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APPARATUSES AND METHODS FOR REDUCING SWITCHING JITTER

CROSS REFERENCE TO RELATED APPLICATION

This application claims priority to U.S. Patent Application No.
14/325.837, filed July ¥, 2014, cntitled “APPARATUSES AND METHODS FOR
REDUCING SWITCHING JITTER,” the entire disclosure of which is hereby
ncorporated by reference in its entivety,

TECHNICAL FIELD

This disclosure relates generally to electronic circuits.
More particularty but not exclusively, the present disclosure relates to apparatuses and
methods for reducing switching jitter in data circuits.

BACKGROUND

Mobile Industry Processor Interface (MIPT} Alhance (MIPI®) channel
physical layer (C-PHY ) is a high-speed serial interface specification fo provide high
throughput performance over bandwidth limited channpels for connecting to
peripherals, including displays and cameras. C-PHY is based on 3-phase symbol
encoding technology for delivering high bits per symbol {e.g., 2.28 bits per syrabol)
over a set of three wires. C-PHY may ioncrease the data rate by eocoding and
decoding the data using three states of wires, ¢.g., low, mid, and high. C-PHY also
nay offer the advantage of jitter tracking. For example, only cycle-to-cycle jitter may
atfoct the receiver since the clock is embedded in every cycle of data transaction.
However, C-PHY exhibils the intuinsic jitter naturally associated with switching
among different switching stages.

BRIEF DESCRIPTION OF THE DRAWINGS

The ernbodiments of the disclosure will be understood more tully from
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the detailed description given below and from the accompanying drawings of various
cmbodiments of the disclosure, which, however, should not be taken to hmit the
disclosure to the specific emboduments, but are for explanation and understanding
only.

Fig. 1 is an cxample system architecture diagram for reducing
switching jitter, incorporating aspocts of the present disclosure, in accordance with
various embodiments.

Fig. 2 is a schematic diagram of various switching patterns,
incorporating aspects of the present disclosure, in accordance with various
cmbodiments.

Fig. 3 is a schematic diagram of an example device for reducing
switching jitter, incorporating aspects of the present disclosure, in accordance with
various cmbodiments.

Fig. 4 is a flow diagrar of an example switching jitter reduction
process executable by an example apparatus incorporating aspects of the present
disclosure, in accordance with various embodiments.

Fig. 5 is a sct of plots showing example waveforms associated with
switching jitter reduction at the transmitter, incorporating aspects of the present
disclosure, in accordance with various embodiments.

Fig. 6 is a sct of plots showing example waveforms associated with
switching jitter reduction at the channel, imcorporating aspects of the present
disclosure, 1 accordance with various embodiments.

Fig. 7 1s a block diagram that iilustrates an example computer device
suitable for practicing the disclosed embeodiments, in accordance with various

embodiments.
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DETAILED DESCRIPTION

The embodiments describe apparatuses and methods for reducing
switching jitter. Io one ernbodivaent, an apparatus may inchude a pattern dependent
delay circuit to detect a switching pattern of at Jeast three data signals on respective
wires and adaptively change delays of the at icast three data signals based on the
detected switching pattern. The apparatus may further include 4 transmitter, coupled
to the pattern dependent delay circuit, to transnut the at least three data signals. Other
technical effects will be evident from various embodiments deseribed here.

In the following description, numerous details are discussed to provide
a more thorough explanation of crobodiments of the present disclosure. It will be
apparent, however, to one skilled in the art, that embodiments of the present
disclosure may be practiced without these specific details. In other instances, well-
known structures and devices are shown in block diagram form, rather than mn detail,
inorder to avoid obscuring embodiments of the present disclosure.

Note that in the corresponding drawings of the embodiments, signals
are represented with lines. Some lines may be thicker, to indicate more constituent
signal paths, and/or have arrows at one or raore ends, to indicate primary information
flow direction. Such indications are not intended to be lirting, Rather, the lines are
used in connection with one or more exemplary embodiments to facilitate casier
understanding of a circuit or a logical unit. Any represented signal, as dictated by
design needs or preferences, may actually comprise one or more signals that may
travel 1u either direction and may be implemented with any suitable type of signal
scheme.

Throughout the specification, and in the claims, the term “connected”

means a direct cleetrical connection between the things that are connected, without
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any intermediary devices. The term “coupled” means either a direct electrical
connection between the things that are connected or an indirect connection through
ONe OF Ore passive or active intermediary devices. The term “circutt” means one or
more passive and/or active components that are arranged to cooperate with one
another to provide a desired function. The term “signal” means at least one current

3

signal, voltage signal, or data/clock signal. The meaning of “a,” “an,” and “the”

include plural references. The meaning of “in” includes “in” and “on.”

") sk

The terms “substantially,” “close,” “approximately,” “near,” and
“about” generally refer to being within +/- 20% of a target value. The term “scaling”
generally refers to converting a design (schematic and layout) from once process
technology to another process technology. The term “scaling” generally also refers to
downsizing layout and devices within the same technology node. The term “scaling”
may also refer to adjusting {¢.g., slowing down) a signal frequency relative to another
paramcter, for exarople, power supply level.

Uunless otherwise specified, the use of the ordinal adjectives “first,”
“second,” “third,” etc., to describe a common object merely indicate that different
instances of like objects are being referred to, and are not intended to imply that the
objects so described must be 1o a given sequence, etther temporally, spatially, in
ranking, or in any other manner.

For purposes of the embodiments, the transistors are metal oxide
sermconductor (MOS) transistors, which include drain, source, gate, and bulk
terrainals. The transistors also include Tri-Gate and FinFet transistors, Gate All
Around Cylindrical Transistors, or other devices implementing transistor
functionality, like carbon nano tubes or spintronic devices. Source and drain

terrinals may be wdentical terminals and are interchangeably used herein, Those
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skilled in the art will appreciate that other fransistors, for example, bipolar junction
transistors (BJT) may be used without departing from the scope ot the disclosure,
The term “MN” indicates an n-type transistor {¢.g., NMOS, NPN BIT, etc.}, and the
term “MP” indicates a p-type transistor {e.g., PMOS, PNP BIT, etc.).

Fig. | illustrates a computing system 100 for reducing switching jitter,
neorporating aspects of the present disclosure, in accordance with various
embodiments. In one embodiment, computing system 100 1ncludes device 110
having transmtter {Tx) 114, device 120 having receiver (Rx} 122, and three
transmission lines {TLs) TL1-TL3 forming a point-to-point lane interconnect between
devices 110 and 120. In embodiments, device 110 may inelude pattern dependent
delay circuit (PDDC) 112, which may receive three signals A, B, and C, and pass a
delayed version of the three signals to the Tx 114, The delay provided by the PDDC
112 may depend on the detected switch pattern of the three signals.

In various embodiments, Tx 114 may trausmit the three signals A, B,
and C {e.g., the delayed version of the three signals A, B, and C as received from the
PDDC 112} over the respective transmission lines TEL, TL2, and TL3 to Rx 122, The
voltage levels on the three TLs (e, TL1, TLZ2, and TL3) at the input of Rx 122 are
Va, Vi, and Vi, respectively. Here, voltage levels Vi, Vi, and Ve are also
interchangeably referred to as signals A, B, and C, respectively.

In embodiments, computing system 100 may be compatible with the
C-PHY specification, which defines a high-speed, rate-ctiicient PHY, suited for
mobile applications where channel rate imitations are a factor. In embodiments, 3-
phase symbol encoding technology may be used by devices 110 and 120 to deliver
approximately 2.28 bits per symbol over the three-wire transmission lines TL1-TL3.

In embodiments, Tx 114 and BRx 122 may communicate at g rate of gbout 2.5 giga-
o D
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symbeols per second. Although embodiments herein are described with reference to
C-PHY signaling, it will be apparent that the erabodiments may be used with any
suttable compnunication protocol that employs three or more transmission hines and
three or more logic states.

In some cmbodiments, device 110 may include a camera or a display,
and device 120 may be a host mobile device. In embodiments, device 110 may be a
waster, and device 120 may be a slave in a syonchronous connection between master
and slave. Device 110 may provide the high-speed data signals and may be the main
data source from which device 120 may receive the data signals {e.g., the main data
stk ).

The direction of data communication from device 110 to device 120
n1ay be denoted as the forward direction. In some embodiments, the point-to-point
tane mterconnect between devices 110 and 120 may be a bi-directional lane. The
poini-to-point lane interconnect between devices 110 and 120 may provide a high-
speed signaling mode for fast-data traffic, e.g., from device 110 to device 120,
Further, the point-to-point lane interconnect between devices 110 and 120 may
provide a low-power signaling mode for control purposes, ¢.g., sending control
signals from device 120 to device 110, In some embodiments, the point-to-point lane
interconnect between devices 110 and 120 may be a unidirectional lane, which only
supports communication in the forward direction.

In crabodiments, PDDC 112 may be used to reduce the intrinsic switch
jitter associated with the three signals A, B, and C using a pattern dependent delay
(PDD) line technique before sending the signals to Tx 114, In this way, the switching
jitters at device 110 may be reduced; consequently, the eye margin may be improved

at device 120,
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Fig. 2 is a schematic diagram illustrating switching patterns 210, 212,
220,222, 230, 232, 240, 242, 250, and 252, incorporating aspects of the present
disclosure, in accordance with various embodiments. Those elersents of Fig. 2 having
the same reference numbers {or names} as the elements of any other figure can
operate or function in any manner similar to that described, but are not limited fo
such. So as not to obscure the embodiments, elements and features discussed
previously may not be repeate

In embodiments, data may be encoded and decoded using three states
of the signals A, B, and C, ¢.g., low, mid, and high, that are driven on respective
wires. For exaraple, two of the three wires may be driven to opposite levels, and the
third wire may be terminated to a mid-level. To simplify clock recovery, clock timing
nay be encoded into cach symbel, which requires the combination of voltages driven
onto the wires to be changed at every symbol.

When three wires each carry different voltages, there are six possible
wire states wherein a wire state is the combination of signal levels driven on the three
fines of a lane. Dwuring a high-speed unit interval (U1}, one of the six possible wire
states 1s driven onto a lane, and each of the three lines of the lane is driven to one of
three signal levels, e.g., low, mid, and high. In embodiments, cach of the three lines
in a lane may be driven to a different signal level at a given time. Therefore, there
n1ay be six possibie wire states with a different signal level on each of the three lines
sirnultancously. Frorn any given wire state, there may be five possible transitions
to the next wire state.

As tlhustrated in Fig. 2, in this embodiment, the starting wire state for
signals A, B, and C is high, mid, and low, respectively. For example, voltages on

signals A, B, and Cmay be ¥V, 2V, and Y4 V, respectively, wherein V may

~~1
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represent a unit of voltage. In cach unit interval (U1}, voltages of signals A, B, and C
may toggle between 34 V, 1V, and Y4 V.

Without using PDDC 112 1o connection with Fig. 1, the five possible
transitions to the next wire state are iilustrated by patterns 210, 220, 230, 240, and 250
in Fig. 2. In pattern 210, the next wire state becomes high, low, and mid for A, B, and
C, respectively, In pattern 220, the next wire state becomes mid, high, and low for A,
B, aud C, respectively. In patiern 230, the next wire state becorses low, mid, and gh
for A, B, and C, respectively. In pattern 240, the next wire state becomes mid, low,
and high for A, B, and C, respectively. In pattern 250, the next wire state becomes
fow, high, and mud for A, B, and C, respectively.

In various embodiments, patterns 212, 222, 232, 242, and 252 illustrate
the five possible transitions to the next wire state when the PBDC 112 is used. As can
be scen, patterns 210, 220, and 230 are not associated with intrinsic switching jitters.
Therefore, signals A, B, and C may pass through PDDC 112 10 connection with Fig. 1
without introducing any delay for any signal. The patterns of 212, 222, and 232 thus
remain substantially the same as the patterns of 210, 220, and 230, respectively, after
passing through PDDC 112 in connection with Fig. 1.

However, patterns 240 and 250 corue with intrinsic switching jifters as
shown. For example, in respect of pattern 240, the misalignment of AB, BC and CA
switching will naturally introduce switching uncertainty of AB, BC and CA. If the
driver driving the signals has a slower slew rate, switching jitters may cven get
amaplified. In embodiments, PDDC 112 may introduce pattern dependent delays to
signals A, B, and C to reduce switching jitters. In the case of pattern 240, a short
delay may be introduced to signal A, a medium delay may be introduced to signal B,

and a long delay may be introduced to signal C. In the case of pattern 250,
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appropriate delays with increased length may be introduced to signals C, A, and B s0
that the switching jitter may be reduced. As shown, after introducing appropriate
delays for signals A, B, and C by PDDC 112, the switching patteros 242 and 252 have
substantially reduced their respective switching jitter.

In other embodiments, the starting wire states for signals A, B, and C
may differ from what are shown in Fig. 2, but switching jitters may still be present i
some switching patterns, e.g., when each signal switches to a different voltage level
from its prior voltage level. Specifically, signals A, B, and € may switch from (high,
low, mid} to (mid, high, low), from (high, low, mid} to (low, mid, high)}, from {md,
fow, high) to (high, mid, low), from (mid, low, high} to (low, high, mid), from (roid,
high, low} to (high, low, mid), from {mid, high, low} to (low, mid, high), from (low,
high, muid) to (high, mid, low), from (low, high, mid} to (mid, low, high), from (low,
mid, high) to (high, low, mid}, or from (low, mid, high} to (mid, high, low). In these
cases, switching jitters may be reduced after applying patiern dependent delays, e.g.,
by PBDC 112 in connection with Fig. 1. Enhanced with the teaching in this
disclosure, switching jitters may be reduced before transmitting the data to a lane
{e.g., TL1-TL3}, and the eye margin may be further opened for the receiver,

Fig. 3 is a schematic diagram of an exarople device for reducing C-
PHY switching jitter, incorporating aspects of the present disclosure, in
accordance with various embodiments. Those clements of Fig. 3 having the same
reference nurabers {or names) as the clements of any other figure can operate or
function n any manner similar to that described, but are not tiraited to such. So asnot
to obscure the embodiments, elements and features discussed previously may not be
repeated.

In embodiments, pattern dependent delay cireuit (PDDC) 300 may
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include pattern detector 310 to detect the switching pattern associated with signals A,
B, and C. Pattern detector 310 may detect the logic state associated with cach of
signals A, B, or C. As an example, logic states of high, mid, and low way be
associated with voltages of 74 V, 2 V, and %4 ¥V, respectively, wherein V may
represent a unit of voltage. In embodiments, signals A, B, or C cach may have at least
three different logic states, such as high, mid, and low. A signal may switch from one
fogic state to another.

Pattern detector 310 may detect a switching pattern of at least three
data signals on respective wires. In some embodiments, pattern detector 310 may
have mernory of the prior logic state on respective wires and knowledge of the current
fogic state. Thus, pattern detector 310 may detect the switching pattern based on the
prior logic state and the current logic state of the data signals. As an example, in
connection with Fig. 2, pattern detector 310 may detect pattern 240 based on the prioy
logic state (high, mid, low) and the current logic state {mid, low, high} of signals A,
B, and C.

PDDC 300 may also include delay module 330 to change the delays of
signals A, B, and C based on the detected switching pattern. In some embodiments,
patiern detector 310 may send oue or roore control signals to delay rmaodule 330 for
changing the delays of signals A, B, and C when pattern detector 310 detects that the
signals each arc undergoing a state transition during a same time period. As an
example, in connection with Fig. 2, patiern detector 310 may detect that cach signal in
pattern 250 15 undergoing a state fransition, ¢.g., signal A switches from high to low,
signal B switches from mid to high, and signal C switches from low to mid. In this
case, the control signals may actuate delay module 330 to cause different delays for

cach of the signals.
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In embodiments, delay module 330 may include a number of delay
controliers {(DC), such as DCs 331, 333, and 335, The delay module may also include
a nurober of samplers, such as samplers 332, 334, and 336, which are coupled to BCs
331, 333, and 335, respectively. In embodiments, the DCs 331, 333, and 335 may be
paired with respective samplers 332, 334, or 336 fo causc delay on a respective wire.
As an exaraple, DC 331 may receive a common clock signal from clock 320, and add
a delay to the clock signal, ¢.g., based on the control signal received from pattern
detector 310. Subsequently, the delayed clock signal may control sampler 332 to
sample data later in time, thus adding delay on signal A,

In erabodiments, PDDC 300 may adaptively change the delays of
signals A, B, and C based on the detected switching pattern. In embodiments, PDDC
360 may reduce switching jitters associated with some switching pattern, such as
patiern 240 or 250 in connection with Fig. 2. In embodiments, data signals with
reduced switching jitters may be further sent by transmutiers, such as Tx 342, Tx 344,
or Tx 346, to a recetver. In embodiments, PDDC 300 may be used to reduce C-PHY
switching jitters. In those cases, Tx 342, Tx 344, and Tx 346 may be MIPI C-PHY
compliant transmtters.

Fig. 4 is a flow diagram of an example C-PHY switching jitter
reduction process executable by an example apparatus incorporating aspects of the
present disclosure, in accordance with various embodiments. As shown, process 400
may be performed by a device with any one structure disclosed in Fig. T or 3 to
fmaplement oue or roore embodiments of the present disclosure.

In embodiments, at block 410 of the process 400, a switching pattern
of a plurality of data signals on respective wires may be detected, ¢.g., by pattern

detector 310, In embodiments, a data signal may have at least three logic states, such
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as expressed in at least three different voltage levels. Accordingly, the logic state of
the data signal may be detecied based on the voltage level. In embodiments, a
switching pattern based on a prior logic state and a current logic state of the plurality
of data signals may be detected, for example, as described in connection with Fig. 2.

MNext, at block 420, delays on one or more of the plurality of data
signals may be introduced using the pattern dependent delay hine technique based on
the detected switching pattern, ¢.g., by delay wmodule 330, In some embodiments, the
detected switching pattern may include each data signal switching to a different logic
state from its prior logic state. In this case, appropriate delays may be introduced to
the data signals based on the detected switching pattern to reduce switching jitters.
As an example, different delay lengths may be introduced to different signals.
Resultantly, the switching timing for the plurality of data signals may be adjusted
based on the delays so that the switching jitter may be reduced.

Next, at block 430, the plurality of data signals may be transmitted,
e.g., by Tx 342, Tx 344, and Tx 346. In this way, the switching jitters at the sender
may be reduced; consequently, the eye margin may be improved at the receiver side.

Fig. 5 is a set of plots showing example wavetorrs assoctated with C-
PHY switching jitter reduction at the transmitter, ncorporating aspects of the present
disclosure, in accordance with various embodiments. Plot 310 shows example
waveforms measured at a transmitter without applying pattern dependent delays,
while plot 520 shows example waveforms measured at the transmatter after applying
pattern dependent delays.

In this embodiment, a total pad capacitance (Upad) of about 3 pico
farad {pf}) and an operating frequency of 2.5 gigasample-per-second (Gsps) are used to

analyze cye margin. In this case, the channel raargin is about 0.2 unit interval (UL}
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{(e.g., about 80 petaseconds (ps)), and the transmitter timing budget is about .3 Ul
{c.g., about 120 ps). As shown, more than 0.15 Ul of total margin is wasted due to
intrinsic switching jitter 512 in plot 510, Ouw the other side, switching jitter 322 in plot
520 1s minimized after applying pattern dependent delays in the transmitter.

Fig. 6 is a sct of plots showing example waveforms associated with C-
PHY switching jitter reduction at the channel, incorporating aspects of the present
disclosure, in accordance with various embodiments. In emabodiments, plots 610 and
620 show waveforms measured for C-PHY signaling arrived at the receiver through a
lossy channel. The basic unit of channel for C-PHY includes a sct of three wires.

Plot 610 shows exaraple waveforms measured at a chanunel without
applying pattern dependent delays, while plot 620 shows example waveforms
measured at the channel after applying pattern dependent delays. Thus, plot 610 is the
baseline reads without PDD, while plot 620 incorporates aspects of the present
disclosure for switching jitter reduction. In this embodiment, the differential channel
foss used for plots 610 and 620 is about -2.4 decibel (dB).

In embodiments, intrinsic switching jitters may be naturally amplified
through the channel, and cye roargin may be degraded significantly since the channel
foss 1s operated as a low pass filter. Theretore, plot 610 shows a degraded eye margin
612. If the switching timing for some known patterns as discussed above are adjusted
based on PDD, switching jitters from the transmitter may be minimized so that eye
margin may be improved dramatically at the receiver. Hence, plot 620 shows the
platforro margim improvement with PDD, indicated by the fraproved eye margin 622.

Fig. 7 is a block diagram that illustrates an example computer system
700 suitable for practicing the disclosed embodiments with any of the design

principles described with reference to Figs. 1-6, in accordance with various
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embodiments. In one embodiment, computing system 700 represents a mobile
computing device, such as a computing tablet, a mobile phone or smartphone, a
wireless-cnabled ¢-reader, or another wireless mobile device., It will be ynderstood
that certain components are shown generally, and not all components of such a device

are shown in computing system 700.

As shown, computer system 700 may include a power managernent
720; a vurnber of processors or processor cores 710; a system raemory 7385 4 noo-
volatile memory (NVMY/storage 740 having processor-readable and processor-
executable instructions 780 stored therein; an /O controller 750 having at least one
structure for reducing switching jitter, ke circutt 300 or PDDC 112, and a
communication interface 760. For the purpose of this application, including the
claims, the terms “processor” and “processor cores” may be considered synonymous,
unless the context clearly requires otherwise. Those clements of Fig. 7 having the
same teference numbers (or names) as the clemeunts of any other figure can operate or
function in any maunner sinnlar to that described, but are not hmited to such.

In one embodiment, processors 710 may include one or more physical
devices, such as microprocessors, application processors, microconiroliers,
programarable logic devices, or other processing means. The processing operations
performed by processors 710 may include the execution of an operating platform or
operating system on which applications and/or device functions are executed. The
processing operations may include operations related to input/output (/O) with a
human user or with other devices, operations related to power management, and/or
operations related to connecting the computing system 700 to another device. The
processing operations may also include operations related to audio /O and/or display

/0.
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The one or more NVM/storage 740 and/or the system memory 730
may comprise a tangible, non-transitory corputer-readable storage device (such as
a diskette, hard drive, compact disc read only memory (CD-ROM), bardware storage
unit, flash memory, phase change memory (PCM), solid-state drive (S8SB) memory,
and so forth). Instructions 780 stored in the NVM/storage 740 and/or the system
meroory 730 may be executable by one or more of the processors 710, Instructions
780 may contain particular instructions to enable or disable the switching jitter
reduction operations as thustrated in connection with Fig. 4.

Computer system 700 may also include input/output devices (not
shown) coupled to computer system 700 via VO controller 750, VO controler 750
ilhustrates a connection point for additional devices that connect to computing system
760 through which a user might interact with the system. For example, various
devices that may be coupled to the computer system 700 via I/O controller 750 may
include microphone devices, speaker or sterco systerns, video systems or other display
devices, keyboard or keypad devices, or other 10 devices for use with specific
applications such as card readers or other devices. In various embodiments, VO
controller 750 may include g high-speed serial interface compatible with the C-PHY
specification, which may provide high throughput performance over
bandwidth limited channels for connecting to peripherals, including displays and
cameras. In those embodiments, IO controller 750 may include circuits like PDDC
112 i connection with Fig. 1 or circuit 300 in connection with Fig. 3. Therefore, C-
PHY intriusic switching jitter may be reduced using patiern dependent delay hine
techniques as discussed in this disclosure.

In embodiments, communication interface 760 may provide an

nterface for computing system 700 to comraunicate over one or more network(s)
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and/or with any other suitable device. Commmnication interface 760 may include any
suitable hardware and/or firmware, such as a network adapter, one or more antennas,
wircless interface(s), and so forth. In various embodiments, communication interface
760 may include an interface for computing system 700 to use near

field communication (NFC), optical communications, or other simtlar technologies

to communicate directly (¢.g., without an intermediary) with another deviee.

In various embaodiments, communication interface 760 may interoperate with

radio communications technologies such as, for example, Wideband Code

Division Multiple Access (WCDMA), Global System for Mobile Communications
{GSM), Long Term Evolution (LTE}, WiF1, Bluetooth®, Zigbee, and the like.

The various elements of Fig. 7 may be coupled to each other viaa
system bus 770, which represents one or more buses. In the case of multiple buses,
they may be bridged by one or more bus bridges (not shown}. Data may pass through
the systera bus 770 through the 1O controller 750, for example, between an output
terminal and the processors 718,

System memory 730 and NVM/storage 740 may be employed to store
a working copy and a permanent copy of the programming mstructions impleraenting
one Or more operating systems, firmware modules or davers, applications, and so
forth, herein collectively denoted as mnstructions 780, In embodiments, instructions
780 may include logic for reducing C-PHY switching jitters using pattern dependent
delay hine techniques described in this disclosure. The perroancent copy of
the progravaming instructions wmay be placed into permanent storage m the factory,
or in the field, via, for example, a distribution mediur (not shown), such as a compact
disc (CD}, or through the communication interface 760 (from a distribution server

{(not shown}).
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In some embodiments, at least one of the processor(s) 710 may
be packaged together with VO controller 750, In some embodiments, at least one of
the processor(sy 710 may be packaged together with /O controllier 750 having
structures 112/300 to form a System in Package (S1P). In some embodiments, at least
one of the processor(s) 710 may be integrated on the same dic with /0 controller
750 having structures 112/300. In some embodiments, at least one of the processor(s)
710 may be integrated on the same die with VO controlier 750 having structures
112/300 to form a System on Chip {(SoC).

According to various cmbodiments, one or more of the
depicted components of the systera 700 and/or other clement(s) may include a
keyboard, LCD screen, non-volatile memory port, multiple antennas, graphics
processor, application processor, speakers, or other associated mobile device
clements, including a camera. The remaining constitution of the various elements of
the computer system 700 is known, and accordingly will not be further described
in detail.

The above description of illustrated embodiments, including what
is described in the Abstract, 1s not intended to be exhaustive or to be limited to
the precise forms disclosed. While specific embodiments and examples are described
herein for illustrative purposes, various modifications are possible. For example, the
configuration and connection of certain elements in various embodiments that have
been described above may be modified without departing from the teachings in
connection with Figs. 1-7. These and other modifications can be made 1o Hight of the
above detatled description. The terms used in the following claims should not
be construed to be limited to the specific embodiments disclosed in the specification.

R ENAY

Reference in the specification to “an embodiment,” “onc embodiment,”
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“some cmbodiments,” or “other embodiments” means that a particular feature,
structure, or characteristic described in connection with the embodiments 18 included
in at feast some embodiments, but vot necessarlly all embodiments. The various
appearances of “an embodiment,” “one embodiment,” or “some embodiments” are not
necessarily all referring to the same embodiments. If the specification states a
component, feature, structure, or characteristic “may,” “might,” or “could” be
included, that particular component, feature, stracture, or characteristic 1s not required
to be included. If the specification or claim refers to “a” or “an” element, that does
not mean there is always only one of the clements. If the specification or claims refer
to “an additional” clement, that does not preclude there being more than one of the
additional element.

Furthermore, the particular features, structures, functions, or
characteristics may be corabined in any suitable maunner in one or more
erabodimeunts. For example, a first erabodiroent roay be combined with a second
embodiment anywhere the particular features, structures, functions, or characteristics
associated with the two embodiments are not mutually exclusive.

While the disclosure has been described in conjunction with specific
embodiments thereof, many alternatives, modifications, and variations of such
embodiments will be apparent to those of ordinary skill in the art in light of the
foregoing description. For cxample, other memory architectures, ¢.g., dynamic
random-access memory {DRAM), may use the embodiments discussed. The
embodiments of the disclosure are intended to embrace all such alternatives,
modifications, and variations as to fall within the broad scope of the appended claims.

In addition, well-known power/ground connections to integrated circnit

(1C) chips and other components may or roay not be shown within the presented
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figures, for simplicity of illustration and discussion, and so as not to obscure the
disclosure. Further, arrangements may be shown in block diagram form in order to
avoid obscuring the disclosure, and also in view of the fact that specifics with respect
to the implementation of such block diagram arrangements are highly dependent upon
the platform within which the present disclosure is to be mmplemented (i.e., such
specifics should be well within the purview of one skilled in the art). Where specific
details {e.g., curcnits) are set forth inorder to describe exarnple embodiments of the
disclosure, it should be apparent to one skilled in the art that the disclosure can be
practiced without, or with variation of, these specific details. The description is thus
to be regarded as tlustrative instead of himiting.

The following examples pertain to further embodiments. Specifics in
the examples may be used anywhere in one or more embodiments. All optional
features of the apparatus described herein may also be impleraented with respect to a
method or process.

Example 1 s an apparatus for reducing switching jitter, which may
include a pattern dependent delay circuit. The pattern dependent delay circuit may
further include a pattern detector to detect a switching pattern of at least three data
signals on respective wires; and a delay module coupled to the pattero detector to
adaptively change delays of the at least three data signals based on the
detected switching pattern. Further, the apparatus may include a transmitter, coupled
to the pattern dependent delay circuit, to transmit the at least three data signals.

Example 2 may include the subject roatter of Exarople 1, and may
further specify that individual data signals of the at least three data signals switch
between at least three logic states.

Example 3 may include the subject muatter of Exarapic 2, and may

PCT/US2015/030616
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further specify that the at least three data signals are in different logic states.

Examplc 4 may mclude any subject matter of Exaraples 1-3, and may
further specity the pattern detector is to detect the switching pattern based oun a prioy
fogic state and a current logic state of the at least three data signals.

Example 5 may include any subject matter of Examples 1-4, and may
further specity that the pattern detector 18 to send one or more control signals to the
delay module to change the delays of the at least three data signals when the pattern
detector detects that the at least three data signals are cach undergoing a state
transition during a same time period.

Examplc 6 may include any subject matter of Exaraples 1-5, and may
further specify that the delay module is to cause different delays for each of the at
feast three data signals.

Examplc 7 may mclude any subject matter of Exaraples 1-6, and may
further specity that the delay wodule includes a plurality of delay controllers and a
plurality of samplers, wherein individual delay controliers are paired with individual
samplers to cause delay of respective individual data signals of the at least three data
signals.

Exarple 8 may joclude auny subject matter of Examples 1-7, and may
further specify that the pattern dependent delay circuit is to adaptively change the
delays of the at least three data signals before the transmitter transmits the at least
three data signals to reduce a switching jitter associated with the at least three data
signals.

Example 9 may include any subject matter of Examples 1-8, and may
further specify that the pattern dependent delay circuit s to reduce a C-PHY

switching jitter.
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Example 10 may inchude any subject matter of Examples 1-9, and may
further specify that the transmutter 18 a mobile industry processor interface (MIPT) C-
PHY compliant transmitier.

Example 11 1s a system for reducing switching jitter, which may
include a processor and a controller coupled to the processor to output data processed
by the processor. The system may further include a transmutter coupled to the
controlier to transmit the data using at least three data signals, wherein individual data
signals of the at least three data signals switch between at least three logic states; and
a pattern dependent delay circuit, coupled to the transmitter, to detect a switching
patiern of the at least three data signals and adaptively reduce a switching jitter based
on the detected switching pattern.

Example 12 may inchude the subject matter of Example 11, and may
further specify that the pattern dependent delay circuit s to reduce a C-PHY
switching jitter by changing delays on the at least three data signals before the
transmitter transmits the at least three data signals.

Example 13 may include the subject matter of Example 11 or 12, and
may further specify that the transmitter 18 4 MIPI® C-PHY compliant transmoitier.

Exarple 14 1s a rocthod for reducing switching jitter, which maay
inchide detecting a switching pattern of a plurality of data signals on respective
wires; causing a delay on one or more of the phurality of data signals based on the
detected switching pattern; and transmitting the plurality of data signals.

Example 15 may include the subject matier of Example 14, and may
further specify that the detecting comprises detecting a logic state of individual data
signals of the plurality of data signals, wherein the logic state 15 one of at least three

possible logic states.
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Example 16 may inchude the subject matier of Example 14 or 15, and
niay further specify that the detecting comprises detecting the switching pattern based
on a prior logic state and a current logic state of the plurality of data signals.

Example 17 may inchude any subject matter of Examples 14-16, and
may farther specify that the causing the delay is responsive to a detection that each of
the plurality of data signals switches to a different logic state from a prior logic state.

Example 18 may include any subject matter of Exaroples 14-17, and
way further specity that the causing coraprises changing delays on cach of the
plurality of data signals based on the switching pattern

Example 19 may mclude any subject matter of Exaraples 14-18, and
may further specify that the causing comprises causing different delays on cach of the
plurality of data signals based on the switching pattern.

Example 20 may include any subject matter of Examples 14-19, and
may further specify that the causing comprises reducing a C-PHY switching jitter.

Example 21 may include the subject matier of Example 20, and may
further specity that the causing comprises reduciog the C-PHY switching jitter by
adjusting a switching timing for the plurality of data signals based on the delay.

Example 22 may inchude any subjoct matter of Examples 14-21, and
may further specify that the transmitting compriscs transmitting the plurality of data
signals compliant with MIPI® C-PHY.

An abstract is provided that will allow the reader to ascertain the nature
and gist of the technical disclosure. The abstract is submitted with the understanding
that it will not be used to limit the scope or meaning of the claims. The following
clairos are hereby incorporated into the detailed description, with cach claira standing

on its owun as a separate embodiment.



CLAIMS:

1. An apparatus, comprising:
a pattern dependent delay circuit including:

a pattern detector to detect a switching pattern of at least three data signals on respective
wires, wherein individual data signals of the at least three data signals switch between at
least three logic states; and

a delay module coupled to the pattern detector to adaptively change delays of the at least three
data signals based on the detected switching pattern, wherein the delay module comprises a
plurality of delay controllers and a plurality of samplers, wherein individual delay
controllers are paired with individual samplers to receive a clock signal and add a delay to
the clock signal to cause delay of respective individual data signals of the at least three data
signals; and

a transmitter, coupled to the pattern dependent delay circuit, to transmit the at least three data

signals, wherein the transmitter is a channel physical layer (C-PHY) transmitter.
2. The apparatus of claim 1, wherein the at least three data signals are in different logic states.

3. The apparatus of claim 1, wherein the pattern detector is to detect the switching pattern based

on a prior logic state and a current logic state of the at least three data signals.

4. The apparatus of claim 1, wherein the pattern detector is to send one or more control signals
to the delay module to change the delays of the at least three data signals when the pattern detector

detects that the at least three data signals are each undergoing a state transition during a same time

period.

5. The apparatus of claim 1, wherein the delay module is to cause different delays for each of

the at least three data signals.

6. The apparatus of claim 1, wherein the pattern dependent delay circuit is to adaptively change
the delays of the at least three data signals before the transmitter transmits the at least three data

signals to reduce a switching jitter associated with the at least three data signals.

7. The apparatus of claim 1, wherein the pattern dependent delay circuit is to reduce a C-PHY

switching jitter.
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8. A system, comprising:

a processor;

a controller coupled to the processor to output data processed by the processor;

a transmitter coupled to the controller to transmit the data using at least three data signals,
wherein individual data signals of the at least three data signals switch between at least three
logic states; and

a pattern dependent delay circuit, coupled to the transmitter, to detect a switching pattern of the at
least three data signals and adaptively reduce a switching jitter based on the detected
switching pattern, wherein the pattern dependent delay circuit includes a plurality of delay
controllers and a plurality of samplers, wherein individual delay controllers are paired with
individual samplers to receive a clock signal and add a delay to the clock signal to cause delay
of respective individual data signals of the at least three data signals, and wherein at least one

of the samplers has an operating frequency of at least 2.5 giga-samples per second (Gsps).

9. The system of claim 8, wherein the pattern dependent delay circuit is to reduce a channel

physical layer (C-PHY) switching jitter by changing delays on the at least three data signals before the

transmitter transmits the at least three data signals.

10. The system of claim 8, wherein the transmitter is a physical layer transmitter to deliver at

least 2.28 bits per symbol over a set of three wires using 3-phase encoding.

11. A method, comprising:

detecting, by a pattern dependent delay circuit, a switching pattern of at least three data signals on
respective wires, wherein individual data signals of the at least three data signals switch
between at least three logic states;

causing, by the pattern dependent delay circuit, a delay on one or more of the at least three data
signals based on the detected switching pattern, wherein the causing the delay includes
receiving, by a delay controller and a sampler of the pattern dependent delay circuit, a clock
signal and adding a delay to the clock signal to cause delay of a respective data signal of the
three or more data signals, wherein the sampler has an operating frequency of at least 2.5
giga-samples per second (Gsps); and

transmitting the at least three data signals including the delay on the one or more of the at least

three data signals.
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12. The method of claim 11, wherein the detecting comprises detecting a logic state of individual

data signals of the at least three data signals, wherein the logic state is one of the at least three logic

states.

13. The method of claim 11, wherein the detecting comprises detecting the switching pattern

based on a prior logic state and a current logic state of the at least three data signals.

14. The method of claim 11, wherein the causing the delay is responsive to a detection that each

of the at least three data signals switches to a different logic state from a prior logic state.

15. The method of claim 11, wherein the causing comprises changing delays on each of the at

least three data signals based on the switching pattern.

16. The method of claim 11, wherein the causing comprises causing different delays on each of

the at least three data signals based on the switching pattern.

17. The method of claim 11, wherein the causing comprises reducing a channel physical layer
(C-PHY) switching jitter.

18. The method of claim 17, wherein the causing comprises reducing the channel physical layer

(C-PHY) switching jitter by adjusting a switching timing for the at least three data signals based on
the delay.

19. The method of claim 11, wherein the transmitting comprises transmitting the at least three

data signals to a peripheral device using 3-phase symbol encoding over a set of 3 wires.

20. An apparatus, comprising:
a pattern dependent delay circuit including:

a pattern detector to detect a switching pattern of at least three data signals on respective
wires, wherein individual data signals of the at least three data signals switch between at
least three logic states; and

a delay module coupled to the pattern detector to adaptively change delays of the at least three
data signals based on the detected switching pattern, wherein the delay module comprises a
plurality of delay controllers and a plurality of samplers, wherein individual delay
controllers are paired with individual samplers to receive a clock signal and add a delay to

the clock signal to cause delay of respective individual data signals of the at least three data
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signals, and wherein at least one of the samplers has an operating frequency of at least 2.5
giga-samples per second (Gsps); and
a transmitter, coupled to the pattern dependent delay circuit, to transmit the at least three data

signals.
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