
US 2005-182881 Al 18/08/2005
US 2005-193161 Al 01/09/2005
US 2005-193162 Al 01/09/2005
US 2005-197017 Al 08/09/2005
US 2005-201148 Al 15/09/2005
US 2005-204187 Al 15/09/2005
US 2005-223158 Al 06/10/2005

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2006-002096 Al 05/01/2006
US 2006-030080 Al 09/02/2006
US 2006-067054 Al 30/03/2006
US 2006-075395 Al 06/04/2006
US 2006-161725 Al 20/07/2006
US 2006-286865 Al 21/12/2006
US 2006-294272 Al 28/12/2006
US 2007-076387 Al 05/04/2007
US 2007-079043 Al 05/04/2007
US 2007-118688 Al 24/05/2007
US 2007-130414 Al 07/06/2007
US 2007-130436 Al 07/06/2007
US 2007-143509 Al 21/06/2007
US 2007-147157 Al 28/06/2007
US 2007-150963 Al 28/06/2007
US 2007-156587 Al 05/07/2007
US 2007-168614 Al 19/07/2007
US 2007-178769 Al 02/08/2007
US 2007-180264 Al 02/08/2007
US 2007-183209 Al 09/08/2007
US 2007-184685 Al 09/08/2007
US 2007-184719 Al 09/08/2007
US 2007-197101 Al 23/08/2007
US 2007-198856 Al 23/08/2007
US 2007-201274 Al 30/08/2007
US 2007-204128 Al 30/08/2007
US 2007-204206 Al 30/08/2007
US 2007-233955 Al 04/10/2007
US 2007-250564 Al 25/10/2007
US 2007-255891 Al 01/11/2007
US 2007-262155 Al 15/11/2007
US 2007-268754 Al 22/11/2007
US 2007-274032 Al 29/11/2007
US 2007-276987 Al 29/11/2007
US 2007-276988 Al 29/11/2007
US 2007-283428 Al 06/12/2007
US 2007-292009 Al 20/12/2007
US 2007-293088 Al 20/12/2007
US 6547130 Bl 15/04/2003
US 6854984 Bl 15/02/2005
US 6874044 B1 29/03/2005
US 7004794 B2 28/02/2006
US 7021971 B2 04/04/2006
US 7035110 B1 25/04/2006
US 7044802 B2 16/05/2006
US 7069369 B2 27/06/2006
US 7073010 B2 04/07/2006
US 7082056 B2 25/07/2006
US 7094074 B2 22/08/2006
US 7095617 Bl 22/08/2006

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 7103684 B2 05/09/2006
US 7103765 B2 05/09/2006
US 7104848 B1 12/09/2006
US 7108560 Bl 19/09/2006
US 7125287 Bl 24/10/2006
US 7130958 B2 31/10/2006
US 7174628 Bl 13/02/2007
US 7182646 Bl 27/02/2007
US 7186147 B1 06/03/2007
US 7215551 B2 08/05/2007
US 7243185 B2 10/07/2007
US 7249978 B1 31/07/2007
US 7257714 Bl 14/08/2007
US 7259967 B2 21/08/2007
US 7264992 B2 04/09/2007
US 7269004 Bl 11/09/2007
US 7296345 Bl 20/11/2007
US 7297024 B2 20/11/2007
US 7299316 B2 20/11/2007
US 7301776 Bl 27/11/2007
US 7318117 B2 08/01/2008
US 7333364 B2 19/02/2008
US 7347736 B2 25/03/2008
US 7365985 Bl 29/04/2008
US 7383362 B2 03/06/2008
US 7394661 B2 01/07/2008
US 7407393 B2 05/08/2008
US 7420803 B2 02/09/2008
US 7427217 B2 23/09/2008
US 7428605 B2 23/09/2008
US 7438562 B2 21/10/2008
US 7440286 B2 21/10/2008
US 7440287 Bl 21/10/2008
US 7447037 B2 04/11/2008
US 7457897 Bl 25/11/2008
US 7466556 B2 16/12/2008
US 7467290 B2 16/12/2008
US 7471556 B2 30/12/2008
US 7475174 B2 06/01/2009
US 7476105 B2 13/01/2009
US 7479039 B2 20/01/2009
US 7483329 B2 27/01/2009
US 7507119 B2 24/03/2009
US 7517252 B2 14/04/2009
US 7524198 B2 28/04/2009
US 7535088 B2 19/05/2009
US 7535719 B2 19/05/2009
US 7544073 B2 09/06/2009
US 7547218 B2 16/06/2009
US 7552251 B2 23/06/2009

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 7576990 B2 18/08/2009
US 7606111 B2 20/10/2009
US 7609523 Bl 27/10/2009
US 7610438 B2 27/10/2009
US 7620769 B2 17/11/2009
US 7628622 B2 08/12/2009
US 7631195 B1 08/12/2009
US 7643334 Bl 05/01/2010
US 7649742 B2 19/01/2010
US 7649743 B2 19/01/2010
US 7657692 B2 02/02/2010
US 7660938 Bl 09/02/2010
US 7660941 B2 09/02/2010
US 7664902 Bl 16/02/2010
US 7673080 Bl 02/03/2010
US 7676640 B2 09/03/2010
US 7680977 B2 16/03/2010
US 7690030 Bl 30/03/2010
US 7690031 B2 30/03/2010
US 7702831 B2 20/04/2010
US 7702984 B1 20/04/2010
US 7707321 B2 27/04/2010
US 7707354 B2 27/04/2010
US 7708570 B2 04/05/2010
US 7740493 B2 22/06/2010
US 7744387 B2 29/06/2010
US 7761653 B2 20/07/2010
US 7768785 B2 03/08/2010
US 7768789 B2 03/08/2010
US 7769944 B2 03/08/2010
US 7771215 Bl 10/08/2010
US 7788553 B2 31/08/2010
US 7789680 B2 07/09/2010
US 7795714 B2 14/09/2010
US 7802155 B2 21/09/2010
US 7804163 B2 28/09/2010
US 7806705 B2 05/10/2010
US 7809862 B2 05/10/2010
US 7814337 B2 12/10/2010
US 7818492 B2 19/10/2010
US 7827348 B2 02/11/2010
US 7830666 B2 09/11/2010
US 7836236 B2 16/11/2010
US 7844763 B2 30/11/2010
US 7849242 B2 07/12/2010
US 7850082 Bl 14/12/2010
US 7850468 B2 14/12/2010
US 7855099 B2 21/12/2010
US 7861312 B2 28/12/2010
US 7865630 B2 04/01/2011

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date

US 7865809 Bl 04/01/2011
US 7866562 B2 11/01/2011
US 7869218 B2 11/01/2011
US 7869219 B2 11/01/2011
US 7872871 B2 18/01/2011
US 7872873 B2 18/01/2011
US 7873837 Bl 18/01/2011
US 7873885 Bl 18/01/2011
US 7874067 Bl 25/01/2011
US 7877542 B2 25/01/2011
US 7878852 B2 01/02/2011
US 7886108 B2 08/02/2011
US 7889544 B2 15/02/2011
US 7890846 B2 15/02/2011
US 7930531 B2 19/04/2011
US 7934037 B2 26/04/2011
US 7934074 B2 26/04/2011
US 7941916 B1 17/05/2011
US 7944702 B2 17/05/2011
US 7944703 B2 17/05/2011
US 7953931 B2 31/05/2011
US 7962836 Bl 14/06/2011
US 7965546 B2 21/06/2011
US 7966429 B2 21/06/2011
US 7966462 B2 21/06/2011
US 7984303 B1 19/07/2011
US 7987006 B2 26/07/2011
US 8014130 B1 06/09/2011
US 8015348 B2 06/09/2011
US 8021166 Bl 20/09/2011
US 8037234 B2 11/10/2011
US 8043099 Bl 25/10/2011
US 8060670 B2 15/11/2011
US 8073985 Bl 06/12/2011
US 8078794 B2 13/12/2011
US 8095971 B2 10/01/2012
US 8102658 B2 24/01/2012
US 8102662 B2 24/01/2012
US 8108590 B2 31/01/2012
US 8112574 B2 07/02/2012
US 8116083 B2 14/02/2012
US 8141240 B2 27/03/2012
US 8166221 B2 24/04/2012
US 8171204 B2 01/05/2012
US 8180931 B2 15/05/2012
US 8200862 B2 12/06/2012
US 8241047 B2 14/08/2012
US 8254134 B2 28/08/2012
US 8262416 B2 11/09/2012
US 8266367 B2 11/09/2012

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/037172
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 8296467 B2 23/10/2012
US 8341332 B2 25/12/2012
US 8452912 B2 28/05/2013
US RE40115 E1 26/02/2008
US 2014-0006675 Al 02/01/2014 US 08856573 B2 07/10/2014
WO 2014-004218 Al 03/01/2014
US 2014-0043918 Al 13/02/2014 US 08842480 B2 23/09/2014

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report
	Page 28 - wo-search-report
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report

