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Title of Invention

JP 2005-269635 A 2005.9.29

HIGHLY CONFIGURABLE PLI ARCHITECTURE
FOR, PROGRAMMBBLE LOGIC

Background of the Invention

L T e T s T e T e T e T e T e |
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This inveation relates to brogrammable logic

integrated cirounit devices, and more particularly to

configurable phase-locked loop (PLL) circuitry for

programmable logic devices.

Programmable logie integrated circuit devices are
well known and often include large numbers of programmable

logic blocks, memory blocks, and programmable interconnection

resources. Logic blocks are programmable by a user to

perform various logic functions desired

‘blocks may be used by the user to store

dutput data. Inkercomnection resources
the user to make any of a wide range of

inputs of the programmahle logic device

by the user. Memoxy
and subsequently

are pregrammable by
connections between

and inputs of the

logic and memory blocks, between outputs of the logic and

memory blocks and outputs of the device, and between outputs

and imputs of the logic and memory blocks. Although each
logic block is typically able to perform only a relatively

small légic task, such interconnections

allow the

programmable logic device to perform extremely complex logic

functions.
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Providing PLL clrcuitry on programmable logic
devices 1s also well known. PLL circuitry produces an ocutput
signal that is contitually adjusted to maintain a constant
frequency and phage relationship with an input reference
signal (the PLL circuitry thus "locks" onto that freguency
and phase relationship). PLL circuitry may be used to
counteract clock signal propagation delay on the programmable
logic device, convert from one clock signal frequency (e.g.,
an input clock signal frequency) to another different clock
signal frequency (e.g., to be output by the device), and more
generally to provide one or more external clock signals,
internal global c¢lock signals, or internal local/regional
cloek signals.

The configurability of known PLL cizcuitzy,
however, 1s typically limited. For example, the frequency
range of output signals produced by known PLL circuitry may
be too narrew for many applications in which a programmable
logic device could be used. Furthermore, the number and
configurability of PLL outputs may be too limited. For
example, known PLL cirenitry may not have enough cutputs
available for comnection to I/0 pins for oiffi-chip clocking
applications. Moreover, known PLIL circuitry may not have
enough outputs available for connection to on-chip global or
local clocking networks. Thus, the configurability of known
PLL circuitry on programmable logic devices may limit the
number of designs that can be implemented oﬁ the device and
thus the number of applications in which a programmable logic
deviece could otherwise be used.

In view of the foregoing, it would be desirable to
be able té provide highly configqurable PLL circuitry in order
ko increase the number of designs and applications in which

programmable logic devices can be used.
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Summary of the Invention

In accordance with the invention, programmable
logic devices are provided with highly configurable
phase-locked loop (PLL) circuitry. PLL circuitry of the
invention outputs multiple signals of which each can be
programmably connected to any or all of the following: one or
more I/0 pins for use as an extermnal (e.g., off-chip) clock,
one or more internal (e.g., on-chip) global clock networks,
one or more internal local/regional clock networks, and
combingtions thereof. The PLL circuitry performs
phase-shifting with xespect to an imput reference signal such
that each output signal can have a different rhase if
desired. Furthermore, the frequency of each output signal
can be individually programmwed. In other embodiments of the
invention, PLL outputs can he programmably cascaded in
selectable numbers of stages to provide output signal
frequency ranges that are orders of magnitude wide. In still
aothex gmbodiments of the invention, PLL circuitry can receive
multipie input signale (e.g., from off-chip and/or on-chip
sources! from which a reference signal can be Programmably
selected.

Methods of providing such clock signal outputs are
also provided in accordance with the invention.

Advantageously, PLL eircuitry and methods of the
invention can be used to implement a wide range of designs
including, for example, frequency synthesizers and zero delay
buffers. This notably increases the nuitber of designs and

applications in which a programmabie logic device can be
used.
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The above and other advantages of the invention
will be apparent upon considerztion of the following detailed
description, taken in conjunction with the accompanying
drawings, in which like reference characters refer to like
parts throughout.
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Detailed Description of the Invention

FIG. 1 shows an illustrative programmable logic
integrated circuit device (PLD) 100 in accordance with the
invention. PLD 100 has one or more clock signal input
pins 102 for receiving ore or more clock signals from
clrcuitry external to the device. PLD 100 also includes a
pluxality of imput/output ("I/0"] pins 104 for recelving data
and/or contrel signals from external cireuitry. (Fox
convenience herein, all data and control signals other than
clock signals will be referred to simply as data signals.)
The data signals from pins 104 may be applied to r/o
registers 106 for temporary storage and output by those
registers. An input clock signal applied to a Pin 102 may be
applied to I/0 registers 106 to control the operation (in
particular, the timing) of these registers. The data signals
output by registers 106 are applied to brogrammable logic 108
of PLD 100. (As an alternative to using registers 106, data
from pins 104 may be applied wore directly to logic 108
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(i.e., without first being input to registers 106).)
Programméble logie 108 may also recelve an input clock signal
from a pin 102 and generally performs at leazt some
operations on the input data from pins 104 and/or

registers 106 at a rate determined by the frequency of a
received clock signal. In other words, some or all of the
data applied to pins 104 may be synchronized with a clock
signal received from a pin 102, and programmable logic 108
may partially process Chat data in synchronism with that
clock signal.

Multiple input clock signals applied to pins 102
may be applied to phase-locked loop ("PLL") circuitry 110 in
accordance with the invention. PLL circuitry 110 may also
receive an internal clock signal from programmable logic 108,
which may have been generated on PLD 100 and/or derived from
another clock signal regeived from one of clock pins 102,

PLL circuitry 110 programmably selects one of the input clock
signals for use as an input reference signal and provides
multiple modifled clock output signals which have desixed
Erequency relationships to the input reference signal.. For
example, the frequencies of the modified ¢lock output =ignals
produced by PIL circultry 110 may be higher and/or lower than
the input reference signal frequency. The modified clock
signals produced by PLL circuitry 110 advantageously may be
programmably applied to amny or all of clock signal output
pins 112, programmable logic 108, and I/0 registers 11a.

Prégrammable logic 108 can be configured to perform
at least some data processing at one or more rates determined
by the one or more meodified clock signals produced by FLL
clrcuitry 110. Fox example, programmable logic 108 may
perform some data processing in synchronism with a modified

clock gignal produced by PLL c¢ircuitry 110, oOutput data
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signals from programmable logic 108 may be applied to I/0
pins 116, possibly via I/0 registers 114, whichk may register
those data signals on their way to pins 116 at poseibly
ranother modified clock signal rate, Furthermore, PLD 100 way
ocutput data via pins 116 at a modified clock signal frequency
that may or way not be the same as, and/ox in synchronism
with, any of the modified clock signals applied to output
clock pins 112.

Note that in other embodiments of the invention
(see, e.g., FIG. 10 and its accompanying description below),
pins 102 and 112 may be dynamically used as either clock or
data I/0 pins.

Although FIG. 1 may appear to show fixed
interconnections ameng the varicus circult elements, note
that on a programmable logic device such as PLD 100 there is
typically a high degree of programmability and therefore
signal routing flexibility in the interconnection resources
that are provided. This programmability of interconnection
resources, which is well known in the art, is not shown to
avoid unnecessarily complicating the FIGS. Thus not all of
the interconnections showm in FIG. 1 (or in any of the
subsequently described FIGS.) may be presenk in all uses of
PLD 100, and/or other interconnections not ghown in FIG. 1
(or other FIGS.) wmay be present in some uges of PLD 100.
Those skilled in the art will also appreciate that the
circuit elements and interconnection resources shown in
FIG. 1 may be only a part of more extensive circuit element
and interconneﬁtion résources provided on PLD 100. Examples
of programmable logic devices in which the invention can be
implemented are found in Cliff et al. U.S. Patent

No. 5,689,195; Cliff et al, U,8. Patent No. 5,509,126; and
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Jefferson et al. U.S. Patent No. §,215,32¢; all of which ave
herehy incorporated by reference herein in their eutiretles.
FIG. 2 shows an embodiment of PLL circuitry in
accordance with the invention. PLL circuitry 210 receives an
input reference signal via input 218 {(unlike PLL
circuitry 1i0, only one input signal is received in this
embodiment). That input signal is applied to prescale
frequency divider 220. Divider 220 divides the frequency of
the input reference signal by a factor N, which is preferably
a programmable parameter of PLD 100 stoxed in, for example, a
programmable function control element of PID 100. The output
of divider 220 is applied as a driving cleck silgnal to one
input of phase/frequency detector (PFD) circuitxry 222. FPFD
circuitry 222, which can be conventional, also receives the
output signal of feedback frequency divider 224. PFD
circuitry 222 produces an output signal which is indicative
of tbe phase/frequency difference between the two signals
applied to it. (A wore complete depiction of PFD
circuitry 222 is shown in ¥IG. 3 and described below) . The
output signal of PFD circuitry 222 is applied as a control
signal to voltage controlled oseillator (VCo) 226. VCO 226
produces k1 output signals (where K1 is an lnteger), each of
which is phase-shifted by preferably an increasing multipie
of 360°/kl. In one embodiment, for example, VCO 226 may
output gix gignals (i.e., X1 = 6), wherein the output signals
are each preferably phase-ghifted with respect to the input

reference signal at 60° intervals (e.g., 60°, 120°, 180°, 240°,

300°, and 360°). In another embodiment, for example, eight
signals may be output (resulting in 45° phase shift
increments). The output signals of VCO 226 are applied ito
multiplexer ciicuitry 228 and feedback multiplexer 230.
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Muitiplexer 230 feeds one of the VCO 226 output
signals to feedback'frequency divider 224. The particular
VCO 226 output signal fed to divider 224 can be fixed by
degign, programmed by a user, or rotated or alternated among

the VCO 226 output signals by control logic that either is

' fixed by design or programmed by a user. Divider 224 divides

the frequency of the signal applied to it by factor M to
produce the above-mentioned segond (feedback) input to PFD
circuitry 222. Factor M is preferably a programmable
parametexr of PLD 100 stored in, for example, a programmable
function control element of PLD 100,

Multiplexer circuitry 228 receives all k1 VeO 226
output signals and programmably selects which of those
signals to feed to post-scale frequency~divider
circuitry 232. Divider circuitry 232 preferably includes
mult.iple counter/frequency-divider circuits, which in the
embodiment shown in FIG. 2 is six. Note that the number of
individual counter or frequency-divider cireuits does not
have to equal the rumber of vCO output signals. Multiplexer
circuitry 228 is preferably programmable by a user, but may
alternatively be fixed to output, for example, each VCO
output sigmal to a respective one of the individual
frequency-divider circuits, assuning the number of divider
cilrcuits equals the number of vco output signals. Tach
individual divider eircuit divides the freguency of the
signal applied to it by its corresponding factor ¢6 - cng
(where nl is an integer and in FI1g. 2 equals five). Each of
factors 0 - Cnl is preferably an independently programmable
parameter stored in, for example, one or more programmable
function control elements of PLD 100. Thus, each of factors

C0 - Cnl may be different, the same, or combinations therect.
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The resulting output signals of post-scale
frequency-divider circuitry 232 are appiied to
multiplexers 234, 236, and 238. Multiplexers 234, 236,
and 238 are each dynamically programmably controlled to
cutput any ome of their inputs to any one of their outputs.
Multiplexer 234 couples selected signals to up to k2 clockﬁ
I/0 pins (CLROUT; e.g., pins 112 of FIG. 1). Constant k2 is
an integer typically less than or equzl to k1. For example,
if ki is egual to eight, k2 may be equal to six.
Multiplexer 236 couples selected signals to up to k3 global
clock (GCLK) networks. Constant k3 is also an integer

typically less than or equal to k1. Thus, for example, if k1

"is equal to eight, k3 may be equal to four. Lastly,

miltiplexer 238 couples selected signals to up to k4 local
clock (LCLK) networks. Constant k4 is likewise an integer
typicalily less than or equal to k1. For example, if ki is
equal to eight, k4 may also be equal to eight. Moreovexr, the
eight may be two groups of the same four signals for use in
two local regions designed to have the same clocking.

FIG. 2a shows an embodiment of a dynamically
configurable multiplexer that can be used for each of
multiplexers 234, 236, and 238 in accordance with the
invention. Multiplexer 235 includes a group 237 of inputs
which are dynamically selectable by a ueer. advantageously,
muiltiplexer 235 allows any ohe of a PLL output, cloeck pin, or
core signal, for example, to be selectably driven onto, for
example, a global [(gclk) or local (lelk) clock network.
Signals CR_GCLKMUXCTRI, and CR_GCLKMUXSEL are programming bits
uged to either configure multiplexer 235 to be dynamically
reconfigurable or fixed (i.e., not dynamically
reconfigurable). 2An embodiment of enablement circuitxy 239

is shown in ¥IG. 11 and described furxther below.
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Advantageously, PLL circuitry 210 provides a high
degree of configurability. ror exampie, by appropriately
programming multiplexer circuitry 228 and divider
cixcuitry 232, the six modified clock signals produced by
circultry 232 can have different phases and different
freguencles, dlfferent phases and the =ame freguencies, the
same phase and different frequencies, or combinations
therecf. Moreover, each of the six modified eclock signals
can be prégrammably routed where needed. Nope are limited or
partitioned to only particular e¢ircuits, T1/0 pins, or uses.

FIG. 3 shows an embodiment of phasa/frequency
detector (PFD) circuitry 222, PFD circuitxy'jzz typically
inciudes a phase/frequency detector circuit 323, which
receives the input and feedback clock signals. Detector
circuit 323-produces "up" or "down" output signal pulses
depending on whethexr the Phase of the input clock signal
leads or lags the phase of the feedback clack éignal. The
width of the "up™ or "down" signal pulses is typically
controlled by detector cirxcuit 323 to be Proportienal to the
phase difference between the input and feedback clock
signals. The "up” or "down” signals are fed to charge pump
circuit 325, which provides a transfer functicn of those
signals to an output signal voltage at a level between the
power supply voltage of PLD 100 and ground. The "up" and
"down" signals switch an intermal current-source to deliver a
charge to move the charge pump ocutput signal voltage up or
down during each clock cycle. The output signal of charge
pump circuit 325 is applied to low-paps filter circuit 327,
which smoothes the signal for application as a control s#ignal
to an associated VCO (e.g., VCO 226). 1In sum, when the phage
of the ipput clock signal leads the phase of the feedbaclk

clock signal, an "up* signal is generated by detector
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circuit 323. This results in an increase in the Erequency of
the feedback clock signal. Conversely, when the phase of the
input <lock signal lags the phase of the feedback clock
signal, detector circuit 323 ﬁroduces a "down" signal, which
causes a dedrease in the frequency of the feedback clock
signal. _

FIG. 1 rhows another embodiment of PLL circuitry in
accordance with the invention. PLL c¢ircultry 410 includes
prescale freguency divider 4za, Phase/frequeney detector
XPFD)'circuitry 422, voltage controlled oscillatoxr (VCO) 426,
multiplexer cizcuitry 428, feedback mrltiplexer 430,
post~sca1e‘frequency—divider circuitry 432, and
multiplexers 434, 436, and 438. These elements operate
similarly, i1f pot identically, to the corresponding elements
of PLL eircuitry 210. Note that the number of outputs showm
in FIG. 4 for VCO 426 (8 outputs), multiplexer circuitry 428
(6 outputs), multiplexer 434 (g outputs), multiplexer 436
{4 outputs), and multiplexer 438 (& outputs) are merely
illustyrative and that these elements may be configured or
replaced with other elementsz to have more or less outputs.

PLL cizeuitry 410 advantageously has enhanced input
signal selection and synchronization capability. PLL
circuitry 410 includes multiplexers 440, 442, and 448,
synchronizing circuit 446, switchever circuit 450, and AND
gate 452. Multiplexers 440 and 442 both receive multiple
input signals from a number of clock input pins {(which in
this embodiment is four; note that other numbers of input
signals from clock pine may be used). These clock input pins
are preferably closely located and available as a matched
reference to PLL circuitry 410. Bny of these pins may be
used for I/0 delay compensation and cloek network delay

compensation. These pins may be used, for example, by memary
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interfaces, such as for RLDRAM (reduced latency dynamic
random access memory; .

Multiplexers 440 and 442 both alse receive a core
input cloek signal, which may be an internal clock signal
originating from any clock pin on the chlp ox it may be
generated by ancther PLIL on the chip.

input, if selected,

Advantagecusly, thig

allows the PLL refercnce clock =zignal to

come from another PLL on the chip via, €.g., PLL cascading.

A single reference clock can therefore be used to drive
multiple PLLs, rather than having separate clocks (typically
requiring respectively separate I/0 clock pins) drive
respectiva PLLs., This feature is particularly usefnl for
multiple PCI interfaces, multiple wemory interfaces, and
those interfaces adhering to known Bource synchroncus
protocnols where multiple tranemit channels using a common
reference clock are required.

FIG. 5 shows an embodiment of a PLD in accorydance
with the invention in which a core clock signal is used to
drive wmultiple PLL circuitries adhering to a source
synchronous protocol. PLD 500 includes core clock

network 554 and PLL circuitries 510a-h, which are each
preferably LVDS PLL circuitries. LVDS (low voltage
differential sigmaling) is a signaling protocol enploying
very low voltages and differential signaling, which invelves
the transmission of pairs of signals that ﬁropagate in
parallel. Each signal i=s usially a logical complement of the
other. That is, when one signal is at a high voltage (e.qg.,
a logical 1}, the other is at a lew voltage (e.qg.,

logical 0), an< vice versa.

a

LVDS PLL circuitries 510a-g
operate in transmit mode (TX), while LVDS pLL

circuitries "l0e-h operate in receive mode (RX). (Note that
PLL circuitries 510a-h can each operate in either or both
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modes in accordance with the invention). =% pLL

circuitries 510e-h receive external clock signals from clock

pine 502 and generate modified clock eignals that can be used

on-chip, off-chip, or both. Tx PLL circuitries S5i10a-d each

receive a core clock signal that can enter clock network 5t&a

at node 556. This core clock signal may be driven by any

clock pin ox by any gencral Purpose or LVDS PLIL clircuitry

output. This core clock signal can advantageously serve as

the input reference signal to LVDS PLI: circuitries 510a-4,

which then generate modified clock sigmals that can be used
on-chip, off-chip or both.

FIG. 5a further illustrates PLL ceir

cultry cperating
in receive mode,

PLL circuitry 510§ receives an external

clock from clock pins 502. Thig external clock has its edge

in a particular phase relationship with data being received

at I/0 pine 504. pLL circuitry 5104 generates several

One is a high speed cloeck at output 558 used for
registers 506, which are closest to the 1/0 pine.
clock at output 560 is at a lower speed,

clocks.

A second

It is equal to the
high speed clock frequency divided by a deserialization

factor. A commen deserialization factor is 8, resulting in a

clock frequency 1/3 the frequency of the clock at output 558,

a
third clock at output 56z typically has the same frequency as

the second clock and is Touted to registers jin pProgrammable
logic 5038,

This second clock is routed to g second set of registers.

Multiple registers are used for each data

channel, and the number of registers bPreferably equals the

deserialization factor. pII, circuitry 5104 advantageously

establishes and maintains the phase relationship
frequenay of clocks at outputs 558, 560,
to the external clock.

and

and 562 with respect
Note that in receive mode, PLL
cireuitry 5105 uses only the reference clock sent with the
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data. Thus,

interface,

individual pr clreuitry is usead for each

because ecach interface can have a different

Phase
of frequency relationship.

F1G. 5b furthex illustrates LI, circuity

Y operating
in transmit mode. In Erangmit mode,

the source synchronous
channel sends out both data {at I/0 pins 516) and a TX cleck

(at clock pins 512), PLL eirculiry 510k can therefore

receive a reference clock from any pin or internally
generated core clock because no phase relationship is

required between this reference clock and the TX data and
clook,

If multiple channels are required, a single core

clock advantageously can be used to drive multiple TX PLI,
clreuitries, as shown in FI1G. 5.

Retﬁrning to FIG. 4, multiplexers 440 and 442 are
Programmable preferably by a user to select two of the
multiple input signals to feed to synchronizing circuit 446,
Synchronizing circuit 446 ensures that the start-up of PLL

circuitry 410 cceurs in a synchrenous manner. In Particular,

cizcult 446 is intended to prevent glitches on the referance

clock signal, which could result in erroneocus t
clrcultry 410.

FIG.

iming for PLL

6 shows an embodiment of a synchronizing
circuit in accordance with the invention.
¢ircuit 646 includes latches
and 653,

Synchronizing
647 and 64% and AND gates €51

Latch 647 receives at input 655 the input signal

selected by multiplexer 440, while latch 649 receives at

input €57 the input eignal selected by multiplexer 442, 2

PLL start signal enables the reference clock on the £alling
edge ‘to ensure that adequate time is allowed hefore the next
rising edge of the clock.

Corresponding waveforms are shown
in FIG. 6a.
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Additional registers could be inserted to delay the
enabling of 'the reference clock to allow portions of the PLL
‘cireultry to be enabled before the two output signals, CLEKINO
and CLKIN1, bewyin toggling. This alternative embodiment is
illustrated dn FIG. 6b, where the PLL start signal is used bo
generate a staged start-up sequence that first enables the
counters/frequency dividers and then the vCo,

Returning to FIG. 4, the two synchronizing circuit
ocutputs are fed to multiplexer 448 and ewitchover
circuit 450. Multiplexer 448 is programmable by a uger and
accordingly outputs one of the two signals selected by the
user to serve as the input reference signal. The selected
input reference signal is fed to AND gate 452, which also
receives an input signal from switchover circuit 450. iIn
normal operating mode, switchover circuit 450 allows the
selected reference signel to propagate through AND gate 452
to prescale frequency divider 420. Switchover circuit 45¢
menitors the two output signals received from.synchronizing

circuit 446. If the selected clock signal stops running for

gome reason, gwitchover circuit 455 will automatically cause

the other output signal from gynchronizing circuit 446 to be

used as the input reference signal. This feature can be used

for clock redundanmey or for a dual clock domain application.
Moreover, switchover circuit 450 can be preferably manuslly
controlled based on a user control signal. This allows a
veery, for example, to switch between two input reference
signals of different frequencies.

PLL circuitry 410 further has enhanced feedback
capability and includes feedback frequency divider 424,
épread spectrum counter 458, and multiplexex 4&¢.
Multiplexer 460 is programmable and receives an output signal

from multiplexer 430 and an external feedback signal. By
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programming multiplexer 460 to output

the external feedback
signal,

an external clock signal can be aligned with the

input reference clock signal. ‘This advantageously allows a

user to remove clock delay and skew between devices/chips.

Spread spectrum counter 458 helps prevent corrupted data and
intermittent system errors that can be caused by radiated

noise from high frequency clock signals.
counter 458,

Spread spectrum
which is coupled to frequency dividers 420

accomplishes this by modulating cloek fregquencies
over a small range,

and 424,

PLL circuitries 21¢ apad 410 are both advan

tageously
fully programmable both at

powex up and during user mode
{i.e., dymamically), thus providing a high degree of

flexibility, Programmable parameters include coarse and fine

Phase shiiting, counter valueg (i.e., frequency divisors),

apd duty eycle. As mentioned Previcusly, each

counter/frequency divider Circuit of frequency-divider

circuitries 232 and 432 ¢an be connected to several different
s
output sources including global ¢lock networks,

local clock
networks, and external clock buffers.

By providing thege
Elexible multiplexing regions on the divider circuit outputs,
a user can advantageocusly configure their s

ystem in a very
flexible manner.

PLL circuitries 210 and 410 carp thus be
used to generate multiple internal clock references as well

a8 provide off-chip reference clocks. Advantagecusly, a

singlie frequency divider circuit can be used to generate both
an internal reference clock and an external clock reference.
Other advantages include being able to dynamically

any of the multiple input reference signals (in PLL
circuitry 410)

switch to

and to any of the global or local clocks.
Allowing a user to dynamically configure pLI, circuityy of the
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invention avoids having to Ieprogram an entire PLD, which

advantageously reduces overall system cost.

FIG. 7 shows an example of a clock multiplexer
pattern that can be used with PLL circuitries of the

invention. Pattern 700 includes two general pPurpose PLL

circuitries 710, which may be, for example, either pLp

circultry 210 or 410. Each vertical line cap be thought of

a5 a s#ingle multiplexer with each circle representing a
slgnal that can connect to the multiplexer. CLKPINE

represents standard clock pins, while NCLEPINY represent

additional clock ping available when the input clock is not
differential signal.
LCKDRVE

a
The GCKDRVH# (global elock driver) and

(local clock driver) signals provide a way for
generic logic to drive onto clock networks without having to

first drive out via an 1/0 pin and then back into the clock

network via another I/0 Pin. These miltiplexer connectiopg

¢an be used for eignals that have a high fanout.

FIG. 8 shows an example of a multiplexer rattern

for external cloex outputs that can be used with PLL

circultrics of the invention. Pattern

800 includes output
pPins 812 and general

purpose PLL circuitry 810, which may be,

for example, either PLL cireuitry 210 or 410. Any output

signal from PLL circuitry 810 can be routed to any output

pin 812. The extclken# (external clock enable) signals

advantageously allow a user to dymamically enable and disable

clock pins synchronously. fThis can be used to implement a

system power-down capability to reduce Powet consumption,
Note that the even numbered outputs (i.e., ECRO, ECK2, ...)
can be used with their adjacent odd numbered outputs (i.e.,

ECKL, ECK3, ..} for differential signaling.

FIG. 9 shows an alternative arrangement to
maltiplexer circuitries 228/428 and frequency-divider
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circuitries 232/432. cCascaded PLL ouktput stage 500

advantageously allows PLL cirxcuitries of the invention to

programmably divide down signal frequencies by cxders of

magnitude. The output of any of the first n-1 frequency

dividers 932 (where n ig the total number of frequency
dividers) can be programmably selected by the appropriate

mltiplexer of multiplexer circuitry 928 to be the input of

the next frequency divider 932, ‘Thus, for example, the

cutput of frequeney divider co can be used as an on-chip
local clock and as an input to frequency divider 1.
Moreovey, the programmable cascading deoes not need t

o begin
with the cutput of frequency divider co,

nor does it need to
continue te the nth frequency divider (which in this

embodiment is divider ¢s5). wor example, the output of

divider €2 can be cascaded to divider c3,

cagcaded to divider Ca,

whose output can be
while the cutputs of dividers co, c1,
and C5 can be used independently. Note that the VCO/test clk

ioput to each frequency divider represents the multiple vCo
output signals.

FIG. 10 shows an embodiment of configurable clock
buffer cireuitry in accordance with the invention,

Advantageously, clock buffer circuitry 1logo supports generic

I/0 functionality as well as 1/0 clock functions and both
input and output capability. Buffer cireuitry 1000 includes

multiplexers 1062 and 1064; buffer/drivers 1066, 1068, 1070,

1672, and 1074; and differential buffer 1076. Buffer
circuitxy 1000 is coupled to 1/0-clock pins 1078 and can be
configured to allew pins 1078 to be

driven by PLL circuitry
(thus making them clock pins) or to

be driven by an T/0
interface (thus making them generic I/0 pins). BRuffer

circeunitry 1000 can further be confighred to allow one of

pPins 1078 to be used as a PLL external feedback pin (thus
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becoming a delay compensation buffer). when buffer

circuitry 1000 ie configured bidirectionally (allowing both
input and output),

delay buffer.

PLL e¢ircuitry can be configured as a zero
This is preferable to known methods of using

delay cells because only the buffers being compensated cut
are used in this configuration.

Preferably, all clock sources (glebal clock, loecal

and external clocks) associated with PLDs of the

invention can be synchronously enabled and disabled. This
allows

clocks,

users to dynamically shut down and turn on wvarious

portions of their deeign for power management. FIG. 11 shows

synchronouts PLL enablement circuitry in accordance with the

invention. Enablement circuitry 1100 includes lateh l1gz,

AND gate 1184, and clock driver 1186. Signal ENOUT is a core
signal under user control used to dynamically control

enabling ind disabling of clocks. Signal ENOUTCIRIL is a

pProgramming bit that allows the clock to always he enabled if
a4 user does not use the disable feature, NPST is the

register preset, which is active low,
voltage signal {e.g.,

meaning that a low

a logical 0 =ignal} at that input
causes the output to go high,

' Note that while multiplexers have been shown

throughout the FIGS., they may be alternatively replaced with

other types of programmable logic connectors (PLCS) .
eXample,

For
PLCe can be a relatively simple programmable

connectox such as a switch or a plurality of switches for

connecting any one of gBeveral inputs to an cutput .

Alternatively, each PLC can be a somewhat more complex

element. which is capabile of performing logic (e.g., by

logically combining several of its inputs) as well ag making

@ connection. In the latter case, for example, each PLC can

be product term logic, implementing functions such as AND,
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NAND, OR, or NOR. Examples of components suitable for

implewenting PLCs are EPROMs, EEPROMs, pass transistors,

transmission gates, antifuses, laser fuses,
links, etec.

metal opticnal

Further note that pIDg baving PLL eircuitry of the

invention are not limited to any one technology, but

advantageously can be implemented in various technologies.

As mentioned above, PLCs (e. 9., multiplexexrs) and

divider circuite of the invention are programmable, and theilr

programmable parameters may be stored in various types of

programmable, function control elements {("FCEs") (although

fuses and metal optional
links) separate FCE devices are not reguired.)

with certain implementatione (e. g.,

FCEs can be

implemented in any of several diffarent ways. For example,

FCEs can be SRAMg, DRAMs, first-in first-out ("FIPQ")

memories, EPROM=, BEPROMs, function controli registers (e. g,

as in Wahlstrom U.S, patent 3,473,160}, ferro-electrie

memories, fuses, antifuses, or the like. The FCEs that
contrel the PLCs and divider circuits of the lnvention are

preferably programmed in the same way and at the same time

that programmable logic 108 in FIG. 1 is programmed.

Althiough the circuitry of the invention has many

poss;ble appllcatlons, one illustrative uge is shown in

FIG. 12. Data processing system 1200 includes programmable

logic device 100, which is an integrated eircuit,

and may be
an integrated circuit chip,

that includes PLL circuitry in
accordance with the invention. pLD 100 may be field

Programmable, mask pProgrammable, or programmable in any other

way. It may be one-time- only programmable, or it may be

reprogrammable., System 1200 may also include one or more of

the following components: a processor 1203; memory 1205; I/G
circuitry 1207; and peripheral devices 1209. Thesa
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components are coupled together by a system bus 1211 and are

populated om a circuit board 1213, which is contained in ag

end-user system 1215, Communication among the various

components shown in FIG. 12, and/or with external circuitry,

may be of any known type to any desired extent.

System 1200 can be used in a wide variety of

applications, such as computer networking, data networking,

instrumentation, wvideo Processing, digital signal processing,

Or any other application whexe the advantage of using

brogrammable or reprogrammable logic is desirable. PLD 100

can be used to perform a variety of different legic

functions. For example, PLD 100 can be configured as a

Sor or controller that works in cooperation with
Processor 1203.

proces

PLD 100 may also be used as an arbiter for
arbitrating access to a shared rescurce in system 1200.
Yet ancther example,

In
PLD 100 can be configured as an
interface between brocessor 1203 and one of the cther

components in system 1200. Rote that system 1200 is only

exsmplary and in no way should be construed to limit the true
scupe and spirit of the invention.

Thus it is seen tLhat highly configurable PLI
circuitry outputting multiple signals having programmable

phases and freguencies for Programmable use as exterpal or

internal clocks is provided. One skilled in the art will

appreciate that the invention can be practiced by other than

the described embodiments, which are Presented for purposes

of illustration and not of limitation, and the invention is

limited only by the claims which follow.
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Brief Description of Drawings

FIG. 1 is a simplified block diagram of an
illustrative embodiment of representative portiong of a
programmable logic integrated circuit device according to the
invention;

FIG. 2 is a zimplified block diagram of a first
embodiment of PLL circuitry according to the invention:

FfG. 2a is a simplified block diagram of an
embodiment of a dymamically configurable multiplexer
according to the invention;

FIG. 3 is a4 more detailed, but still simplified
block diagram of a typical portion of the PLL circuitry of
Flc. 2; .

FIG. 4 is a simplified block diagram of another
embodiment of PLL circuitry according to the invention;

FIGS. 5, Sa, and 5b are simplified block diagrams
illustrating programmable logic integrated cirduit devices
employing PLLs configured in transmit and receive modeg
according to the invention;

FIG. 6 18 a simplified block diagram of a
synchronizing circuit for pLn circuitry according to the
invention;

FIG. o0a is a timing diagram of signals from FIG. s,

FIG. &b is a simplified block diagram of an
alternative portion of the synchronizing circuit of FIG. ¢
according to the invention;
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FIG. 7 is a simplified block diaqram of a clock
multiplexing'patfern according to the dinvention;

FIG. 8 is a simplified block diagram of an exlernal
¢lock multiplexing pattern according to ihe invention;

FIG. 9 ds a simplified block diagram of a cascaded
portion of PLL circuitry according to the invention;

FIG. 10 is a simplified block diagram of
configurable clock buffer circultry ace¢ording to the
invention;

FIG. 11 1s a simplified block diagram of PLL
enablement circuitry according to the invention; and

F1G. 12 is a simplified block diagram of an
illustrative system employing the invention.



L W |
I R R B e B e B
— /m —/ o/ omo
e T s T e T e T e D
L T e T e T e T e B e |
L T s T e T e T e D
[ e T e T e Y e B e |

-

(45) JP 2005-269635 A 2005.9.29

1. A method of comcurrently genexrating a
plurality of clock signals derived from a reference gignal,
sald method comprising:

receiving =aid reference gignal;

producing a plurality of signals each having a
frequency and a different phase;

dividing said frequency of each of said
produced signals concurrently in accordance with programmable
selections of frequepcy divisors to Produce output signals
each having a frequency and phase; and

multiplexing said cutput signals in accordance
with prograumable selections guch that each clock signal is

usable as an off-chip clock signal, ag on~chip clock signal,
oxr both.

2, The method of claim 1 wherein said frequency
of each of said output signals is different than or the same
as one or more of the other of said output signals.

3. The method of claim 1 wherein said
miltiplexing comprises programmably coupling one of said

output signals to an output pin for use as an off-chip clock
=ignal.

a. The method of claim 1 wherein said
multiplexing comprises brogrammably coupling opne of said
output signals to a global clock network for use as an

on-chip global clock signal, said global clock network being

on the same integrated circuit chip on whieh sald producing

and sald dividing are performed.
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5.” The method of claim 1 wherein said
multiplexing comprises programmably coupling one of szid
output signals to a clock network for uvse as ag

clock signal, s=aid

on-chip lJocal
clock network coupled to only a portion of

circuits on an integrated cirouit chip, sald integrated

circuit chip being the same on which said producing and said
dividing are performed.

&. . The method of claim 1 further comprising:
receiving a plurality of input signals;
synchronizing said plurality of input signals

with an epable signal; and

selecting one of said Plurality of input
signals to be said reference gignal.

7. The method of claim 5 wherein said receiving
comprises;
generating one of said plurality of input
signals on an integrated circuit chip on which =aid broducing
and said dividing are rerformed; and
receiving from another integrated circuit chip

via an input pin another one of said pPlurality of input
signals.

8, A method of providing a plurality of alock

signals concurrently, said method comprising:

programming a first divisor into a first
frequency divider that receiveg a reference signal;

programming a plurality of divisors inte a
respective plurality of frequency dividers that receive
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substantially concurrentiy a signal process
frequency divider; and

ed by said first

brogramming at least ome miltiplexer to coupte
.one of a plurality of output eignals received from said

plurality of frequency dividers to any one of an integrated

circuit output pin, a global eloek networlk,
network.

O a local clock

9. The method of claim 8 further compxising after

said programming a Plurality of divisors:

programming the output of ome of said
plurality of frequency dividers to be fed into another one of
sald plurality of Lrequency dividers.

10. The methed of e¢laim 9 further comprieing
repeating sald programming the output at least once.

11. A method of converting an input cloek signal
+ €0 a plurality of output clock signals, said method
comprising:

modifying said input clock signal having an
input freguency to produce a first signal having a first
frequency;

pPhase-shifting said first #ignal to produce a
plurality of zecond signals each having a phase and said

Eirst frequency, each of said gecond signals having a phasge

different thap the phase of the others of sgaid second
signals;

modifying each of said second ®ignale

substantially concurrently to produce an output signal having

a phase and an output frequency, each of saiq output signals

having an individually selectable output frequency; apd
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selectably'coupling any one of said output
signals to ap integrated circuit chip output pin;

selectably coupling any one of said output

signals to a global clock network, said global clock network

providing elock signals to all cleckable circuits on an
integrated circuit chip; and

selectably coupling any one of said output

Ssignals to at least one local clock network, said local ciock

network providing clock signals to only a portion of

clockable eircuits on said integrated circuit chip.

12. B method of providing multiple clock signals

based on a reference gignal, said method comprising:

generating a flrst bPlurality of clock signals

in response to recelving said reference signal; each of said

Plurality of clock eignals having a different phase;
generating concurrently a second Plurality of
clock signals each having a phase and a selectable freguency;
and
making each of gaid second plurality of clock
signals available for a same Plurality of clocking
applications.

13. The method of ¢laim 12 wherein saig clocking

applications include off-chip clocking, on-chip glokal

clocking, on-chip local clocking, frequency synthesizing, ang
zero delay buffering,

14, A circuit op a Programmable logic device

operative to output a Plurality of clock signals having

programmable phases and frequencies, said circuit comprising:
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first frequency-divider circuitry operative to
receive an input signal;

phase/frequency detector circuitry coupled to
receive the output of said frequency divider and havlny a
second input;

a voltage-controlled oscillator (VCO} coupled
to receive the output of eaid phase/frequency detector

cirenitry and operative to output a plurality of signals each
having a different phage:

feedback freguency-divider circuitry coupled
to receive said plurality of vco output signals and operative
to cutput a frequency-divided signal to gaid second input of
said phase/frequency detector;

first multiplexing circuitry coupled to
receive said rlurality of vco output signals and operative to

output a plurality of sigrals selected from said plurality of
VCO output signals;

a4 plurality of frequency dividers each coupled
to said multiplexing circuit to receive one of said output
signals from said first muitiplexing cireuitry and operatlve
to output a frequency-divided signal; and

second multiplexing circuitry coupled to
receive each of said frequency-divided signals from gaid
Plurality of frequency dividers, saig second multiplexing
circuitry operative to programmably ocutput each received
frequency-divided signal to any one of a plurality of signal
conductors colpled to eaid second multiplexing circuitry.

15. The circuit of claim 14 wherein gaid Plurality

of signal conductoxrs arxe coupled to clock output ping, a

global clock network, and at least ome local clock network.
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16. The circuit of claim 14 further comprising
third multiplexer circuitry coupled to receive a plurality of
input signals and operative to DProgrammably output one of

said signals to said first frequency-divider circuitry.

17. The circuit of claim 16 wherein said third
multiplexer circuitry comprises a synchromization circuit
coupled to receive an emable signal and a selectable two of
said plurality of input signals, said synchronization circuit
comprising two latehes clecked by said enable signal, each
latch coupled to receive a respective one of gaid selectable

two signals and operative to output a synchronized signal.

18. The circuit of claim 17 further comprising
switchover eclrcuitry coupled to receive said two synchronized
signals from said two latches and operative to automatically
output the other of zaid Lwo synchronized signals should one

of sald two synchronized signals not be received.

19. The circuit of claim 14 wherein said feedback

frequency-divider circuitry comprices a multiplexer and a

programmable [reguency-divider circuit, saigd multiplexer
coupled to recelve said plurality of vCo cutput signals and
operative to output ope of said YCO output signals to s=aid

‘frequency-divider circuit, said frequency-divider circuit

operative to output a frequency-divided gignal to said second
input of said phase/frequency detector.

20. The circuit of claim 14 whereip sald circuit
is a low voltage differential signaling (LVDS) pha
loop cirxcuit.

se-locked
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21. The cirenit of claim 14 wherein said circuitk

'is a general: purpose phase-locked loop c¢ircuit.

22. &n integrated circuit chip comprising the
circuit of claim 14.

23. A programmable logic device comprising the
circuit of claim 14.

24. A printed circuit board comprising the circuit
of c¢laim 14 mounted on said printed cirecuit boaxd.

25. The prigted circuit board of claim 24 further

comprising a meuwory mounted on said printed circuit board.

26. The printed circuit board of claim 24 Further
comprising processing circuitry mounted en said printed
circuit boaxd.

27. A system comprising:
a processor;
a4 memory coupled to said processor: and
the circuit of claim 14 coupled to at least
ohe ofrsaid processor and said memory.

28. A digital proceseing system compriging:
4 processor;
a memnory;

a programmable logic device comprising the
circuit of claim 13;

input/output circuitry; and
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a system bus coupling saild processor, said

memory, Sald programmable logic device, and saidg input/output
circuitry.

2%. A phase-locked loop circuit compriging:
means for phase-shifting a received signal to
produce a plurality of phase-ghifted signals, each

phase-sghiited signal having a frequency and being shifted by
a different amount;

neans for modifying the frequency of at least

a subplurality of said phase-shifted signals; and

means for selectively applying each of said
frequency-modified signals to any one of several clocking
networks.

30. The phase-locked locp circuit of claim 29
wherein said clocking networks include an off-chip network

and an oun-chip network, sald chip comprising the phase-locked
loop circuit of claim 29. ‘



L W |
[ e T e T e Y e R e |
I e N B e B
L T e T e T e T e T e |
T s T e T e D s D
[ e T e T e Y e R e |
[ e T e T e Y e B e |

-

(53) JP 2005-269635 A 2005.9.29

Abstract

A programmable logic device includes configurable
phase-locked loop (PLL) circuitry that outputs multiple clock
signals having Programmable phases ang frequencies. Bach
output signel is Programmably selectable for nse ag an
external clock, internal global clock,
or combinations thereof,

frequency dividing,

internal loeal clock,
The PLL circuitry has Programmable
including programmable cascaded frequency
dividing, and programmable output signal multiplexing that
provide a high degree of clock design flexibility,

Representative Drawing

Fig. 1
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