DEVICE FOR CONTROLLING STATE MACHINE AND METHOD OF
OPERATING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This patent application claims benefit of priority to Korean Patent Application
No. 10-2023-0038613, filed on 24 March 2023, in the Korean Intellectual Property Office, the

disclosure of which being incorporated by reference herein in its entirety.

TECHNICAL FIELD
[0002] The present disclosure relates to a device for controlling a state machine and a
method of operating the same.
BACKGROUND
[0003] A peripheral component interconnect express (PCle) interface protocol is

widely used in the computing industry to facilitate high-speed data transmission. The PCle
interface protocol provides a bidirectional connection, capable of simultaneously transmitting
and receiving data. PCle devices, communicating through the PCle interface protocol, require

a process of configuring a link to communicate with each other.

SUMMARY

[0004] It is an aspect to provide a device for preventing a conflict of transition
operations between states in a state machine and a deadlock state in a state, and a method of
operating the same.

[0005] According to an aspect of one or more example embodiments, there is provided
a device comprising a port connected to a link comprising one or more lanes to support
communication between the device and another device; and a controller configured to control

the link based on a link training and status state machine (LTSSM). The port receives two
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received sequences, each defined as a training sequence, through the link in a recovery state
included in the LTSSM, the training sequence comprising a first symbol including a lane
number or a special symbol, and a second symbol including a loopback bit, and the controller
transitions from the recovery state to a loopback state included in the LTSSM, based on the
first symbol including the lane number and the loopback bit being set to an active logic state,
for both of the two received sequences.

[0006] According to an aspect of one or more example embodiments, there is provided
a method of operating a device, the method comprising receiving two received sequences, each
defined as a training sequence, through a link comprising one or more lanes in a recovery state
included in a link training and status state machine (LTSSM), the training sequence comprising
a first symbol including a lane number or a special symbol, and a second symbol including a
loopback bit; and transitioning from the recovery state to a loopback state included in the
LTSSM, based on the first symbol including the lane number and the loopback bit being set to
an active logic state, for both of the two received sequences.

[0007] According to an aspect of one or more example embodiments, there is provided
a storage device comprising a nonvolatile memory; a port connected to a link, comprising one
or more lanes, to support communication between the storage device and another device; and
a controller connected to the nonvolatile memory and the port and configured to control the
link based on a link training and status state machine (LTSSM). The controller is configured
to control the port to receive two received sequences, each defined as a training sequence, in a
recovery state included in the LTSSM, the training sequence comprising a first symbol
including a lane number or a special symbol, and a second symbol including a loopback bit;
and transition from the recovery state to a loopback state included in the LTSSM, based on the
first symbol including the lane number and the loopback bit being set to an active logic state,

for both of the two received sequences.



BRIEF DESCRIPTION OF DRAWINGS

[0008] The above and other aspects will be more clearly understood from the following

detailed description, taken in conjunction with the accompanying drawings.

[0009] FIG. 1 is a diagram illustrating a peripheral component interconnect express
(PCle) link.

[0010] FIG. 2 is a diagram illustrating an example of a layer model.

[0011] FIG. 3 is a diagram illustrating an electronic system according to an example
embodiment.

[0012] FIG. 4 is a diagram illustrating a training sequence according to an example
embodiment.

[0013] FIG. 5 is a diagram illustrating a plurality of bits included in a symbol 4 of

FIG. 4, according to an example embodiment.

[0014] FIG. 6 is a diagram illustrating an example of a state machine, according to
some example embodiments.

[0015] FIG. 7 is a diagram illustrating an example of a transition operation in a set state,
according to some example embodiments.

[0016] FIG. 8 is a diagram illustrating an example of a transition operation in a recovery
state, according to some example embodiments.

[0017] FIG. 9 is a diagram illustrating an example of a collision between transitions in
a recovery state.

[0018] FIG. 10 is a diagram illustrating a method of prioritizing transitions in a
recovery state according to an example embodiment.

[0019] FIG. 11 is a diagram illustrating an operation in a loopback state according to

an example embodiment.



[0020] FIG. 12 is a diagram illustrating an operation in a loopback state according to
an example embodiment.

[0021] FIG. 13 is a diagram illustrating a speed change bit for each state according to
an example embodiment.

[0022] FIG. 14 is a diagram illustrating an operation of setting flag bits according to an
example embodiment.

[0023] FIG. 15 is a diagram illustrating a transition operation between states included
in an LTSSM according to an example embodiment.

[0024] FIG. 16 is a diagram illustrating a state transition operation between ports
according to an example embodiment.

[0025] FIG. 17 is a flowchart illustrating a method of operating a device according to
an example embodiment.

[0026] FIG. 18 is a flowchart illustrating a state transition operation method of a device
according to an example embodiment.

[0027] FIG. 19 is a flowchart illustrating a data rate change operation method according
to an example embodiment.

[0028] FIG. 20 is a flowchart illustrating a flag bit configuration operation method

according to an example embodiment.

[0029] FIG. 21 is a diagram illustrating a device according to an example embodiment.
[0030] FIG. 22 is a diagram illustrating a storage device according to an example
embodiment.

DETAILED DESCRIPTION
[0031] Hereinafter, example embodiments will be described with reference to the

accompanying drawings.



[0032] FIG. 1 is a diagram illustrating a peripheral component interconnect express
(PCIe) link, according to an example embodiment.

[0033] Referring to FIG. 1, a PCIe may support an interaction between two components.
The components may transmit and receive a packet to and from each other through a link 103.
The component may correspond to a physical device transmitting and receiving a packet
through the link 103. For ease of description, the two components connected through the link
103 may be referred to as devices including a first device 101 and a second device 102.
[0034] The link 103 may correspond to a dual-simplex communications channel
connecting ports of the two components to each other. A port may be defined as an interface
between the link 103 and the two components from a logical perspective, and may be defined
as a group of transceivers defining the link 103 from a physical perspective. Accordingly, in
the present specification, objects disposed on opposite ends of the link 103 may be described
as ports as well as components including devices.

[0035] The link 103 may include one or more lanes Lal, La2, La3, and La4 between
the two ports. Each of the lanes Lal, La2, La3, and La4 may include a transmit pair and a
receive pair, two differential driving signal pairs. That is, for example, the lane Lal may
include a transmit pair and a receive pair, the lane La2 ma include a transmit pair and a receive
pair, and so on. A data clock used in the link 103 may be embedded using an encoding scheme
to achieve a significantly high data rate. The link 103 may aggregate a plurality of lanes Lal,
La2, La3, and La4 to extend a bandwidth. The lanes Lal, La2, La3, and La4 included in the
link 103 may be denoted by xN (where N is a width of a lane). For example, lanes supported
by PCle are x1, x2, x4, and x8, and x16. During hardware initialization, the link 103 may be
configured based on lane width negotiation and operating frequency negotiation by the two

components on opposite ends of the link 103. Each link 103 may support a number of lanes,



symmetrical in each direction. For example, the x16 link may include 16 differential signal
pairs in each direction.

[0036] FIG. 2 is a diagram illustrating an example of a layer model, according to an
example embodiment.

[0037] Referring to FIG. 2, a layer model 200 may be referred to as a protocol stack.
[0038] The layer model 200 may include a transaction layer 205, a data link layer 210,
and a physical layer 215. Each layer may include a portion, processing transmitted outbound
information, and a portion processing received inbound information.

[0039] Information may be transmitted between two components through packets.
Packets may be formed in the transaction layer 205 and the data link layer 210 to transfer
information from a transmission component to a reception component. Additional information,
used to process a transfer packet in another layer when the transfer packet passes through the
layer, may be extended. At a reception side, a reverse process may occur and packets may be
transferred to the transaction layer 205 via the physical layer 215 and the data link layer 210.
[0040] Transaction Layer 205

[0041] The transaction layer 205 may be an uppermost layer, and may be responsible
for assembly and disassembly of transaction layer packets (TLPs). The TLPs may be used for
transactional communications such as a read operation and a write operation, as well as specific
types of events. The transaction layer 205 may manage credit-based flow control for TLPs.
All request packets, requiring response packets, may be implemented as split transactions.
Each packet has a unique identifier allowing a response packet to be transmitted to a correct
component. A packet format may support different types of addressing based on the type of
transaction (memory, I/O, configuration, or message). The transaction layer 205 may support
four address spaces. For example, four address spaces may include three PCI address spaces

(memory, I/O, and configuration spaces), and a message space may be added thereto.
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[0042] Data Link Layer 210

[0043] The data link layer 210, an intermediate layer, may serve as an intermediate
stage between the transaction layer 205 and the physical layer 215. The data link layer 210
may be responsible for link management and data integrity, including error detection and error
correction. A transmission side of the data link layer 210 may receive the TLPs, assembled by
the transaction layer 205, to calculate and apply a data protection code and a TLP sequence
number and may transfer the assembled TLPs to the physical layer 215 for transmission through
the link 103. A reception side of the data link layer 210 may identify integrity of the received
TLPs and may transfer the identified TLPs to the transaction layer 205 for further processing.
When an error is detected in the TLPs, the data link layer 210 may request retransmission of
the TLPs until it is determined that either information has been received to be correct or the
link 103 has failed. The data link layer 210 may generate and consumes packets used for a
management function of the link 103. The packets of the data link layer 210 may be referred
to as DLPs or data link layer packets (DLLPs) to be distinguished from the packets used in the
transaction layer 205.

[0044] Physical Layer 215

[0045] The physical layer 215, a lowermost layer, may include all circuits for interface
operation such as a driver, an input buffer, parallel-to-serial (PS) and serial-to-parallel (SP)
converters, a phase-locked loop (PLL), and an impedance matching circuit. The physical layer
215 may include logical functions associated with interface initialization and maintenance. The
physical layer 215 may exchange information with the data link layer 210 in an appropriate
format. The physical layer 215 may convert the information, received from the data link layer
210, into a serial format and may transmit the converted information through the link 103 at a

frequency and a width compatible with other components.



[0046] The physical layer 215 may include a logical sub-block 216 and an electrical
sub-block 218 to physically transmit packets to another device. The logical sub-block 216 may
be responsible for ‘digital’ functions of the physical layer 215. For example, logical sub-block
216 may include a transmission unit, preparing outbound information for transmission by the
electrical sub-block 218, and a reception unit identifying and preparing information received
before transmitting the outbound information to the data link layer 210.

[0047] The electrical sub-block 218 may include a transmitter and a receiver. The
transmitter may be provided with symbols by the logical sub-block 216, and may serialize and
transmit the received symbols to another device. The receiver may be provided with the
serialized symbols from another device, and may convert a received signal into a bitstream.
The bitstream may be de-serialized and then provided to the logical sub-block 216.

[0048] Each physical layer 215 may include a state machine (SM) 220. The state
machine 220 may be defined as a set of states for exchanging and controlling state information
of the PCle link 103. The state machine 220 may have a plurality of states, responsible for
various link operations, and each of the plurality of states may have a sub-state. For example,
the state machine 220 may include a link training and status state machine (LTSSM).

[0049] Although an example of a PCle stack is illustrated in FIG. 2, the layer model
200 may include, for example, a PCle stack, a quick path interconnect (QPI) stack, a next-
generation high performance computing interconnect stack, or other various types of layers
protocol stacks. For example, a configuration of the layer model 200 may include a first layer
assembling or disassembling packets, a second layer stably transferring packets between the
first layer and a third layer, and the third layer transmitting and receiving the packets. In this
configuration, the third layer may include the state machine 220.

[0050] FIG. 3 is a diagram illustrating an electronic system according to an example

embodiment.



[0051] Referring to FIG. 3, an electronic system 300 according to an example
embodiment may include a processor 305, a memory 310, a root complex (RC) 315, a switch
320, and a plurality of endpoints 325 and 330. For example, the processor 305, the root
complex 315, the switch 320, and the plurality of endpoints 325 and 330 may each correspond
to an above-described component.

[0052] The processor 305 may control the overall operation of the electronic system
300. For example, the processor 305 may include at least one of a central processing unit
(CPU), a graphics processing unit (GPU), an application processor (AP), or a communications
processor (CP). The processor 305 may transmit and receive packets through the plurality of

endpoints 325 and 330 and the root complex 315 and the switch 320.

[0053] For example, the processor 305 may correspond to a host or be included in the
host.
[0054] The memory 310 may include any memory device such as a random access

memory (RAM), a nonvolatile memory, or another memory accessible by devices inside the
electronic system 300. The memory 310 may be connected to the root complex 315.

[0055] The root complex 315 may manage a data flow of components included in
electronic system 300. For example, the root complex 315 may control a data path, schedule
data transmission, or resolve communication collision. For example, the root complex 315
may support generation of a configuration request, as a requester.

[0056] In some examples, the switch 320 may be coupled to the root complex 315. The
plurality of endpoints 325 and 330 may be connected to the root complex 315 through the
switch 320. The switch 320 may control a data path between the root complex 315 and the
plurality of endpoints 325 and 330.

[0057] The root complex 315 and the switch 320 may be implemented as various

hardware circuits for data control and data transmission.
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[0058] The endpoints 325 and 330 may represent the type of function which may be a
requester or a completer of a PCle transaction. The endpoints 325 and 330 may communicate
with processor 305 via the root complex 315 and the switch 320. For example, the plurality of
endpoints 325 and 330 may communicate with each other via the switch 320 in a peer-to-peer
manner. In this case, the processor 305 may intervene in processing data exchanged between
the plurality of endpoints 325 and 330.

[0059] For example, in some example embodiments, each of the endpoints 325 and 330
may be a storage device. In some example embodiments, each of the endpoints 325 and 330
may be any internal or external device or component to be coupled to an electronic system,
such as an I/O device, a Network Interface Controller (NIC), an add-in card, an audio processor,
a network processor, a hard-drive, a storage device, a CD/DVD ROM, a monitor, a printer, a
mouse, a keyboard, a router, a portable storage device, a Firewire device, a Universal Serial
Bus (USB) device, a scanner, and other input/output devices.

[0060] A data flow in a direction away from the above-described root complex 315 may
be defined as a downstream, and a data flow in a direction toward the root complex 315 may
be defined as an upstream. A port transmitting and receiving data in a downstream direction
may be defined as a downstream port (DSP), and a port transmitting and receiving data in an
upstream direction may be defined as an upstream port (USP). For example, a port included
in the root complex 315 may be a downstream port. For example, a port included in the
endpoints 325 and 330 may be an upstream port.

[0061] For example, the switch 320 may transmit packets/messages from a plurality of
devices upstream, or transmit packets/messages from the processor 305 downstream.

[0062] According to various embodiments, the devices 101 and 102 may perform
operations for setup and initialization of each link 103 for an operation in a normal state such

as, for example, LO. The setup and initialization may be performed through link training
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operations of a physical layer. For example, at least one of a link width, a link data rate, lane
reversal, and a lane polarity may be configured through a link training operation. For example,
the link training operation may include at least one of link data rate negotiation, bit locking for
each lane, a lane polarity, symbol locking for each line, lane ordering in the link 103, link width
negotiation, or a lane-to-lane deskew.

[0063] Link training may build unassociated lanes of a port into a lane forming the link
103. The devices 101 and 102 may use a training sequence (TS) for a training operation of
appropriately configuring a line as a desired link 103. The training sequence may be defined
as packets transmitted and received between the devices 101 and 102 to share states of the links
103 of the devices 101 and 102 and to manage information. In an example embodiment, the
training sequence may include a plurality of symbols, and each of the symbols may control

unique link information. For example, the symbol may correspond to a byte unit.

[0064] For example, the training sequence may be TS1 and/or TS2 defined by the PCle
specification.
[0065] FIG. 4 is a diagram illustrating a training sequence according to an example
embodiment.
[0066] Referring to FIG. 4, a training sequence may include a plurality of symbols, and

each of the symbols may have a unique field. For ease of description, the symbol is illustrated
as including symbol 0 to symbol 6, but example embodiments are not limited thereto. For
example, the training sequence of FIG. 4 may be TS1.

[0067] The symbol 0 may represent a training sequence identifier. For example, when
a data rate is 2.5 or 5.0 gigatransfers per second (GT/s), the symbol 0 may be set to ‘COM.’
The symbol 1 may represent a link number. The symbol 2 may represent a lane number. The
symbol 3 may represent a number of a fast training sequence N_FTS. The symbol 4 may

represent a data rate identifier. The symbol 5 may include a bit associated with training control.
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The symbol 6 may be encoded as a TS1 identifier. Symbols subsequent to the symbol 6 may
comply with the PCle specification.

[0068] For example, when a value of a bit included in each symbol of the training
sequence is ‘Ob,’” it may imply that the bit has been cleared. When the value of the bit is ‘1b,’
it may imply that the bit has been set. In this case, ‘Ob’ may be defined as an inactive logic
state, and ‘1b’ may be defined as an active logic state.

[0069] The symbol 1 and the symbol 2 may be used for link width negotiation and lane
ordering negotiation. For example, the symbol 1 and the symbol 2 may have each link number
or each lane number set through the negotiation, or may have a special symbol. According to
the PCle specification, the special symbol may be defined as ‘PAD,’ and the ‘PAD’ may imply
that a link number or a lane number has not yet been set.

[0070] For example, the symbol 5 may include a plurality of bits, and one of the
plurality of bits may be a loopback bit for training control. When the loopback bit is ‘1b,” for
example, an active logic state, it may refer to a transition to a loopback state included in an
LTSSM to be described later.

[0071] FIG. 5 is a diagram illustrating a plurality of bits included in the symbol 4 of
FIG. 4, according to an example embodiment.

[0072] Referring to FIG. 5, the symbol 4 may include bit 0 through bit 7, and each bit
may represent information associated with a data rate. The bit 0 may be a reserved bit for a
data rate which may be supported later. The bit 1 through the bit 5 may represent 2.5, 5.0, 8,
16 and 32 GT/S, respectively. The bit 6 may represent de-emphasis.

[0073] The bit 7 may represent a speed change bit speed change indicating a change
in speed. For example, the bit 7 may allow a device, receiving a training sequence, to determine
whether to maintain or change a data speed for a link operation. For example, when a value of

the bit 7 is ‘1b,” for example, an active logic state, a change in data speed may be performed.
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[0074] According to various embodiments, the bit 7 may be set in some states, among
the states included in the LTSSM. The bit 7 will be described in detail later.

[0075] The devices 101 and 102 may perform a training operation while transmitting
and receiving a training sequence therebetween. In other words, the device 101 may perform
the training operation while transmitting and receiving a training sequence with the device 102.
Similarly, the device 102 may perform the training operation while transmitting and receiving
a training sequence with the device 101. The devices 101 and 102 may perform a training
operation based on a state machine included in a physical layer of the device. Hereinafter, the
state machine included in the above-described layer (or the third layer) will be described in
detail.

[0076] FIG. 6 is a diagram illustrating an example of a state machine, according to an
example embodiment. In some example embodiments, the state machine may be a state
machine of the device 101 or the device 102.

[0077] Referring to FIG. 6, the state machine may be a state machine for link training
to exchange and control state information of the link 103. The state machine may be, for
example, a link training and status state machine (LTSSM). The LTSSM may include a detect
state, a polling state, a configuration state CS, a recovery state RS, an LO state, an LOs state, an
L1 state, an L2 state, a disabled state, a loopback state LS, and a hot reset state.

[0078] The detect state may be a state for detecting whether an end termination
connected to the link 103 is present. In the polling state, bit locking and symbol locking may
be performed or a lane polarity may be set. The configuration state may be a state for managing
a configuration of the link 103. In the configuration state CS, the transmitter and receiver may
transmit and receive data to negotiate a data rate. For example, the symbol 1 and the symbol 2
may be configured in the configuration state CS. In the recovery state RS, an error of the link

103 may be recovered or a change in data rate may be controlled. The LO state may be a normal
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state in which data and control packets may be transmitted and received. The LOs and L1 states
may be states for power saving. The L2 state may be a state for maximum power savings. In
the L2 state, most transmitters and receivers may be turned off. The disabled state may cause
the configured link 103 to be disabled. The loopback state LS may be a state in which, when
it is determined that a specific device fails, the device is allowed to remain in a test state by
isolating a link 103 of the device from the perspective of a host. The hot reset state may be a
state for configuring the configured link 103.

[0079] According to various examples, one of the plurality of states included in the
state machine may transition to one or more other states. Except for conditions for transition
between states partially mentioned herein, remaining conditions for transition between states
may comply with the PCle specification.

[0080] FIG. 7 is a diagram illustrating an example of a transition operation of the
configuration state, according to an example embodiment.

[0081] Referring to FIG. 7, the configuration state CS may include, for example, a first
configuration state Configuration.Linkwidth.Start (CS1), a second configuration state
Configuration.Linkwidth.Accept (CS2), a third configuration state
Configuration.Lanenum. Wait (CS3), a fourth configuration state
Configuration.Lanenum.Accept (CS4), a fifth configuration state Configuration.Complete
(CS5), and a sixth configuration state Configuration.Idle (CS6).

[0082] In the first configuration state CS1, a link width may be configured. For
example, the first configuration state CS1 may transition to a loopback state when the devices
101 and 102 may receive two training sequences for all lanes and a loopback bit included in
each training sequence is set to an active logic state. For example, the first configuration state
CS1 may transition to the second configuration state CS2 when a training sequence, in which

a link number and a lane number are each set to ‘PAD,’ is received first from one or more lanes.
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[0083] FIG. 8 is a diagram illustrating an example of a transition operation of the
recovery state, according to an example embodiment.

[0084] Referring to FIG. 8, the recovery state RS may include, for example, a first
recovery state Recovery.RcvrLock (RS1), a second recovery state Recovery.RcvrCfg (RS2), a
third recovery state Recovery.Idle (RS3), a fourth recovery state Recovery.Equalization (RS4),
and a fifth recovery state Recovery.Speed (RS5).

[0085] A transition to the first recovery state RS1 may be performed to change error
occurrence or a data rate. In the second recovery state RS2, an operation may be performed to
exchange variables required for equalization after the data rate is changed through the first
recovery state RS1. The third recovery state RS3 may be a state for finally checking the link
103 before entering a normal state LO.

[0086] For example, the third recovery state RS3 may transition to the configuration
state when the devices 101 and 102 receive two training sequences for one or more lanes and
a lane number included in each training sequence is set to ‘PAD.” For example, the third
recovery state RS3 may transition to a loopback state when the devices 101 and 102 receive
two training sequences for one or more lanes and a loopback bit included in each training
sequence is set to an active logic state.

[0087] For example, the devices 101 and 102 in the third recover state RS3 receive a
training sequence, a loopback bit included in a sequence received by a device (hereinafter
referred to as a “received sequence” for brevity of description) may be set to an active logic
state and a symbol representing a lane number may be set to ‘PAD.’

[0088] FIG. 9 is a diagram illustrating an example of a collision between transitions in
the recovery state.

[0089] Referring to FIG. 9, when each of the devices 101 and 102 is in the recovery

state, the devices 101 and 102 may transition to the second recovery state RS2 after initially
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entering the first recovery state RS1, and may then transition to the third recovery state to
finally check the link 103 before entering the LO state.

[0090] According to an example embodiment, a first transition condition 405 for
transition of a device from the third recovery state RS3 to the loopback state may be to receive
two received sequences in which loopback bits for one or more lanes are set to an active logic
state. In some example embodiments, the first transition condition 405 for transition of the
device from the third recovery state RS3 to the loopback state may be to receive two
consecutive received sequences in which the loopback bits for one or more lanes are set to the
active logic state. A second transition condition 410 for transition of a device from the third
recovery state RS3 to the configuration state may be to receive two received sequences in which
a single symbol, including a lane number or a special symbol for one or more lanes, includes
the special symbol. In some example embodiments, the second transition condition 410 for
transition of the device from the third recovery state RS3 to the configuration state may be to
receive two consecutive received sequences in which a single symbol, including a lane number
or a special symbol for one or more lanes, includes the special symbol (e.g., ‘PAD’). A third
transition condition 415 for transition of a device from the configuration state to the loopback
state may be to receive two received sequences in which loopback bits are set to an active logic
state for all lanes. In some example embodiments, the third transition condition 415 for
transition of the device from the configuration state to the loopback state may be to receive two
consecutive received sequences in which the loopback bits are set to the active logic state for
all lanes.

[0091] For example, a symbol for the first transition condition 405 and the third
transition condition may be a symbol 2 included TS1, and a symbol for the second transition

condition 410 may be a symbol 5 included in TS1.
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[0092] In the devices 101 and 102 in the third recovery state RS3, a single symbol may
include a special symbol, and a loopback bit included in another symbol may be set to an active
logic state. In this case, the received sequence may satisfy both the first transition condition
405 and the second transition condition 410. Accordingly, the first transition condition 405
and the second transition condition 410 may be simultaneously satisfied.

[0093] When the first transition condition 405 and the second transition condition 410
are not prioritized according to the example embodiment of FIG. 9, one of the devices 101 and
102 may transition to the loop state under the first transition condition 405, and the other device
of the devices 101 and 102 may transition to the configuration state under the second transition
condition 410. In this case, the other device may transition to the loopback state when receiving
a received sequence satisfying the third transition condition 415 in the configuration state. For
example, the other device may enter the first configuration state CS1, and may then transition
to the loopback state when receiving a received sequence satisfying the third transition
condition 415.

[0094] The devices 101 and 102 may enter a first loopback state LS1 when transitioning
to the loopback state, and a determination may then be made as to whether the device
transitioned to the loopback state LS1 from the configuration state (420). When the device
transitioned to the loopback state LS1 from the configuration state (420, Yes), the device may
change a current data rate to a maximum value (for example, a highest data rate that the device
is capable of supporting) (425). The maximum value may be predetermined and may be a
highest data rate. Then, the device may transition to a second loopback state LS2. On the other
hand, when the device did not transition to the loopback state LS1 from the configuration state
(420, No), the device may directly transition to the second loopback state LS2.

[0095] As a more detailed example, among the devices 101 and 102 transitioning to the

loopback state, one device of the devices 101 and 102 directly transitioning from the third
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recovery state RS3 may directly transition to the second loopback state LS2. However, the
other device of the devices 101 and 102 transitioning from the configuration state may have a
maximum data rate, supportable according to 425. Accordingly, the devices 101 and 102 may
operate at different data rates.

[0096] The operations of the link 103 of the devices 101 and 102 having different data
rates are unpredictable. For example, when one device has a maximum data rate and the other
device has an existing data rate, a transmit clock signal and a receive clock signal may have
different frequencies, so that the devices 101 and 102 may continuously fail to decode received
signals. As aresult, the devices 101 and 102 may not interpret signals transmitted and received
therebetween, and thus may not exit the loopback state, and the link 103 is likely to be in a
semi-permanent defect state.

[0097] FIG. 10 is a diagram illustrating a method of prioritizing transitions in a
recovery state according to an example embodiment.

[0098] Referring to FIG. 10, in an example embodiment, an order of determining a first
transition condition 510 for a device transitioning from the recovery state to the loopback state
and a second transition condition 505 for the device transitioning from the recovery state to the
configuration state may be prioritized. For example, in some example embodiments, the
second transition condition 505 may be determined prior to the first transition condition 510.
[0099] The second transition condition 505 may be determined first when a device in
the third recovery state RS receives two received sequences in which a single symbol includes
a special symbol and a loopback bit included in another symbol is set to an active logic state.
[0100] When the second transition condition 505 is satisfied (505, Yes), the device may
directly transition to the configuration state. For example, when a single symbol of two
received sequences received for one or more lanes includes a special symbol, the device may

directly transition to the configuration state.
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[0101] Alternatively, when the second transition condition 505 is not satisfied (505,
No), the device may determine the first transition condition 510, i.e., whether the device in the
third recovery state RS receives the two received sequences in which a loopback bit included
in another symbol is set to an active logic state. When the first transition condition 510 is
satisfied (510, Yes), the device may transition to the loopback state. For example, in some
example embodiments, when loopback bits of two received sequences received for one or more
lanes are set to the active logic state, the device may transition to the loopback state.

[0102] Alternatively, when the first transition condition 510 is not satisfied (510, No),
the device may be maintained in the recovery state.

[0103] In some example embodiments, when the first transition condition 510 is
satisfied (510, Yes), prior to transitioning to the loopback state the device may determine
whether a speed change bit speed _change included in the received sequence is set to ‘Ob,’, for
example, an inactive logic state (515). When the speed change bit speed change is in an
inactive logic state (515, Yes), the device may transition to the loopback state. Alternatively,
when the speed change bit speed change is set to ‘1b,’, for example, an active logic state (515,
No), the device may be maintained in the recovery state.

[0104] In the case in which the device has transitioned to the configuration state, the
device may transition to the loopback state when a third transition condition 520 is satisfied,
e.g., when the device receives two received sequences in which loopback bits are set to an
active logic state for all lanes (520, Yes). In some example embodiments, the third transition
condition 520 for a device to transition from the configuration state to the loopback state may
be to receive two consecutive received sequences in which the loopback bits are set to the
active logic state for all lanes. For example, the device may enter the first configuration state
CS1, and may then transition to the loopback state when receiving the received sequence

satisfying the third transition condition 520 (520, Yes).
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[0105] Alternatively, when the third transition condition 520 is not satisfied (520, No),
the device may be maintained in the configuration state.

[0106] The device may set the speed change bit speed change to ‘1b,” for example, to
an active logic state when transitioning from the configuration state to the loopback state (525).
The device may transmit and receive a training sequence including the speed change bit
speed_change set to an active logic state. In an example embodiment, the device may transition
from the configuration state to the loopback state based on the speed change bit speed change
included in the transmission sequence being set to an active logic state.

[0107] According to the above-described embodiments, when devices operate in a
recovery state, a gray area for loopback entry may be specified in a perspective of a
unidirectional port. For example, as illustrated in FIG. 9, when the devices 101 and 102 receive
areceived sequence satisfying both a first transition condition and a second transition condition
in a state in which a priority of the first and second transition conditions is unclear, the devices
101 and 102 may transition to the loopback state or the configuration state. When the device
enters the configuration state, the device may transition to the loopback state. However, when
the device directly enters the loopback state, the device is unable to enter the configuration
state without resetting a state. Accordingly, as illustrated in FIG. 10, the second transition
condition determining a transition to the configuration state may be identified prior to the first
transition, so that a grey area formed by existing transition conditions may be specified and a
transition to the configuration state, in which a transition to the loopback state is likely to occur,
may be first taken into consideration.

[0108] In addition, the grey area for loopback entry may be specified to block a
malfunction, which is likely to occur, from a perspective of logic associated with a state

machine.
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[0109] FIG. 11 is a diagram illustrating an operation in a loopback state according to
an example embodiment.

[0110] Referring to FIG. 11, when the device (e.g., the device 101 or the device 102)
according to an example embodiment enters a loopback state, the device may have a first
loopback state LS1. The device may transmit and receive training sequences in the first
loopback state LS1.

[0111] The device may identify speed change bits speed change for both a transmitted
sequence and a received sequence (605). When both the speed change bit speed change for
the transmitted sequence and the speed change bit speed change for the received sequence are
the same as ‘1b,’ for example, the active logic state (605, Yes), the device may change a data
rate for one or more lanes to a maximum value (610). The maximum value may be
predetermined and may be a highest data rate. For example, when both of the speed change

bits speed change are ‘1b’ as illustrated in FIG. 11, the device may change a data rate to a

highest data rate.
[0112] Then, the device may transition to a second loopback state LS2.
[0113] Alternatively, when the speed change bits speed change are different from each

other or both of the speed change bits speed change are ‘Ob,” for example, the inactive logic
state (605, No), the device may transition to the second loopback state LS2. When both of the
speed change bits speed _change are ‘Ob,’ the device does not transition from the configuration
state, and thus does not need to change the data rate to the maximum data rate.

[0114] According to the above-described embodiments, even when the devices 101 and
102 transition from different states (for example, the recovery state and the configuration state)
to the loopback state, data rates may be prevented from being different from each other. For
example, in the case of FIG. 9, when one device transitions from the recovery state to the

loopback state and the other device transitions from the configuration state to the loopback
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state, the other device should change a data rate to a maximum data rate, and in this case the
data rates may not match each other. According to the present disclosure, the device (e.g., one
of the devices 101 and 102) in the loopback state may change the data rate only when speed
change bits speed change of training sequences transmitted and received between the device
and the other one of the devices 101 and 102 match each other, thereby preventing a semi-
permanent defect state of the link 103 caused by the data rate mismatch.

[0115] According to the related art, when a semi-permanent defect state of a link 103
occurs, the link 103 should be recovered through an environment initialization such as power
reboot or warm reboot. Meanwhile, according to the present disclosure, the link 103 may be
recovered and an operation of the link 103 may be restarted through logic addition in the
loopback state without environment initialization.

[0116] FIG. 12 is a diagram illustrating an operation in a loopback state according to
an example embodiment.

[0117] Referring to FIG. 12, the device (e.g., the device 101 or the device 102) may
identify a speed change bit speed change for both a transmitted sequence and a received
sequence transmitted and received by the devices 101 and 102 (705). When the speed change
bit speed change is the same as ‘1b’ for both the transmitted sequence and the received
sequence (705, Yes), the device may change a data rate for one or more lanes to a maximum
value (710). The maximum value may be predetermined, and may be a highest data rate.
[0118] When the speed change bit speed _change is not the same as ‘1b’ for both the
transmitted sequence and the received sequence (705, No), for example, when either one of the
devices 101 and 102 does not intend to change the speed, the device may initialize the speed
change bit speed change to ‘Ob’ (715). For example, the devices 101 and 102 may maintain

the data rates.
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[0119] In the case in which a certain issue occurs within an operating data rate when
the devices 101 and 102 operate in the recovery state, the devices 101 and 102 may transition
to the loopback state to intend to isolate the links 103. For example, changing a data rate should
be taken into consideration only when the devices 101 and 102 unintentionally transition to the
configuration state, rather than when the devices 101 and 102 directly transition from the
recovery state to the loopback state. Accordingly, when one device intends to change a speed
according to the transition operation whereas the other device does not intend to change a speed,
all of the devices may maintain current data speeds.

[0120] In addition, as described above, when one of the devices 101 and 102 changes
a data rate to a maximum data rate when speed change bits speed_change of a training sequence
do not match each other, a semi-permanent defective state of the link 103 may also occur.
Accordingly, when the speed change bits speed _change do not match each other, current data
rates may be maintained to prevent a semi-permanent defect state of the link 103.

[0121] FIG. 13 is a diagram illustrating a speed change bit for each state according to
an example embodiment.

[0122] Referring to FIG. 13, according to an example embodiment, the devices 101 and
102 may monitor speed change bits speed change in a recovery state, a loopback state, and a
configuration state, among states included in the LTSSM.

[0123] For example, the devices 101 and 102 may use the speed change bit
speed_change in the recovery state, and may maintain the speed change bit speed _change to
be ‘Ob,” or change the speed change bit speed change to ‘1b’ in sub-states included in the
recovery state.

[0124] For example, the device may monitor the speed change bit speed change even
in a loopback state and a configuration state. For example, the device may set the speed change

bit speed_change to ‘1b’ when transitioning from the configuration state to the loopback state
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according to the above-described embodiments. The device may transmit and receive a training
sequence in which the speed change bit speed change is set to ‘1b.’

[0125] The device may transition to the loopback state based on transmission of a
training sequence, in which the speed change bit speed change is set to ‘1b’ when the
configuration state transition from the recovery state or a polling state. For example, the device
may transition from the configuration state to the loopback state when transmitting a training
sequence in which the speed change bit speed change is set to ‘1b’ downstream or upstream.
[0126] The device may monitor the speed change bit speed change in the loopback
state, and may perform a speed change operation only when speed change bits speed change
match each other between training sequences transmitted and received according to the above-
described embodiments.

[0127] FIG. 14 is a diagram illustrating an operation of configuring flag bits according
to an example embodiment.

[0128] Referring to FIG. 14, in an example embodiment, the devices 101 and 102 may
manage a flag bit loopback speed unmatched. The flag bit loopback speed unmatched may
be a variable managed internally by each of the devices 101 and 102. The flag bit
loopback speed unmatched may indicate whether speed change bits speed change match each
other between training sequences transmitted and received by the devices 101 and 102.

[0129] The devices 101 and 102 may transmit and receive a training sequence,
including a speed change bit speed_change, to and from each other (805).

[0130] The devices 101 and 102 may determine whether speed change bits
speed change of the transmitted and received training sequences are the same (810). For
example, in some example embodiments, the devices 101 and 102 may determine whether all

of the speed change bits speed change are ‘1b.’
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[0131] When the speed change bits speed change are not the same (810, No), the
devices 101 and 102 may set and manage the flag bit (loopback speed unmatched) to ‘1b’
(815). The flag bit loopback speed unmatched set to ‘1b’ implies that the speed change bits
speed change do not match each other. On the other hand, when the speed change bits
speed_change are the same (810, Yes), the device 101 and 102 may set and manage the flag bit
(loopback speed unmatched) to ‘Ob’ (820).

[0132] In an example embodiment, the devices 101 and 102 may perform logics of 805
to 820 before transitioning to the loopback state. In this case, the devices 101 and 102
transitioning to the loopback state may identify the flag bit loopback speed unmatched and
may change or maintain a data rate according to the flag bit loopback speed unmatched. For
example, the devices 101 and 102 may maintain the data rate and a loopback operation when
the flag bit loopback speed unmatched is ‘1b,” and may change the data rate when the flag bit
loopback speed unmatched is ‘0b.’

[0133] In an example embodiment, the devices 101 and 102 may set the flag bit
loopback speed unmatched to  ‘Ob,” for example, initialize the flag bit
loopback speed unmatched, based on a transition to a detect state. For example, according to
the PCle specification, the detect state may include a sub-detect state Detect.Quiet for
initializing an existing variable and identifying a signal stability state. The devices 101 and
102 may initialize the flag bit loopback speed unmatched when entering the sub detect state
Detect.Quiet.

[0134] In an example embodiment, the devices 101 and 102 may transition to the
loopback state when the flag bit loopback speed unmatched is set to ‘1b’ and a current state
is the configuration state.

[0135] FIG. 15 is a diagram illustrating a transition operation between states included

in an LTSSM according to an example embodiment.
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[0136] Referring to FIG. 15, the devices 101 and 102 may initially operate in a first
detect state Detect.Quiet (DS1) included in the detect state. The first detect state DS1 may be
a state in which the devices 101 and 102 initially stand by and may initialize variables and/or
registers to control physical layers.

[0137] Then, the devices 101 and 102 may transition from the first detect state (DS1)
to a second detect state Detect.Active (DS2). In the second detect state DS2, the devices 101
and 102 may select an operable lane, among a plurality of lanes, and may check whether a
physical environment for transmitting packets is configured for each lane.

[0138] Then, the devices 101 and 102 may transition from the detecting state to a
polling state. In a first pooling state Polling.Active (PS1) that the devices 101 and 102 enter
first, the devices 101 and 102 may initially transmit a packet such as a training sequence. The
devices 101 and 102 may identify a reference point for normally decoding the packet in the
first polling state PS1.

[0139] Then, the devices 101 and 102 may transition from the first pooling state PS1
to a second pooling state Polling.Configuration (PS2). In the second polling state PS2, the
devices 101 and 102 may check an internal configuration of each lane.

[0140] Then, the devices 101 and 102 may transition from the polling state to the
configuration state. The devices 101 and 102 may configure a link width in the first
configuration state CS1. In this case, when receiving two received sequences in which
loopback bits are set to ‘1b’ for all lanes, the devices 101 and 102 may directly transition to the
loopback state without configuring the link width (905).

[0141] Alternatively, the devices 101 and 102 may transition to LO when the operation

in the configuration state is completed.
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[0142] When an error occurs while the devices 101 and 102 operate in LO or there is a
need to change a set data rate, the devices 101 and 102 may transition to a recovery state from
LO.

[0143] The devices 101 and 102 may initially enter a first recovery state RS1, and may
transition to a second recovery state RS2 to exchange variables required for equalization after
the data rate is changed.

[0144] The devices 101 and 102 may transition from the second recovery state RS2 to
a third recovery state RS3 to finally check the link 103. When the link 103 is identified to be
normal, the devices 101 and 102 may transition from the third recovery state RS3 to LO.
[0145] Alternatively, a transition 910 from the third recovery state RS3 to the loopback
state may be performed according to the above-described embodiments. For example, the
devices 101 and 102 may transition to the loopback state when a single symbol included in the
two received sequences received in the third recovery state RS3 includes a lane number and
the loopback bit is ‘1b.’

[0146] Alternatively, a transition 915 from the third recovery state RS3 to the
configuration state may be performed according to the above-described embodiments. For
example, the devices 101 and 102 may transition to the configuration state when a single
symbol included in two received sequences received in the third recovery state RS3 includes a
special symbol.

[0147] FIG. 16 is a diagram illustrating a state transition operation between ports
according to an example embodiment.

[0148] Referring to FIG. 16, a downstream port DSP and an upstream port USP may
transmit and receive packets downstream and upstream, respectively. The downstream port

DSP may be included in or correspond to one of the above-described first device 101 and the
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second device 102, and the upstream port USP may be included in or correspond to the other
device (i.e., the other one of the above-described first device 101 and the second device 102).

[0149] The downstream port DSP may transmit a transmitted sequence TX TS 1005 to
the upstream port USP. For example, for all lanes, a single symbol included in the transmitted
sequence 1005 may include a special symbol, and a loopback bit included in the transmitted
sequence 1005 may be set to ‘1b.’

[0150] The upstream port USP may transmit a receive sequence RX TS 1010 to the
downstream port DSP. For example, a single symbol included in the received sequence 1010
may include lane numbers for one or more lanes, and a loopback bit included in the received
sequence 1010 may be set to ‘1b.” For example, the transmitted sequence 1005 and the received
sequence 1010 may be different from each other.

[0151] In FIG. 16, the transmitted sequence TX TS 1005 and the received sequence
RX TS 1010 each correspond to a training sequence and are respectively defined as a
‘transmitted sequence’ and a ‘received sequence’ in a perspective of the downstream port DSP,
for ease of description.

[0152] Since the single symbol included in the received sequence 1010 includes the
lane number and the loopback bit is set to ‘1b,” the downstream port DSP may directly transition
from the recovery state to the loopback state. The downstream port DSP may maintain the
speed change bit speed _change to be ‘Ob’ (1015).

[0153] Since the single symbol included in the transmitted sequence 1005 includes the
special symbol, the upstream port USP may transition from the recovery state to the
configuration state. According to an example embodiment, the upstream port USP may set the
speed change bit speed change to ‘1b’ when transitioning from the configuration state to the

loopback state (1020).
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[0154] Then, each of the downstream port DSP and the upstream port USP may
transition to the loopback state based on the fact that the loopback bit is ‘1b.” Each of the
downstream port DSP and the upstream port USP may identify/check a flag bit
loopback speed unmatched (1025). Since the speed change bits speed change transmitted by
the respective ports are different from each other, the flag bit loopback speed unmatched may
be setto ‘1b.’

[0155] Since the flag bit loopback speed unmatched is set to ‘1b,’ the downstream port
DSP and the upstream port USP may maintain the data rates thereof without changing the data
rates (1030).

[0156] Then, the downstream port DSP and the upstream port USP transmit and receive
Electrical Idle Ordered Sets (EIOS) for low-power operation to and from each other (1035 and
1040), the upstream port USP may decode the EIOS to transition to a detect state (1045), and
the downstream port DSP may decode the EIOS to transition to the detect state (1050). For
example, in the case in which the downstream port DSP and the upstream port USP support a
data rate of 2.5 GT/s, the downstream port DSP and the upstream port USP may transition to
the detect state when one EIOS transmission is successfully decoded. For example, in the case
in which the downstream port DSP and the upstream port USP support a data rate greater than
2.5 GT/s, the downstream port DSP and the upstream port USP may transition to the detect
state when eight EIOS transmissions are successfully decoded.

[0157] According to the above-described embodiment, it may be identified that the
speed change bits speed change between different ports do not match each other, through the
flag bit loopback speed unmatched, and a data rate may be maintained as it is. Accordingly,
the port transitioning from the configuration state to the loopback state is not changed to a
maximum data rate, so that a failure to decode an EIOS signal between ports and a semi-

permanent defect of the link 103 may be prevented.
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[0158] FIG. 17 is a flowchart illustrating a method of operating a device according to
an example embodiment.

[0159] Referring to FIG. 17, in operation S105, a device may receive two received
sequences, each defined as a training sequence, through a link 103 including one or more lanes
in a recovery state included in an LTSSM. In some example embodiments, the device may
receive two consecutive received sequences. The training sequence may include a first symbol,
including a lane number or a special symbol, and a second symbol including a loopback bit.
For example, the first symbol may be symbol 2 illustrated in FIG. 4 and the second symbol
may be symbol 5 illustrated in FIG. 4.

[0160] In operation S110, the device may transition from a recovery state to a loopback
state included in the LTSSM based on the fact that the first symbol includes the lane number
and the loopback bit is set to an active logic state, for both of the two received sequences.
[0161] FIG. 18 is a flowchart illustrating a state transition operation method of a device
according to an example embodiment.

[0162] Referring to FIG. 18, in operation S205, the device may be in a recovery state.
[0163] In operation S210, the device may determine whether a first symbol for one or
more lanes includes a special symbol, for both of two received sequences. When the first
symbol for one or more lanes includes a special symbol for both of two received sequences
(S210, Yes), the device may transition to a configuration state in operation S215. Alternatively,
when a first symbols for all lanes include lane numbers (S210, No), the device may perform
operation S220.

[0164] The device transitioning to a configuration state may receive the two received
sequences through the link 103 in operation S225 and may determine whether loopback bits
for all lanes are set to an active logic state, for both of the two receive sequences. When the

loopback bits for all lanes are set to an active logic state for both of the two receive sequences
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(8225, Yes), the device may transition to the loopback state in operation S230. Alternatively,
when the loopback bit for one or more lanes is set to an inactive logic state (S225, No), the
device may be maintained in a configuration state.

[0165] In operation S220, the device may determine whether the loopback bit for one
or more lanes is set to an active logic state, for both of the two received sequences. When the
loopback bit for one or more lanes is set to an active logic state for both of the two received
sequences (S220, Yes), the device may transition to the loopback state in operation S230.
Alternatively, when the loopback bits for all lanes are set to an inactive logic state (S220, No),
the device may be maintained in the recovery state.

[0166] FIG. 19 is a flowchart illustrating a data rate change operation method according
to an example embodiment.

[0167] Referring to FIG. 19, in operation S305, the device may be in a loopback state.
[0168] In operation S310, the device may transmit a transmitted sequence TX TS and
receive a received sequence RX TS, each defined as a training sequence, in a loopback state.
[0169] In operation S315, the device may identify speed change bits speed change for
both a transmitted sequence and a received sequence, and may determine whether all of the
speed change bits speed change are set to ‘1b.” In an example embodiment, operation S315
may be performed based on the flag bit loopback speed unmatched. For example, when the
flag bit loopback speed unmatched is set to ‘1b,’ it may be determined that a data rate of the
device does not match a data rate of another device.

[0170] When all of speed change bits speed change are set to ‘1b’ (S315, Yes) the
device may change the data rate to a highest data rate in operation S320. For example, when
the speed change bits speed change for both the transmitted sequence and the received
sequence are the same, the device may change a data rate of one or more lanes to a maximum

value. The maximum value may be predetermined.
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[0171] Alternatively, when all of the speed change bits speed change are not setto ‘1b’
(S315, No), the device may maintain a current data rate in operation S325. For example, the
device may maintain the data rate for one or more lanes when the speed change bits
speed_change for both the transmitted sequence and the received sequence are different from
each other.

[0172] FIG. 20 is a flowchart illustrating a flag bit configuration operation method
according to an embodiment.

[0173] Referring to FIG. 20, in operation S405, the device may be in a recovery state
or a configuration state.

[0174] In operation S410, the device may determine whether speed change bits
speed change of the transmitted sequence and the received sequence are the same.

[0175] When the speed change bits speed change of the transmitted sequence and the
received sequence are the same (S410, Yes), the device may set the flag bit
loopback speed unmatched to ‘Ob’ in operation S415. Then, the device may identify a flag bit
loopback speed unmatched and may perform an operation based on the speed change bit
speed change. For example, when all of the speed change bits speed change are ‘Ob,’ the
device may maintain a current data rate, and when all of the speed change bits speed change
are ‘1b,’ the device may change all data rates to a maximum data rate.

[0176] Alternatively, when the speed change bits speed change of the transmitted
sequence and the received sequence are not the same (S410, No), the device may set the flag
bit loopback speed unmatched to ‘1b’ in operation S420. Then, the device may identify the
flag bit loopback speed unmatched and may maintain the current data rate.

[0177] FIG. 21 is a diagram illustrating a device according to an example embodiment.
[0178] Referring to FIG. 21, a device 1000 according to an example embodiment may

include a processor 1005 and a port 1015. According to various embodiments, the device 1000
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may be a host such as a main or central processor, a root complex, a switch, an endpoint, or
another component supporting communication with a host.

[0179] The processor 1005 may control the overall operation of the device 1000. In an
embodiment, the processor 1005 may include a state machine SM 1010 and may control a
transition operation between a plurality of states included in the state machine 1010. The
processor 1005 may perform link training between ports 1015 based on state machine 1010.
[0180] The port 1015 may be connected to another port 1100 through a link. The port
1015 may be used to communicate with another port 1100 using an interconnect protocol. The
device 1000 may transmit and receive a packet, including a training sequence TS, through the
link to and from another port 1100 through the port 1015.

[0181] The device 1000 may perform link training based on the above-described
various embodiments.

[0182] In an example embodiment, the device 1000 may receive two received
sequences, each defined as a training sequence TS, through the link through via the port 1015.
The processor 1005 may transition from a recovery state, included in the state machine 1010,
to a loopback state based on the fact that a single symbol includes a lane number and a loopback

bit is set to an active logic state for both received sequences.

[0183] FIG. 22 is a diagram illustrating a storage device according to an example
embodiment.
[0184] Referring to FIG. 22, a storage device 1200 according to an example

embodiment may include a port 1205, a controller 1210, and a nonvolatile memory 1220. The
storage device 1200 may be connected to a host 1300.

[0185] In an example embodiment, the storage device 1200 may be a solid-state drive
(SSD), universal flash storage (UFS), or embedded multimedia controller (eMMC). In some

example embodiments, the storage device 1200 may be a secure digital (SD) card, a micro SD
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card, a memory stick, a chip card, a universal serial bus (USB) card, or a smart card, a compact
flash (CF) card, or the like, but example embodiments are not limited thereto.

[0186] In an example embodiment, the storage device 1200 may be implemented as 3.5
inch, 2.5 inch, 1.8 inch, M.2, U.2, U.3, enterprise and data center SSD form factor (EDSFF),
new form factor 1 (NF1), and/or a form factor similar thereto.

[0187] In an example embodiment, the storage device 1200 may be implemented as a
small computer system interface (SATA), a small computer system interface (SCSI), a serial
attached SCSI (SAS), and/or an interface similar thereto, and may be implemented as a
peripheral component interconnect (PCI), PCI express (PCle), nonvolatile memory express
(NVMe), NVMe-over-Fabrics (NVMe-oF), Ethernet, InfiniBand, Fiber Channel, and/or a
protocol similar thereto.

[0188] The controller 1210 may be connected to the nonvolatile memory 1220 and the
port 1205 to control the overall operation of the storage device 1200 including the nonvolatile
memory 1220. The controller 1210 may perform operations according to the above-described
various embodiments.

[0189] In an example embodiment, the controller 1210 may control a link based on a
state machine SM 1215. The controller 1210 may control the port 1205 to receive two received
sequences, each defined as a training sequence, through the link in a recovery state included in
the state machine 1215. The controller 1210 may transition from the recovery state to a
loopback state included in state machine 1215 for both received sequences, based on the fact
that a single symbol includes a lane number and a loopback bit is set to an active logic state.
[0190] The nonvolatile memory 1220 may be controlled by the controller 1210. The
nonvolatile memory 1220 may store data transmitted from the host 1300 device, data generated
by the storage device 1200, or other various types of data written by the controller 1210. In an

example embodiment, the nonvolatile memory 1220 may be any nonvolatile memory such as
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a NAND flash memory, a phase change random access memory (PRAM), a resistance random
access memory (RRAM), a nano floating gate memory (NFGM), a polymer random access
memory (PORAM), a magnetic random access memory (MRAM), a ferroelectric random
access memory (FRAM), or the like, but example embodiments are not limited thereto.
[0191] As set forth above, according to example embodiments, a device for preventing
a collision of transition operations between states in a state machine and a deadlock state in a
state and a method of operating the same may be provided.

[0192] While example embodiments have been shown and described above, it will be
apparent to those skilled in the art that modifications and variations could be made without

departing from the scope of the present disclosure as defined by the appended claims.
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What is Claimed is:

1. A device comprising:

a port connected to a link comprising one or more lanes to support communication
between the device and another device; and

a controller configured to control the link based on a link training and status state
machine (LTSSM),

wherein:

the port receives two received sequences, each defined as a training sequence, through
the link in a recovery state included in the LTSSM, the training sequence comprising a first
symbol including a lane number or a special symbol, and a second symbol including a loopback
bit, and

the controller transitions from the recovery state to a loopback state included in the
LTSSM, based on the first symbol including the lane number and the loopback bit being set to

an active logic state, for both of the two received sequences.

2. The device of claim 1, wherein:
the controller transitions from the recovery state to a configuration state included in the

LTSSM based on the first symbol including the special symbol.

3. The device of claim 2, wherein:

the port receives two different received sequences, each defined as the training

sequence, through the link in the configuration state, and
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the controller transitions from the configuration state to the loopback state for both of
the two different received sequences based on the loopback bit being set to the active logic

state.

4. The device of any one of claims 1 to 3, wherein:

the training sequence comprises a third symbol including a speed change bit indicating
a change in speed,

the port transmits a transmitted sequence and receives another received sequence, each
defined as the training sequence, in the loopback state, and

the controller identifies the speed change bit for both the transmitted sequence and the

another received sequence.

5. The device of claim 4, wherein:
the controller changes a data rate for the one or more lanes to a maximum value when
a value of the speed change bit is the same for both the transmitted sequence and the another

receives sequence.

6. The device of claim 4, wherein:
the controller maintains a data rate for the one or more lanes when a value of the speed
change bit for the transmitted sequence is different from a value of the speed change bit for the

another received sequence.

7. The device of claim 2 or claim 3, wherein:
the training sequence comprises a third symbol including a speed change bit indicating

a change in speed,
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the controller transmits a transmitted sequence, defined as the training sequence, in the
configuration state, and
the device transitions from the configuration state to the loopback state based on the

speed change bit that is being set to the active logic state.

8. The device of claim 4, wherein:
the controller manages a flag bit indicating whether a value of the speed change bit for
the transmitted sequence is the same as a value of the speed change bit for the another received

sequence.

9. The device of claim 8, wherein:
the flag bit has the active logic state when the value of the speed change bit for the
transmitted sequence is not the same as the value of the speed change bit for the another

received sequence.

10.  The device of claim 8 or claim 9, wherein:
the controller sets the flag bit to an inactive logic state based on a transition to a detect

state included in the LTSSM.

11.  The device of any one of claims 8 to 10, wherein:
the controller maintains a data rate for the one or more lanes based on the flag bit having

the active logic state.

12. The device of claim 2 or claim 3, wherein:
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the training sequence comprises a third symbol including a speed change bit indicating
a change in speed, and
the controller sets the speed change bit to the active logic state during a transition from

the configuration state to the loopback state.

13. A method of operating a device, the method comprising:

receiving two received sequences, each defined as a training sequence, through a link
comprising one or more lanes in a recovery state included in a link training and status state
machine (LTSSM), the training sequence comprising a first symbol including a lane number
or a special symbol, and a second symbol including a loopback bit; and

transitioning from the recovery state to a loopback state included in the LTSSM, based
on the first symbol including the lane number and the loopback bit being set to an active logic

state, for both of the two received sequences.

14.  The method of claim 13, further comprising:
transitioning from the recovery state to a configuration state, included in the LTSSM,

based on the first symbol including the special symbol.

15.  The method of claim 14, further comprising:

receiving two different received sequences, each defined as the training sequence,
through the link in the configuration state; and

transitioning from the configuration state to the loopback state, for both of the two

different received sequences, based on the loopback bit being set to the active logic state.

16.  The method of any one of claims 13 to 15, wherein:
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the training sequence comprises a third symbol including a speed change bit indicating
a change in speed, and

the method further comprises:

transmitting a transmitted sequence and receiving another received sequence, each
defined as the training sequence, in the loopback state; and

identifying the speed change bit for both the transmitted sequence and the another

received sequence.

17.  The method of claim 16, further comprising:
changing a data rate for the one or more lanes to a maximum value when a value of the
speed change bit for the transmitted sequence is the same as a value of the speed change bit for

the another received sequence.

18.  The method of claim 16, further comprising:
maintaining a data rate for the one or more lanes when a value of the speed change bit
for the transmitted sequence is different from a value of the speed change bit for the another

received sequence.

19.  The method of claim 14 or claim 15, wherein:

the training sequence comprises a third symbol including a speed change bit indicating
a change in speed, and

the method further comprises:

transmitting a transmitted sequence, defined as the training sequence, in the

configuration state; and
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transitioning from the configuration state to the loopback state based on the speed

change bit being set to the active logic state.

20. A storage device comprising:

a nonvolatile memory;

a port connected to a link, comprising one or more lanes, to support communication
between the storage device and another device; and

a controller connected to the nonvolatile memory and the port and configured to control
the link based on a link training and status state machine (LTSSM),

wherein the controller is configured to:

control the port to receive two received sequences, each defined as a training sequence,
in a recovery state included in the LTSSM, the training sequence comprising a first symbol
including a lane number or a special symbol, and a second symbol including a loopback bit;
and

transition from the recovery state to a loopback state included in the LTSSM, based on
the first symbol including the lane number and the loopback bit being set to an active logic

state, for both of the two received sequences.
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