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(57) Abstract: System, methods and apparatus are described that model analog behavior in a multi-wire, multi-phase communica-
tions link. A digital signal representative of a physical connection in a communications link and a virtual signal characterizing a
three-phase signal transmitted over the physical connection are generated. The virtual signal may be configured to model one or
more analog characteristics of the physical connection. The analog characteristics may include voltage states detining the three-phase
signal. The analog characteristics of the physical connection include at least three voltage states corresponding to signaling states of
the three-phase signal.
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ANALOG BEHAVIOR MODELING FOR 3-PHASE SIGNALING

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to and the benefit of US. non-provisiomal patent
application no. 14/156,329 filed in the United States Patont and Trademark Office on
January 15, 2014 the entire content of which is incorporated herein by reference.
BACKGROUND

Field

The present disclosure relates generally to high-speed data communications
interfaces, and more particularly, modeling of sigualing in multi-wire, multi-phase

data comnumication hinks.

Background

Manufachwrers of mobile devices, such as cellular phones, may obtain components of
the mobile devices from various sources, including different manufacturers. For
examype, an application processor in a celiular phone may be obtained from a first
manufacturer, while the display for the cellular phone may be obtained from a
second manufactarer. The application processor and a display or other device may
be inferconnccted using a standards-based or proprietary physical interface. For
example, a display may provide an interface that conforms to the Display System
Interface (DST) standard specified by the Mobile Industry Processor Interface
Alliance (MIPI).

Simwulation of signaling in a multi-phase can be problematic. In particular, certain
behaviors of the multi-phase signal are related to the analog characteristics of the
physical signal on a wire or other connector. The use of real mumbers to represent
the analog state of the wire can result in the generation of large amounts of data to
represent a signal on a wire, with a resultant excessive processing overhead o

perform calculations using real murnber representations of voltage states.

SUMMARY
Embodiments disclosed herein provide systems, methods and apparatus that enable

improved  analog  behavior modeling for 3 mult-wire and/or multiphase



WO 2015/108847 PCT/US2015/011142

10006]

10067]

10008

10069

communications link. Certain aspects described herein may be find application in
digital stmulation and analog simulation.

In an aspect of the disclosure, a method for simulating digital systems includes
generating a digital signal representative of a physical connection in a
comununications link, gencrating a virtual signal characterizing a threc-phase signal
transmoitted over the physical connection, and configuring the virtual signal to model
one or more analog characteristics of the physical connection. The analog
characteristics may mclude voltage states defining the three-phase signal. The analog
characteristics of the physical connection may include at least three voltage states
corresponding to signaling states of the three-phase signal.

In an aspect of the disclosure, the voltage states include at least three valid voltage
states, cach voltage state corresponding to a voltage level associated with the
physical connection. One of the at least three valid voltage states inclades an
undriven state. Unly onc physical connection in the communications link is in the
undriven state when the communications fink is in an active mode of operation. The
virtual signal may select between one or more modes of operation of the physical
connection. The physical connection may be in a high-impedance state or an
undetined state when an inactive mode of operation is selected. The one or more
modes of operation include a high-speed mode and a low-speed mode.

In an aspect of the disclosure, the digital signal includes a fivst binary bit that selects
between a first voltage state and a second voltage state. A voltage level of the second
voltage state may be selected by the wirtual signall In one example, the
communications link inchudes three physical connections, cach physical connection
conmmunicating a different phase of the three-phase signal when an active mode of
operation is selected. Each of the three physical connections may be in the high-
impedance state in the inactive mode of operation.

In an aspect of the disclosure, the three-phase signal switches within a voltage range
bounded by a maximum voltage level and a minimum voltage level. The first
voltage staic may be defined as the minimum voltage level. The voltage level of the
second voltage state may be selected by the virtual signal as either the maximum
voltage level or an intormediate voltage level that is greater than the muninwum

voltage level and less than the maximum voltage level



WO 2015/108847 PCT/US2015/011142

[0618]

(6011}

10612}

(0613

10014}

In an aspect of the disclosure, the three-phase signal switches within a voltage range
bounded by a maxiomm voltage level and a wminionarn voltage level. The first
voltage state may be defined as the maximum voltage level. The voliage level of the
second voltage state may be selected by the virtual signal as either the minimum
voltage level or an intermediate voltage level that is greater than the minimum
voltage level and less than the maximurg voltage level.

In an aspect of the disclosure, the virtual signal characterizes analog behaviors of the
physical connection when the communications link is operated in a high-speed mode
that are different analog behaviors of the physical convection when the
communications link is operated in a low-speed modes of operation, The analog
behaviors of the physical connection may include a rise time or a rate of rise time
between signal states on the physical connection.

In an aspect of the disclosure, an apparatus jochides means for generating a digital
signal representative of a physical connection in a communications link, means for
generating a virtaal signal characterizing a three-phase signal wansmitted over the
phiysical connection, and yoeans for configuring the virtual signal to model one or
more analog characteristics of the physical connection. The analog characteristics
including voltage states may define the three-phase signal. The analog characteristics
of the physical connection may include at least three voltage states corresponding o
signaling states of the three-phase signal.

In an aspect of the disclosure, an apparatus inchudes at least one processing circuit
configured to generate a digital signal representative of a physical connection in a
communications link and a virtual sigoal characterizing a three-phase signal
fransmitied over the physical connection. The virtual signal may represent one or
more analog characteristics of the physical connection. The analog characteristics
may inchude voltage states defining the three-phase signal.

In an aspect of the disclosure, an apparatus for simulating digital systerss inclodes at
least one processing circuit and a processor-readable storage medium in clectronic
communication with the processor, The processor-readable storage medium may
maintain or store one or more mstructions. The nstructions, when executed by a
processing circuit may cause the processing curcutt fo generate a digital signal
representative of a physical connection in a comununications link, generate a virtual

stgnal characterizing a three-phase signal transmitted over the physical connection,
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and configure the virtual signal to model one or more analog characteristics of the
phiysical connection. The analog characteristics may include voltage states defining
the three-phase signal. The analog characteristics of the physical comnection may
include at fcast three voltage states corresponding to signaling states of the three-

phase signal.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. | depicts an apparatus employing a data hink between IC devices that
selectively operates according to one of plurality of available standards.
FIG. 2 illustrates a systern architecture for an apparatus employing a data link
between IC devices that selectively operates according to one of plurality of
available standards.
FIG. 3 illustrates an N-phase polarity data encoder.
FIG. 4 lustrates signaling in an N-phase polarity encoded mterface.
FIG. 5 illustrates transition detection n an M-wire, N-phase polarity decoder.
FIG. 6 18 a simphified cxample of the offects of signal rise times on transition
detection in an M-wire N-phase polarity decoder.
FIG. 7 is a state diagram illusirating potential state transitions in an M-wire, N-phase
polarity decoder.
FIG. B includes timing charts illustrating variability of symbeol transition regions in
N-phase polarity encoding when multiple transitions cecur between symbols.
FIG. 9 15 a block diagram llustrating a processing circuit contfigured to model and
stmulate analog behaviors of connectors in a communications link,
FIG. 10 is a flow chart of a method for simulating digital devices.
FIG. 11 ilustrates one example of an apparatos configured to simulate digital

devices according to certain aspects disclosed herein.

BETAILED DESCRIPTION

Various aspects are now described with reference to the drawings. In the following

description, for purposes of explanation, numerous specific details are set forth in
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order to provide a thorough understanding of one or more aspects. It may be evident,
however, that such aspect(s) may be practiced without these specific details,

LTS

As used in this application, the terms “compeonent,” “module,” “systern” and the like
are intended to include a computer-related entity, such as, but not limited to
bardware, firmpware, a combination of hardware and software, software, or software
in execution. For exarople, a component may be, but is not Hmited to being, a
Process FUnning on a processor, a proccssor, an object, an executable, a thread of
execution, a program and/or a computer. By way of ilhustration, both an application
running on a computing device and the computing device can be a component. One
or more cormponents can reside within a process and/or thread of execution and a
component may be focalized on one computer and/or distributed between two or
more computers, In addition, these components can execute from various computer
readable media baving various data stroctures stored thercon. The components may
communicate by way of local and/or remoie processes such as in accordance with a
signal having one or more data packets, sach as data from one component inferacting
with another component i a local system, distributed system, and/or across a
network such as the Intornet with other systeras by way of the signal.

Moaoreover, the term “or” is intended to mean an inclusive “or” rather than an
exclusive “or.” That is, onless specified otherwise, or clear from the context, the

£

phrase “X employs A or B” is intended to mean any of the natural melusive
permutations. That is, the phrase "X employs A or B” is satistied by any of the
following instances: X employs A; X employs B; or X employs both A and B. In

, %

addition, the articles “a” and "an” as used in this application and the appended
claims should generally be construed to mesn “one or more” unless specified
otherwise or clear from the context to be directed to a singular form.

Certain aspects of the invention may be applicable to communications links
deployed between electronic devices that way joclude subcomponents of an
apparatus such as a telephone, a mobile computing device, an appliance, automaobile
clectronics, avionics systems, ete. FIG. 1 depicts an apparatus that may employ a
communication hink between IC devices, Tn one example, apparatus 100 may melude
a wircless commumnication device that conununicates through an RF transceiver with
a radio access network (RAN), a core access network, the Internet and/or another

network., Apparatus 100 may include a communications transceiver 106 operably

(v
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coupled to processing circuit 102, Processing circuit 102 may include one or more
IC devices, such as an application-specific 1C (ASIC) 108, ASIC 108 may inclhude
one or more processing devices, logie cirenits, and so on, Processing circuit 102 may
include and/or be coupled fo processor readable storage such as a memory 112 that
may maintain instructions and data the may be executed by processing civcuit 102,
Processing cirenit 102 may be controlied by one o more of an operating systom and
an application programming interface {API} 110 layer that supports and enables
execution of software modules residing in storage media, such as memory device
H2 of the wireless device. Memory device 112 may mnclude read-only memory
(ROM) or random-access memory {RAM), electrically erasable programumable ROM
(EEPROM), flash cards, or any memory device that can be used in processing
svstems and computing platforms. Processing circuit 102 may include or access a
local database 114 that can maintain operational parameters and other information
used to configure and operate apparatus 100, Local database 114 may be
implemented using one or more of a database module, flash memory, magnetic
media, HEPROM, optical media, tape, soft or hard disk, or the hike. The processing
circuit may also be operably coupled to external devices such as antenna 122,
display 124, operator controls, such as button 128 and keypad 126 among other
components.

FIG. 2 is a block schematic 200 illustrating certain aspects of an apparatos such as a
wirgless mobile device, a mobile telephone, a mobile computing system, a wireless
telephone, a notebook computer, a tablet computing device, a media player, s
gaming device, or the hike. Apparatus 200 may include a plurality of 1C devices 202
and 230 that exchange data and control information through a communication hink
220. The communication link 220 may be used to connect a pair of IC devices 202
and 230 that are located in close proximity to one another, or that are physically
located in differcnt parts of the apparatus 200, In one example, the coramunication
tink 220 may be provided on a chip carricr, substrate or circuit board that carries the
IC devices 202 and 230, In another example, a fivst IC device 202 may be located in
a keypad section of a flip-phone while a second IC device 230 may be located in a
display section of the flip-phone. In another example, a portion of the

communication link 220 may include a cable or optical connection.
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The communication link 220 may include multiple channels 222, 224 and 226. One
or mote channel 226 aay be bidirectional, and may operate in half~duplex and/or
full-duplex modes. One or more channel 222 and 224 may be unidirectional. The
comumunication link 220 may be asymmetrical, providing higher bandwidth in one
direction. In one example described herein, a first communications channel 222 may
be reforred to as a forward hink 222 while a second communications chanuel 22
may be referred o as a reverse link 224, The first IC device 202 may be designated
as a host systemn or transmitier, while the second IC device 230 may be designated as
a chient system or receiver, even if both IC devices 202 and 230 are configured to
fransnut and receive on the commaunications link 222, In one example, the forward
fink 222 may operate at a higher data rate when comumunicating data from a tirst [C
device 22 to a second IC device 230, while the reverse link 224 may operate at a
lower data rate when conununicating data from the second IC device 230 to the first
IC device 202.

The IC devices 202 and 230 may each include a processor or other processing and/or
computing circuit or device 206, 236, In one example, the first IC device 202 may
perform core functions of the apparatus 200, inchuding maintaining wireless
communications through a wireless transceiver 204 and an antenna 214, while the
second IC device 230 may support a user interface that manages or operates a
display controller 232, and may countrol operations of a camera or video put device
using a camera controller 234, Other features supported by one or more of the IC
devices 202 and 230 may include a keyboard, a voice-recognition component, and
other fuput or output devices. Display controller 232 may mehide civcuits and
software drivers that support displays such as a hquid crystal display (LCDY panel,
touch-screen display, indicators and so on. Storage media 208 and 238 may include
transitory and/or non-transitory storage devices adapted to maintain instructions and
data used by respective processors 206 and 236, and/or other components of the IC
devices 202 and 230. Communication between each processor 206, 236 and its
corresponding storage media 208 and 238 and other modules and circuits may be
facilitated by one or more bus 212 and 242, respectively.

Reverse link 224 may be operated i the same manner as the forward link 222, and
the forward link 222, and reverse link 224 may be capabic of transmitting at

comparable speeds or at different speeds, where speed may be expressed as data

-3
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transfer rate and/or clocking rates. The forward and reverse data rates may be
substantially the same or ditfer by orders of magnitude, depending on the
application. In some applications, a single bidirectional link 226 may support
communications between the first IC device 202 and the sccond IC device 230, The
forward hink 222 and/or reverse Huk 224 may be configurable to operate in a
bidirectional mode when, for example, the forward and reverse links 222 and 224
share the same physical connections and operate in a half-duplex manner. In one
example, the communication link 220 may be operated to communicate control,
command and other information between the first IC device 202 and the second IC
device 230 1o accordance with an industry or other standard.

Industry standards may be application specific. In one example, the MIPI standard
defines physical layer interfaces including a synchronous interface specification (D-
PHY ) between an application processor IC device 202 and an IC device 230 that
supports the camera or display in a2 mobile device, The D-PHY specification governs
the operational characteristics of products that comply with MIPI specitfications for
mobile devices. A D-PHY interface yoay suppott data transters using a tlexible, low-
cost, high-speed sertal interface that interconnects between componenis 202 and 230
within a mobile device. These interfaces may include complimentary metal-oxide-
semiconductor (CMOS) paraliel busses providing relatively low bit rates with slow
edges to avoid electromagnetic nterference (EMI) issues.

The communication link 220 of FIG. 2 may be implemented as a wired bus that
inchudes a plarality of signal wires (denoted as 37 wires). The M wires may be
configured to carry N-phase encoded data in a high-speed digital interface, such as a
mobile display digital wderface (MDD, The M wires may facilitate N-phase
polarity encoding on one or more of the channels 222, 224 and 226. The physical
laver drivers 210 and 240 may be configured or adapted to generate N-phase polarity
encoded data for transmission on the communication link 220, The use of N-phase
polarity encoding provides high speed data transfer and may consume half or less of
the power of other interfaces because fewer drivers are active in N-phase polarity
cucoded data links 220,

N-phase polarity encoding devices 210 and/or 240 can typically encode multiple bits
per transition on the communication link 220. In one example, a combination of 3-

shase encoding and polarity encoding may be used {o support a wide video graphics
o 7 S 7 o)
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array {(WVGA) 80 frames per second LCD driver IC without a frame buifer,
delivering pixel data at 810 Mbps for display refresh.

FIG. 3 is a schomatic diagram 300 illusirating an M-wire, N-phase polarity encoder
that may be used fo implement certain aspects of the communication link 220
depicted in FIG. 2. In the example depicted, the Awire, N-phase polarity encoder
fransitter i3 configured to transmit information using M=3 wire and N=3 phase
signaling. The example of 3-wire, 3-phase encoding is selected solely for the
purpose of simplifying descriptions of certain aspects of the invention. The
principles and techniques disclosed for 3-wire, 3-phase encoders can be apphed i
other configurations of M-wire, N-phase polarity cncoders.

Signaling states defined for each of the M wires in an M-wire, N-phase polarity
encoding scheme may include a positively driven state, a negatively driven state and
an undriven state. In the 3-wire, 3-phase polarity encoding scheme, the positively
driven state and the negatively driven statec may be obtained by providing a voltage
differential between two of the signal wires 310a, 310b and/or 310, and/or by
driving a current through two of the signal wires 3104, 310b and/or 310¢ connected
n series such that the current flows in differont directions in the two signal wires
310a, 310b and/or 310c. Typically, there is no significant current flow through an
undriven signal wire 310a, 310b or 310¢. Signaling states defined for a 3-wire, 3-
phase polarity encoding scheme may be denoted using the three voltage or current
states {+1, -1, and 0).

An undriven state {i.e.,, the { state} may be obtained on a signal wire 310a, 310b or
310c¢ by passively or actively causing an “undriven” signal wire 310a, 310b or 310c¢
fo assume a voltage level that lies substantially halfway between positive and
negative voltage levels provided on driven signal wires 310a, 310b and/or 310c¢. In
one example, the undriven state may be realized by placing an output of a driver of a
signal wire 310a, 310b or 310¢ in a high-fropedance mode. The three-phase O state,
the undriven state, and a high-impedance state may be electrically equivalent in a 3-
phase signaling scheme from the perspective of a single signal wire 310a, 310b or
310c. However, only one of the signal wires 310a, 310b, 310¢ can be in the undriven
state in a symbol, Accordingly, a symbol may be counsidered to be an ervor symbol if

two of the three signal wires 310a, 310b, 310c¢ are in high-impedance state, If all
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three signal wires 310a, 310b, 310¢ are in high-impedance state, the communication
link 220 may be considered nactive.

A 3-wire, 3-phase polarity encoder may employ drivers 308 to control the signaling
state of connectors 310a, 310b and 310c. The drivers 308 may be implemented as
unit-fevel aurrent-mode or voltage-mode drivers. In one example, each driver 308
may receive sets of two or more of signals 3164, 316b and 316¢ that determine the
output state of corresponding connectors 310a, 310b and 310c. When cach of the
sets of signals 316a, 316b and 316¢ include a pair of signals, four states may be
defined for the corresponding connectors 318a, 310b and 310¢. When each of the
sets of signals 316a, 316b and 316¢ include three signals, § states may be defined for
corresponding connectors 310a, 310b and 310c.

For each transmitted symbol interval in an AM-wire, N-phase polarity encoding
scheme, at least one signal wire 310a, 310b or 310c¢ is in the undriven {0) voltage or
current state, while the number of positively driven {(+1 voltage or current state)
signal wires 310a, 310b or 31dc is equal o the number of negatively driven (-1
voltage or carrent state) signal wires 310a, 310b or 310¢, such that the sum of
currert Hlowing to the receiver is always zero. For cach symbol, the state of at least
one signal wire 310a, 310b or 310¢ is changed from the symbol transmitted in the
preceding transmission interval.

In operation, a mapper 302 may receive and map 16 bit data 310 to 7 symbols 312,
In the 3-wire example, cach of the 7 symbols defines the states of the signal wires
310a, 310b and 310c¢ for one symbol interval. The 7 symbeols 312 may be serialized
using parallel-io-serial converters 304 that provide a timed sequence of states 314
for each wire 310a, 310b and 310c. The sequence of states 314 18 typically timed
using a transmission clock. An Af-wire phase encoder 306 receives the sequence of 7
svmbols 314 produced by the mapper one symbol at a time and computes the state of
cach signal wire 310a, 310b and 310c¢ for each symbol interval. The 3-wire encoder
306 selects the states of the signal wires 310a, 310b and 310¢ based on the current
input symbol 314 and the previous states of signal wires 310a, 310b and 310c¢.

The use of Miwire, N-phase encoding permits a mumber of bits o be encoded in a
plurality of symbols where the bits per symbol s not an integer. In the simple
example of a 3-wire communications link, there are 3 available combinations of 2

wires, whi nay ven simultaneously, and 2 possible combinations of polarity
res, which may be driven simultanecusly, and 2 possible combinations of polarit

16



WO 2015/108847 PCT/US2015/011142

(6044]

[0045]

on the pair of wires that is driven, yielding 6 possible states. Since each transition
occurs from a current state, S of the 6 states are available at every transition. The
state of at least one wire is required to change at cach transition. With 3 sfates,
logH(8) = 2.32 bits may be encoded per symbol. Accordingly, a mapper may accept a
16-bit word and convert it to 7 symbeols because 7 symbols carrying 2.32 bits per
symbol can encode 16.24 bits. In other words, a combination of seven symbols that
encode five states has §7 (78,125} permutations. Accordingly, the 7 symbols may be
used to encode the 2'° (65,536 permutations of 16 bits,

FiG. 4 mcludes an example of a iming chart 400 for signals encoded using a three-
phase modulation data-encoding scheme, which is based on the circular state
diagram 450. Information may be encoded n a sequence of signaling states where,
for example, a wire or connector 1s in one of three phase states 5, 5 and 5y defined
by the state diagram 450, Each state may be separated from the other states by a
120° phase shift. In one example, data may be encoded in the direction of rotation of
phase states on the wire or connector. The phase states in a signal may rolate in
clockwise direction 452 and 4527 or counterclockwise divection 454 and 45347, In the
clockwise direction 452 and 454 for example, the phase states may advance in a
sequence that includes one or more of the transitions from S to &, from $ to 5 and
from Sy 1o 51, In the counterclockwise direction 454 and 4547, the phase states may
advance in a sequence that includes one or more of the transitions from § to 8,
from 8; to §; and from 5, 1o 8. The three wires 310a, 310b and 31{c carry different
versions of the same signal, where the versions are phase shifted by 1207 with
respect to one another. Hach signaling state may be represented as a different voltage
level on a wire or connector and/or a direction of current flow through the wire or
connector. During cach of the sequence of signaling states in a 3-wire systemn, cach
wire 310a, 310b and 310c is in a differont signaling states than the other wires,
When more than 3 wires 310a, 310b and 310¢ are used in a 3-phase cncoding
svstem, two or more wires 310a, 310b and/or 31{¢ can be in the same signaling state
at each signaling interval, although cach state is present on at least one wire 310a,
310b and/or 319c in every signaling mterval,

Information may be encoded in the direction of rotation at each phase transition 410,
and the 3-phase signal may change direction for cach signaling state. Direction of

rotation may be determined by considering which wires 310a, 310b and/or 310¢ are
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in the " state before and after a phase transition, because the undriven wire 310a,
310b and/or 310¢ changes at every signaling state in a rotating three-phase signal,
regardiess of the divection of rotation.

The encoding scheme may also encode information in the polarity 408 of the two of
the conductors 310a, 310b and 310c¢ that are actively driven. At any time in a 3-wire
mnplementation, exactly two of the conductors 31{ta, 310b, 310¢ are driven with
currents in opposite dircctions and/or with a voltage differential. In a simple
implementation, data 412 may be encoded using two bit values 412, where one bit is
cucoded i the direction of phase transitions 410 and the second bit is encoded in the
polarity for the current state 408,

The timing chart 400 illustrates data encoding using both phase rotation direction
and polarity. The curves 402, 404 and 406 relate to signals carried on three wires
310a, 310b and 310c, respectively for multiple phase states. Tmitially, the phase
transitions 410 are in a clockwise direction and the most significant bit is set to

b

binary ‘1, until the rotation of phase transitions 410 switches at a time 414 to a
counterclockwise direction, as represented by a binary 037 of the most significant bit.
The least significant bit reflects the polarity 408 of the signal in each state.
According to certain aspects disclosed herein, one bit of data may be cncoded in the
rotation, or phase change in a 3-wire, 3-phase encoding system, and an additional bit
may be encoded in the polarity of the two driven wires. Additional information may
be encoded in cach fransition of a 3-wire, 3-phasc cncoding system by allowing
transition to any of the possible states from a current state. Given 3 rotational phases
and two polarities for ecach phase, 6 states are available in a 3-wire, 3-phase
cucoding systern, Accordingly, 5 states are available from any current state.
Accordingly, there may be log(8)y = 2.32 bits encoded per symbol (iransition),
which allows the mapper 3062 to accept a 16-bit word and encode it in 7 symbols.
N-Phase data transfor may usc more than three wires provided in a comumunication
medium, such as a bus. The use of additional signal wires that can be driven
stivuiitancously provides more combinations of states and polarities and allows more
bits of data to be encoded at each transition between states. This can significantly
improve throughput of the system, and reduce the power consumption over
approaches that use multiple differential pairs to transmit data bits, while providing

increased bandwidth,
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In one example, an cncoder may transmit symbols using 6 wires with 2 pairs of
wires driven for cach state. The 6 wires may be labeled A through F, such that 1o one
state, wires A and F are driven positive, wires B and E negative, and C and D are
undriven {or carry no current). For six wires, there may be:

6!

C{BA) = e 22 1 5
R AN ST Y
possible combinations of actively driven wires, with
]
C{4,2) = &

(4 —2)1- 20

different combinations of polarity for cach phase state,

The 15 ditterent combinations of actively driven wires roay include:

ABCD ABCE ABCF ABDE ABDF
ABEF ACDE ACDF ACEF ADEF
BCDE BCDYF BCEF BDEF CDEF

O the 4 wires driven, the possible combinations of two wires driven positive {and
the other two must be negative). The combinations of polarity may include:
Rl o + -t + ot~ -t -t -+t - e ol o

Accordingly, the total number of different states may be calculated as 15 x 6 = 90,
To guarantee a transition between symbols, 89 states are available from any current
state, and the number of bits that may be encoded in cach syrabol may be calculated
as: logr(89) = 6.47 bits por symbol. Tn this example, a 32-bit word can be encoded by
the mapper into 5 symbols, given that S x 6.47 = 32.35 bits.

The general equation for the number of combinations of wires that can be driven for
a bus of any size, as a function of the number of wires in the bus and mumber of
wires simultancously driven:

Jo. }
Noires!

TR roo LY
CWyires: Nariven) = (N Y YN "
Hypires Ngrivent- driven-

The equation for the number of combinations of polarity for the wires being driven
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The number of bits per svmbol is:
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FIG. 5 imchudes a block schematic 500 illustrating certain aspects of a receiver in a
3-wire, 3-phasc decoder. A set of differential receivers 502a, 502b and 502¢ is
configured to compare cach of three wires 510a, 510b and 510¢ with the other of the
three wires 510a, 510b and 510¢. In the cxaraple depicted, the differential receiver
302a compares the states of wires 510a and 510b and outputs an A-B difference
stgnal S04a, the differential recetver 502b compares the states of wires 510b and
510c¢ and outputs 3 B-C difference signal 504b, and the differential receiver 502¢
compares the states of wires 310a and 510c¢ and outputs a C-A difference signal
504c. Accordingly, the phase change detection circuit 5306 can be configured to
detect occurrence of a phase change because the cutput 504a, S04b and/or 504c of at
lcast one of the differential reccivers 502a, S02b and 502¢ changes at the end of cach
phase mterval,

Certain phase transitions may be detectable by a single differential recetver 502a,
302b or S02c, while other phase transitions may be detected by two or more of the
differential reccivers 502a, 502b and 502¢. In one example the states, or relative
states of two wires may be unchanged after a transition and the output of a
corresponding differential receiver S02a, 502b or 502¢ may also be unchanged after
the phase transifion. In another example, both wives 10 a pair of wires 510a, 510b
and/or 510¢ may be in the same state in a first time interval and both wires may be in
a same second state in a second time interval and a differential receiver 502a, 502b
or S02¢ that compares the pair of wites may be unchanged after the phase transition.
Accordingly, a clock generation circuit may melude phase change detect civewits and
logic 3006 that monitors the outputs of all differential receivers 502a, 502b and 502¢
in order to determine when a receive (Rx) phase transition has occurred, The clock
generation circuit may generate a receive clock 512 based on detected phase
fransitions Rx_AB, Rx BC and/or Rx CA output as signals 308a, 308b and 508¢,
respectively.

Changes in phasc states may be detected at different times for different combinations
of the wires 510s, 510b and/or 310¢. The timing of detection of phase state changes
may vary according fo the type of phase state change that has occurred. The result of

this variability is illustrated in the stmplified timing chart 520 of FIG. 5. Markers
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§22, 524 and 526 representing the outputs of the phase change detection circuits 506
and/or the differential receivers 502a, 502b and 502¢ are assigned different heights
for clarity of illustration only. The relative heights of the markers 522, 524 and 526
have no specific relationship to voltage or current levels, polarity or weighting
values used for clock generation or data decoding. The timing chart 520 illustrates
the effect of timing of transitions associated with symbols transmitied in phase and
polarity on the three wires S10a, 510b and 510c¢. In the timing chart 320, transitions
between some symbols may result in variable capture windows $30a, 530b, 530c¢,
S30d, 530e, 530f and/or S30g (collectively symbol capture windows 530} during
which symbols may be reliably captured. The number of state changes detected and
their relative timing can result in jitter on the clock signal 512,

When simulating a 3-wire, 3-phase communications link, certain  analog
characteristics of the wires may be modeled to account for variability in symbol
windows 530, and jitter that may result from such variability. Variability in the sizes
of the symbol windows 330 and jitter may be caused in part by the analog electrieal
characteristics of the wires 510a, S10b and 310¢, as illusirated in the simple example
600 depicted in FYG. 6. More particularly, the analog electrical characteristics of the
wires 510a, 510k and 510¢ that affect rise and fall times may include resistance,
capacitance, inductance, voltages and currents provided by Hine drivers, threshold set
at the hine recetving circuits, and other factors, Variability 1n the sizes of the symbol
windows 530 may be affected by variability in signal transition times and/or
variability in detection circutts caused by manufacturing process tolerances,
variations and stability of voltage and current sources and operating temperature.
Large varability in signal transition fimes can be atiributed to the existence of
different voltage or current levels in 3-phase signaling. A simplified “voltage-level”
example is depicted in FIG. 6, which illustrates transition fimes in a single wire
310g, S1b or 510c. A first symbol Symy, interval 602 may end at time 622, a second
symbal Sym, interval may end at time 624 and a third symbol Sym,,.» interval 606
may end at time 626, when a fourth symbol Symy,.s interval 608 begins. The
fransition from a state determined by a fivst symbol 602 {o the state corresponding to
the secomnd symbol 604 may be detected afier a delay 612 atiributable to the time
taken for voltage in the wire 510a, 510b or 510c to reach a threshold vaoltage 618

and/or 620. The threshold voltages may be used to determine the state of the wire
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S$10a, S10b or S10c. The transition from a state determined by the second symbol
604 to the state for the thivd symbol 606 may be detected atter a delay 614
atiributable to the time taken for voltage 1o the wire 510a, 510b or 510¢ to reach one
of the threshold voltages 618 and/or 620, The transition from a state determined by
the third symbol 606 to the state for the fourth symbol 608 may be detected after a
delay 616 atiributable to the time taken for voltage in the wive 510a, 510b or 510c to
reach a threshold voltage 618 and/or 620.

Variable delays 612, 614, 616 may be attributable to the voltage differential between
states and whether or not the signal is driven towards a state or pulled toward the
state by a pull-up or pull-down resistor, for example,

FIG. 7 is a state diagram 700 illustrating 6 states and 30 possible state transitions in
one example of a 3-wirg, 3-phase communication link. The possible states 702, 704,
766, T12, 714 and 716 in the staie diagram 700 include and expand on the states
shown in the diagram 450 of FIG. 4. As shown in the exemplar of a state eloment
720, cach state 702, 704, 706, 712, 714 and 716 in the state diagram 700 includes a
field 722 showing the voltage state of signals A, B and C (fransmitted on wires 610a,
H10b and 610¢ respectively), a ficld 724 showing the result of a subtraction of wire
voltages by differential receivers 502a, 502b, 502¢ (see FIG. 5), respectively and a
field 726 mdicating the direction of rofation. For example, in state 702 {(+x} wire A=
+1, wire B = -1 and wire C= 0, vielding output of differential receiver 502a (A-B) =
+2, differential receiver 502b (B-C} = -1 and differential receiver 502¢ (C-A) = +1.
The detined states {+1, {, -1} may be represenied on the 510a, S10b and Sillc by a
voltage set {+V, +V/2, 8} m one example, by a voltage set {+V, §, -V} in another
example, or by some other representation. As tllustrated by the state diagram,
fransition decisions taken by phase change defect circuifry 506 arc based on 5
possible levels produced by subtraction by the differential receivers 582a, S02b and
302¢, which mclude -2, -1, 8, +1 and +2 voliage states.

Table | dlustrates signaling states for a 3-wire 3-phase encoding scheme, where the
wires {A, B, C} 510a, 510k and 510c¢ can switch three voltage levels {4V, +V/2, G},
The difference outputs 504a, 504b or 504¢ of cach of the ditfercntial veceivers 302a,
S02b, 502¢ represents a difference in mput voltages ot a pair of the wirves 510a, 510b

and 510c.
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Wire Wire Amplitude Rx Diff. Input Voltage Rx Digital OQutput
State A & C A-8 B-C -4 §Rx 48 | & BC | Bx CA4
+x +V { +V/2 +Y V2 -Vi2 1 { 3
-X ¢ +Y +¥V /2 -y V72 L HVI2 { 1 ]
+y +V/2 +V 8 ~V/2 +V -V 8 { 0O
-y +¥/2 y +V +V/2 -V +¥/2 i 8 i
+7 0 +V/2 +V ~Vi2 -V/2 +V Y 0 i
-7 +V +V/2 0 +VI2 1 AV2 -V i i g

Table |

FIG. 8 graphically depicts the encoding/decoding scheme of Table 1. The phase
change detect circuitry may process the difference cutputs 504a, S04b and 504¢ to
produce a binary signal that has a logic U value if a difference output 504a, 504b or
S0dc has a positive voltage and a logic “07 value when the difference output 504a,
304b or 504c has a negative voltage.

FIG. & provides timing charts 800 representative of simplified examples of
transitions from a first state to a second state and dlustrates timing variability
attributable to the analog characteristics of the signal wires 504a, 504b and 504c.
The timing chart 800 relates to an example of a 3-Wire, 3-Phase communications
fink, n which multiple receiver output transitions may occur at each Ul boundary
due to slight differences in tise and fall tirne between the three signals of the trio of
wires and due to slight differences in signal propagation times between the
combinations of received signal pairs (e.g. A-B, B-C, and C-A). For the purposes of
this description, the signals depicted in FIG. § are assumed to have no phase jitier or
ISI. The mital state of a wire may be a driven state (0 volts or +V valts), with
possible transitions to another driven state or to an undriven state, if the +V/2 volt
state is obtained by allowing a wire to float or be passively pulled to the +V/2 volts
level, In some instances, all three states may be driven states, The mitial state of the
wire may be the undriven state, with possible transitions to a driven state.

The timing charts 802, 812 and 822 iflustrate the differences between signal wires
510a, S10b and 3510c (signals A, B and C, respectively) measureable at the
differential receivers 302a, 502b and 502¢ betore and afier the signal transitions
shown in the set of signal graphs 350, In the examples depicted in FIG. §, the -1
state is represented by a voltage level of O volts, the +1 state is represented by a
positive voliage (+V volts), and an intermediate state is defined at +V/72 volts. In

many instances, a set of differential receivers 502a, 502b and 50Z¢ may be
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configured to capture transitions by comparing different combimations for two signal
wires 5104, 510b and 510¢. In one example, these differential receivers 502a, 502b
and 302¢ may be configured to produce outputs by determining the difference (e.g.
by subtraction} of their respective input voltages. A clock may be generated based
on zero-crossings of the ovtputs of one or more of the differential receivers S02a,
502b and 502¢. A zero-crossing may occur when a signal transitions through a 0
state represented by the voltage at the mid-point in a voltage range between a
voltage representing a +1 state and a voltage representing a -1 state. In one example,
the zero-crossing occurs at § volis when the -1 state s represented by a negative
voltage (-V) and the +1 state s represented by a positive voltage (+V),

The timing charts 802 and 852 relate o a transition from symbol {+x} 702 to symbol
(~x} 712 (see FIG. 7} in which signal A transitions from a +1 state to a -1 state,

signal B transitions from a -1 state to a +1 state and signal C remains at the 0 state.

Accordingly, the differential receiver 5022 may measure a +2 difference before the
AB trangition 306 and a -2 difference aficr the AB transition 806, the differentiai
recetvers 502b and 502¢ may cach measure a -1 difference before the BC and CA
fransitions 804 and a +1 difference afier the BC and CA ftransitions 804, In this
example, both the BC and CA ftransitions 804 and 806 have zero-crossings. The
Zerg-crossings may occur in close temporal proximity 810 because both transitions
are towards driven states,

The timing charts 812 and 854 relate to a transifion from symbol (4+x) 702 to symbol
(+y} 704 in which signal A trapsitions from a +1 state to a O state, signal B
transitions from a -1 staie to a +1 state and signal C transitions from a § state to a -1
state. Accordingly, the differential receiver 502a may micasure a +2 difference before
the AB transition 816 and a -1 difference after the AB transition 816, the differential
receiver 302b may measure a -1 difference betfore the BC wansition 814 and a +2
difference atter the BC transition 814, and the differential receiver 502¢ may remain
at a -1 difference through the CA “non-transition” 818, In this example, both the BC
and AB transitions €14 and 8316 have zero-crossings. These zero-crossings may be

separated by a significant time intorval 820, Tn one example,

, the difference may
occur because the BC transition 814 involves two signals that have a final driven

state while the AB transition 816 relates to one signal that has a final undriven state.
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The timing charts 822 and 856 relate to a transition from symbol (+x3 702 to symbol
{(+z} 706 in which signal A transitions from a +1 state to a -1 state, signal B
fransitions from a -1 state to a O state and signal C transitions from a 0 state to a +1
state. Accordingly, the differential receiver 502a may measure a +2 difference before
the AB transition 826 and a -1 difference after the AB transition 826, the differential
receiver 602b may measure a -1 difference before and after the BC non-transition
828, and the differential receiver 502¢ may measure a -1 difference before the CA
transition 824 and a +2 difference after the CA transition 824, In this example, the
CA and AB transitions 824 and 826 have zero-crossings. These 2ero-Ccrossings may
be separated by a significant period of tirae 830, In one example, the, differcnce may
be atiributed to the CA transifion 824 involving signals A and C that both have a
final driven state while the AB transition 826 involves one signal (the B signal) that
has a final undriven state,

The time intervals 810, 820 and 830 between zero-crossings may arise from
differences in transition times between different combinations of states. For
example, the transition times for transitions to a driven state are shorter than
fransifions fo an undriven state, Other circuit fraplementations may be employed that
produce increased or decreased differences in rise times. For example, the relative
time refationship of the signals at the inputs of differential recetvers 502a, S02b and
302¢ may be affected when the zero state 18 a driven level rather than an undriven
level, or where a undriven signal wire is torminated by pullup and/or pull-down
resistors. Thus, different timing relationships can be anticipated for signals received
at the receiver mputs,

The examples iHustrated in FIG. 8 describe alignment of transitions for the three
state transitions +x {0 -x, +X to +y and +x o +z and, as shown in the timing charts
852, 854 and 856, zero-crossings occur on at least two of the signal wires S1{ia, 510b
and 510¢. The conditions that occur in these three state transitions may be present in
18 of the 30 possible state transitions shown in FIG. 7.

According to certain aspects described herein, characteristics of signals and wires
carrying the signals in a comwunication channel may be modeled for simulation
purposes. The techniques and mcthods described herein may be used to model
certain analog characteristics of the wires that may affect the operation of a 3-phase

comnunications link. Conventional stmdators are limited to modeling specific
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signals or signal content and cannot accommodate reconfiguration of a link. For
example, conventional systems cannot easily simulate communications links that can
be reconfigured between 3-phase signaling and binary single-ended or differential
signaling fo accommodate different power budgets.

According to certain aspects described herein, a connector in the communications
ik can be modeled without resort to real mumsber wodeling of analog
characteristics. A signal transmitted over a connector may be represented using a
first binary bit to indicate a nominal “active/not-active” condition of the signal
transmitted on the connector. Thus, for a binary signal, the first binary bit may be
directly mapped to logic "7 and logic ‘0 states. Additional bits may be used to
provide a virtual digital signal that indicates different voliage amplitudes that
represent the logic ‘17 and logic 07 states on the connector, when more than two
states are defined for the signal. In the example of a 3-phase signal, an additional
pair of bits may be used signify intermediate states such as the +V/2 volts state
ifhustrated in Table 1 and in the signal graphs &50 in FIG. 8. A first bit of the
additional pair of bits may indicate that intermediate voltage states are available and
the second bit may then select between a maximum state (+V volts) and the

intermediate states, which may include a +V/2 volt state.

Wire Real Amplitude Model Wire: Virtual Signal and Digital
Drriving {(at Ume Wire) Signal (at Une Wire)

State HS en HS mid level Bit P
HS { {} ¢
HS +V /2 { i !
HS +Y {0 1
LP LP Logic 0 (0 volts) Don’t Care g
LP LP Logic 1 {+Vp volis) 4 Don’t Care 1

High-7 4 Don’t Care | Don’t Care Z
Unknown X Don’t Care | Don’t Care X
Table 2

Table 2 illustrates an example of a coding scheme that can be used to simulate multi-

phase signals according to cortain aspects disclosed herein. The coding schemie can

be used to model analog behavior of a connector as well as the behavior of signals
~

transmitted over the connector. Table 2 relates to an application of the coding

scheme to model a signal wire S10a, S10b or Si0¢ that way be dynamically
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reconfigured to conduct a multi-phase signal, a low-power binary signal or another
type of signal. The example detailed in Table 2 relates to a signal wire 510, 510b or
S10c¢ that can carry a 3-phase signal, a low-power binary digital signal, or be placed
in a high-impedance or “don’t care” state.

A digital signal may be encoded in binary primary bit {'P’) to represent the physical
connection of an analog wire, and a virtual signal may be encoded in HS mid_level
and high-speed enable (HS en) bits. For example, P may be used to encode an active
or inactive signaling states for a simulated signal wire 510a, S10b or Sille. The
fnactive state may correspond to a zero-volt state, while the active state may mchide
a plurality of voltage states {Vga) that have non-zero voltage levels, The simulated
signal wire 510a, 510b or 510c may be driven according to different signaling
schemes and the voltage level of Vigm may be one of plarality of different levels,
determined by other bits, including the HS en and one or more HS mid level bits
that determine whether a mid-level state is required in high-speed mode, and which
of the available mid-level states is selected, respectively.

In one example, when the link is operated as a three-phase link, the virtual signal
may melude an HS on bit that 15 set to logic “17 fo indicate high-speed, multi-phase
operation, and a single HS mud level bit may be employed to indicate when a mid-
level voltage is selected. In the example shown in Table 1, HS mid level=1 selects
Vignst = +V/2 when the privoary bit P = 1, and HS _roid_level=0 selects Vg = +V
when the primary bit P = 1, In the three-phase mode of operation, the primary bit set
to P = 0 selects Vg = 0 volis. In some instances, other combinations of voltages

may be used to provide a 3-phase signal, including a set of voltages {-V, 0, +V}, and

?

the voltages selected by differcnt combinations of primary bit ‘P’ and the

HS mid level bits may be interpreted by a simulator accordingly.

In another example, when the link s operated in low power mode, the simulated
signal may switch between two binary states. In this mode, HS en bit may be set (o
logic 0, to indicaic low-speed binary operation and the HS mid level bits may be
ignored. Accordingly, the primary bit P selects between the two voltage states that
correspond to binary logic states 0" and ‘1.7

In another example, when the link is placed into high-irapedance mode or the state

of the conncctors is not monitored or otherwise used by circuilry connected to the
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connector, the state of the primary bit, the HS en and HS mid level bits may be
ignored and/or arbitrarily assigned.

According to certain aspects described herein, the set of virtual signals (HS on and
HS mid levely associated with each connector in a connection link may be
propagated from source to sink during simulation. In a 3-phase application, the
digital signal {HS mid level, P} may be used to encode three values of the set {0,
+¥V/2, +V}, although other permutations of the virtual signals and voltage levels may
be emploved.

In soroe instances, vittual signals may be used to model the behavior of connectors
and signals m the receiver circuit iHustrated in FIG. 5. For example, cach of the
cutputs 504a, 504b and 5304c of the differential line receivers 502a, 502b and 302¢
may switch between the four voltage levels (-V, -V/2, +V, +V/2} depicted in the
graphs 800 of FIG. 8.

Certain behaviors of a multi-phase signal may be modcled by associating different
voltage levels or voltage states with a rise time or a rate of rise time to or from the
signal state. In one example, and as discussed herein, the voltage level of a signal
fransitioning toward an undriven voliage state may change more slowly than the
voltage level of a signal transitioning toward a driven voltage state. For the purposes
of simulation, rise times may be characterized as standard delays and differences
may be modeled using parameters that can be applied additively or multiphcatively
to the standard delays. In another example, the virtual signal may characterize high-
impedance and/or undefined states for physical connections in a communications
fink as desived to permit stvulation of different configurations of the physical
connections.

FIG. 9 15 a simplified block diagram illustrating an example 900 of a processing
circuit or system 902 that can model and simulate analog behaviors of connectors in
a commranications link. The processing circuit 902 may include a simulation tool
904 that includes software that simulates the behavior of a digital system or digital
components 914, A simulation tool 904 may be used to vertfy hardware before
fabrication to vertfy functionality. A simulation tool 904 according to certain aspects
described hercin can model the analog behavior of connectors in addition to the

signals transmitted over the connectors,



WO 2015/108847 PCT/US2015/011142

[0084]

|008S]

16036]

(0687

[0088]

The processing circuit 902 may include varicus types of hardware and operating
systemns. In one example, the processing circuit 902 may be adapted from a single-
board type of computer, such as a controlier or a blade server, a desktop computer, a
Windows-based system, a Unix-based systern, a Sun Solaris system, a Limix-based
svstem, a distributed system with multiple computing devices, and so on. The
stivutlation tool 904 may be implemented as some combination of hardware and
software that cooperates with or exccutes on one or more processing circuits 902,
The simulation tool 904 may include one or more executable programs, Hbraries
and/or sets of data.

The simulation tool 904 may be used to sinulate digital systerns and/or digital
components in addition to communications links, For example, the sinmlation tool
904 may be used to simulate the digital circuitry in a celhular phone. The simulation
too] 904 may model or otherwise represent digital components and/or blocks 914.
Digital components 914 may include integrated circuit devices, transistors, digifal
logic building blocks such as logic gates, etc. The simulation too! 904 may model or
otherwise represent one or more conpectors 9180 of a communications link or
fnterconnect between certain of the digital comaponents 914, The simulation tool 904
may maodel or otherwise represent one or more signals 912, including signals that are
transmitted over connectors 910 of a communications link or interconnect between
certain of the digital components 914, The simulation tool 904 mayv model or
otherwise represent other components including one or more clock signals or cycles,
passive analog components and so on. The simulation tool 904 may model or
otherwise represent one or muore scheduolers 916 that can be used to simulate clock
signals or cyeles used by the digital components 914, the signals 912 and/or the
connectors 910,

FIG. 10 is a flowchart iflustrating an encoding method according o certain aspects
of the invention. The method may be performed by a simulation tool or a test device,
At step 1002, the device may generate a digital signal representative of a physical
connection in a communications link.

At step 1004, the device may generate a virtual signal characterizing a three-phase
signal  transmitied over the physical commection. o one example, the
communications link includes three physical connections, cach physical connection

comununicating a different phase of the three-phase signal when an active mode of
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operation s selected. Hach of the three physical connections may be in the high-
impedance state in the nactive mode of operation.

At step 1006, the device may configore the virtual signal to model one or more
analog characteristics of the physical connection. The analog characteristics may
include voltage states defining the three-phase signal. The analog characteristics of
the physical connection may include at least three voliage states corresponding to
signaling states of the three-phase signal. The voltage states may include at least
three valid voltage states. Each of the voltage state may correspond to a voltage level
assoctated with the physical connection.

According to certain aspects, one of the at least three valid voltage states includes an
undriven state. Only one physical connection in the communications link may be
validly in the undriven state when the communications Hnk i in an active mode of
operation. The virtual signal may select between oue or more modes of operation of
the physical connection. The physical connection may be in a high-impedance state
or an undefined state when an mactive mode of operation is selected. The modes of
operation inchude a high-speed mode and a low-speed mode. The digital signal may
mnclude a first binary bit that sclects between a first voltage state and a second
voltage state. A voltage level of the second voltage state is selected by the virtual
signal.

According to certain aspects, the three-phase signal may switch within a voltage
range bounded by a maximum voltage fovel and a minimum voltage level The first
voltage staic may be defined as the minimum voltage level. The voltage level of the
second voltage state may be selected by the virtual signal as either the maximum
voltage level or an intormediate voltage level that is greater than the muninwum
voltage level and less than the maximum voltage level

According to certain aspects, the three-phase signal switches within a voltage range
bounded by a maximum voltage level and 3 minimum voltage level. The first
voltage state may be defined as the maximum voltage level. The voltage level of the
second voltage state may be selected by the virtual signal as either the minimum
voltage level or an intermediate voltage level that is greater than the minimum
voltage level and less than the maximum voltage level,

According to certain aspects, the virfual signal characterizes analog behaviors of the

physical connection when the communications Hak is operated in a high-speed mode
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that are different analog behaviors of the physical connection when the
communications link is operated in a low-speed modes of operation. The analog
behaviors of the physical connection may nclude a rise ime or a rate of rise fime
between signal states on the physical connection.

FIG. 11 is a diagram 1100 illustrating a simplifiecd example of a hardware
vuplementation for an apparatus croploying a processing cireuit 1102, The
processing circuit 1102 may be implemented with a bus architecture, represented
generally by the bus 1120, The bus 1120 may imchude any number of interconnecting
buses and bridges depending on the specific application of the processing circuit
1102 and the overall design constraings. The bus 1120 links together various circuits
including one or more processars and/or hardware modules, represented by the
processor 1116, the moduies or circuits 1104, 1106, 1108, 1112 and the computer-
readable storage medium 1118, The bus 1120 may alse buk various other circuits
such as timing sources, peripherals, voltage regulators, and power management
circuits, which are well known in the art, and therefore, will not be described any
further.

The processor 1116 may nclude a nucroprocessor, a controller, a digital signal
Processor, a sequencer, a state machine, ete. The processor 1116 is responsible for
general processing, including the execution of software stored on the computer-
readable storage medium 1116, The software, when executed by the processor 1116,
causes the processing circuit 1102 fo perform the various functions described supra
for any particolar apparatus. The computer-readable storage medium 1118 may also
be used for storing data that is manipulated by the processor 1116 when executing
software. The processing civcuit 1102 further includes at least one of the modules
1104, 1106 and 1108, The modules 1104, 1106 and/or 1108 may be software
moduies nmning in the processor 1116, resident/stored in the computer readable
storage mediurg 1118, one or more hardware modales coupled to the processor
11146, or some combination thereof.

In one configuration, the apparatus 1100 nchides modules or circuitry 1104 for
generating a  digital signal representative of a physical conmection in a
communications link, modules or circuitry 1106 for generating a virtual signal

characterizing a three-phase signal transmitted over the physical connection,
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modules or circuitry 1108 for configuring the virtual signal to model one or more
analog charactenistics of the physical connection,

It 15 understood that the specific order or hierarchy of steps in the processes
disclosed is an illustration of exemplary approaches. Based upon design preferences,
it is understood that the specific order or hicrarchy of steps in the processes may be
reartanged. The accompanying method claims present clements of the various sieps
in a sample order, and are not meant o be limited to the specific order or hierarchy
presented.

The previous description is provided to enable any person skilled in the art to
practice the various aspects described herein, Various moditications to these aspects
will be readily apparent to those skilled in the art, and the generic principles defined
heretn may be applied to other aspects. Thus, the claims are not intended to be
timited to the aspects shown herein, but is {0 be accorded the full scope consistent
with the language claims, wherein reference to an clement in the singular is not
intended to mean “one and only one” unless specifically so stated, but rather “one or
more.” Unless specifically stated otherwise, the term “some” refers to one or more.
Al structural and functional equivalents to the clements of the various aspects
described throughout this disclosure that are known or later come to be known fo
those of ordinary skill in the art are expressly incorporated herein by reference and
are intended fo be encompassed by the claims. Moreover, nothing disclosed herein is
intended to be dedicated to the public regardless of whether such disclosure is
explicitly recited in the claims, No claim element is to be construed as a means plus

fumction unless the element is expressly recited using the phrase “means for”
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CLAIMS

What is claimed 1s:

1. An apparatus, comprising:
at least one processing circuit contfigured to:
generate a digital signal representative of a physical connection in a
comumunications link and a virtual signal characterizing a three-phase
stgnal transmitted over the physical connection,
wherein the virtual signal represents one or more analog characieristics of the
physical conncction, the analog chavacteristics including voltage states defining the

three-phase signal,

2. The apparatus of claim 1, wherein the voltage states fuchude at least three valid
voltage states, cach voltage state corresponding o a voltage level associated with the

physical connection.

3. The apparatus of claim 2, wherein one of the at least three vahid voltage states
includes an undriven state, wherein only one physical connection in the communications
fink is in the undriven state when the communications hink is in an active mode of

operation.

4, The apparatus of ¢laim 2, wherein the virtual signal selects between one or more
modes of operation of the physical connection, wherein the physical connection isina
high-impedance state or an undefined state when an inactive mode of operation is

selected.

5. The apparatus of claimn 4, wherein the communications link inclades three
physical connections, each physical connection communicating a different phase of the
threc-phase signal when an active mode of operation 1s sclected, and wherein cach of the
three physical connections is in the high-impedance state in the inactive mode of

operation,
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6. The apparatus of claim 4, wherein the one or more modes of operation inchude a

high-speed mode and a low-speed mode.

7. The apparatus of claim 1, wherein the digital signal comprises a first binary bit

that selects between a first voltage state and a second voltage state.

8. The apparatus of claim 7, wherein a voltage level of the second voliage state is

selected by the virtual signal.

g, The apparatus of claim 7, wherein:

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the mintmum voltage level; and

the voitage level of the second voltage state is selected by the virtual signal as
cither the maximum voltage level or an intermediate voltage tevel that is greater than the

minimum voltage level and less than the maxanum voltage tevel,

14, The apparatus of claim 7, wherein:

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the maximum voltage level; and

the voltage level of the second voltage state is selected by the virkual signal as
cither the mimimum voltage lfevel or an intermediate voliage level that is greater than the

minimum voltage level and less than the maxinmur voltage tevel

11 The apparatus of claim 1, wherein the virtual signal characterizes analog
hehaviors of the physical connection when the commumnications link i3 operated in &
high-speed mode that are different analog behaviors of the physical connection when the

communications link is operated in a low-speed modes of operation.

12 The apparatus of claim 11, wherein the analog behaviors of the physical
connection include a rise time or a rate of rise time between signal states on the physical

connechion.
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13. A method for simulating digital systems, comprising:

generating a digital signal representative of a physical connection i a
communications link;

generating a virtual signal characterizing a three-phase signal transmitted over
the physical connection; and

configuring the virtual signal to model one or more analog characteristics of the
physical connection, the analog characteristics including voltage states defining the
three-phase signal,

wherein the analog characteristics of the physical conmection include at least

three voltage states corresponding fo signaling states of the three-phase signal.

f4.  The method of claim 13, wherein the voltage states include at least three valid
voltage states, cach voltage state corresponding o a voltage level associated with the

physical connection.

15. The method of claim 14, wherein one of the at least three valid voltage states
includes an undriven state, wherein only one physical connection in the communications
fink is in the undriven state when the communications hink is in an active mode of

operation.

i6. The method of claim 14, wherein the virtual signal selects between one or more
modes of operation of the physical connection, wherein the physical connection isin a
high-impedance state or an undefined state when an inactive mode of operation is

selected.

17. The method of claim 16, wherein the comununications hink includes three
physical connections, each physical connection communicating a different phase of the
threc-phase signal when an active mode of operation 1s sclected, and wherein cach of the
three physical connections is in the high-impedance state in the inactive mode of

operation,
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I8 The method of claim 16, wherein the one or more modes of operation inchide a

high-speed mode and a low-speed mode.

9. The method of claim 13, wherein the digital signal comprises a first binary bit

that selects between a first voltage state and a second voltage state.

20. The method of claim 19, wherein a voltage level of the second voltage state is

selected by the virtual signal.

21 The method of claim 18, wherein:

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the mintmum voltage level; and

the voitage level of the second voltage state is selected by the virtual signal as
cither the maximum voltage level or an intermediate voltage tevel that is greater than the

minimum voltage level and less than the maxanum voltage tevel,

22. The method of claim 19, wherein:

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the maximum voltage level; and

the voltage level of the second voltage state is selected by the virkual signal as
cither the mimimum voltage lfevel or an intermediate voliage level that is greater than the

minimum voltage level and less than the maxinmur voltage tevel

23. The method of claim 13, wherein the virtual signal characterizes analog
behaviors of the physical connection when the commumications link is operated in a
high-speed mode that are different analog behaviors of the physical connection when the

communications link is operated in a low-speed modes of operation.

24 The method of claim 23, wherein the analog behaviors of the physical
connection include a rise time or a rate of rise time between signal states on the physical

connechion.
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25. An apparatus, comprising:

means for generating a digital signal representative of a physical connection fn a
communications link;

means for generating a virtual signal characterizing a three-phase signal
transmitted over the physical connection; and

means for configuring the virtual signal to model one or more analog
characteristics of the physical connection, the analog characteristics including voltage
states defining the three-phase signal,

wherein the analog characteristics of the physical conmection include at least

three voltage states corresponding fo signaling states of the three-phase signal.

26.  The apparatos of claim 25, wherein the voltage states include at least three valid
voltage states, cach voltage state corresponding o a voltage level associated with the

physical connection.

27. The apparatus of claim 26, wherein one of the at least three valid voltage states
includes an undriven state, wherein only one physical connection in the communications
fink is in the undriven state when the communications hink is in an active mode of

operation.

28. The apparatus of ¢laim 26, wherein the virtual signal sefects between one or
mote modes of operation of the physical connection, wherein the physical connection 18
i & high-impedance state ot an undefined state when an inactive mode of operation is

selected.

29. The apparatus of claim 28, wherein the communications hink includes three
physical connections, each physical connection communicating a different phase of the
threc-phase signal when an active mode of operation 1s sclected, and wherein cach of the
three physical connections is in the high-impedance state in the inactive mode of

operation,
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3¢ The apparatus of ¢laim 28, wherein the one or more modes of operation inchude 2

high-speed mode and a low-speed mode.

31 The apparatus of claim 25, wherein the digital signal comprises a first binary bit

that selects between a first voltage state and a second voltage state.

32 The apparatus of claim 31, wherein a voltage level of the second voltage state is

selected by the virtual signal.

33, The apparatus of claim 31, whereinu

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the mintmum voltage level; and

the voitage level of the second voltage state is selected by the virtual signal as
cither the maximum voltage level or an intermediate voltage tevel that is greater than the

minimum voltage level and less than the maxanum voltage tevel,

34 The apparatus of claim 31, wherein:

the threc-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimum voltage level;

the first voltage state is defined as the maximum voltage level; and

the voltage level of the second voltage state is selected by the virkual signal as
cither the mimimum voltage lfevel or an intermediate voliage level that is greater than the

minimum voltage level and less than the maxinmur voltage tevel

35. The apparatus of claim 25, wherein the virtual signal characterizes analog
behaviors of the physical connection when the commumications link is operated in a
high-speed mode that are different analog behaviors of the physical connection when the

communications link is operated in a low-speed modes of operation.

36, The apparatus of claim 35, wherein the analog behaviors of the physical
connection include a rise time or a rate of rise time between signal states on the physical

connechion.

2
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37 An apparatus for simulating digital systems, the apparatus comprising:
at least one processing circuit; and
a processor-readable storage medium in electronic communication with the
processor, wherein the processor-readable storage medimm has one or more instructions
which, when executed by the at least one processing circuit, causes the af least one
processing circuif to:
generate a digital signal representative of a physical connection in a
comamunications Hnk;
generate a virtual signal characterizing a three-phase signal transmitted over
the physical connection; and
configure the virtual signal to model one or more analog characteristics of
the physical connection, the analog characteristics including voltage
states defining the three-phase signal,
wherein the analog characteristics of the physical connection include at lfeast

three voltage states corresponding to signaling states of the three-phase signal.

38. The apparatus of claim 37, wherein the voltage states include at least three valid
voltage states, each voltage state corresponding to a voltage level associated with the

physical connection.

39 The apparatus of claim 38, wherein one of the at least three valid voltage states
mehides an undriven state, wherein only one physical connection in the communications
fink is in the undriven state when the communications link is in an active mode of

operation.

40 The apparatus of claim 38, wherein the virtual signal selects between one or
more modes of operation of the physical connection, wherein the physical connection is
in & high-impedance state or an undefined state when an inactive mode of operation is

selected.

41. The apparatus of claim 40, wherein the communications link includes three

physical connections, each physical connection commumicating a different phase of the

2
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threc-phase signal when an active mode of operation is sclected, and wherein cach of the
three physical connections is in the high-impedance state in the inactive mode of

operation,

42Z. The apparatus of claim 40, wherein the one or more modes of operation include a

high-speed mode and a low-speed mode.

43. The apparatus of claim 37, wherein the digital signal comprises a first binary bit

that selects between a first voltage state and a second voltage state.

44, The apparatus of claim 43, wherein a voltage level of the second voltage state is

selected by the virtual signal.

45. The apparatus of claim 43, wherein:

the three-phase signal switches within a voltage range bounded by a maximum
voltage level and a minimuam voltage level;

the first voltage state is detined as the minimum voltage level; and

the voltage level of the second voltage state is selected by the virtual signal as
either the maximum voltage level or an intermediate voltage level that is greater than the

mintnuim voltage level and less than the maximum voltage level.

46. The apparatus of claim 43, wherein:

the three-phase signal switches within a voltage range bounded by a maximum
voltage level and a mindoum voltage level;

the first voltage state is defined as the maximum voltage level and

the voliage level of the second voltage state is selected by the virtual signal as
either the miniroum voltage level or an intermediate voliage level that is greater than the

minimum voltage level and less than the maximum voltage fevel.

47. The apparatus of claim 37, wherein the virtual signal characterizes analog
behaviors of the physical connection when the communications link is operated in a
high-speed mode that are different analog behaviors of the physical connection when the

communications link is operated in a low-speed modes of operation.

34
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48. The apparatus of claim 47, wherein the analog behaviors of the physical
cormmection include a rise time or a rate of rise ime between signal states on the physical

connection.

2
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