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[57] ABSTRACT

Avaruible delay circuit is formed by a line clelay circuit and
a coarse delay circuit. The line delay circuit ad)usta the clelay
of a delaved clock signal in relauvely small phase incre-
ments with respect to an input clock signal The coarse delay
circuit adjusts the timing of a digital signal in relatively large
phase increments. Thc dclaycd clock signal is used to clock
a rcgistcr to which thc digital signal is applied to control thc
uming a the digital signal clocked through the register
responsive to rul)usung the timing of the line delay circuit
and the coarse delay circuit. The uming relauonship is
initially adjusted by altering the delay of the fine delay
circuit Whenever the maximum or minimum delay of the
fine delay circuit is rcachcd, thc coarse delay circuit is
adtusted. The variable delay circuit may bc used in a
memory device to control the uming at which read data is
applied to the data bus of the memory devil. The tine clelay
circuit inclucles a mulu—tapped delay line coupled to a

multiplexer that selects one of the taps for use in generating
the delayed clock When the first or last tap is selectecl, the
timing of the coarse delay circuit is adiustcd. Thc coarse
clclay circuit includes a counter that gcncratcs thc digital
signal upon counting from an iniual count to the terminal
count. The coarse delay circuit is ad)usted by adtusting the
initial count of the counter.
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METHOD AND APPARATUS FOR
ADJUSTING THE TIMING OF SIGNALS

OVER FINL'ND COARSE RANGES

TECHNICAL FIELD

Th&s invention relates to generaung a prec&sely t&med

s&gnals, aml more parucularly, to generanng a s&gnal hav&n ~

a timing that may be adjusted with a resolution of less than
one clock cycle over a range of multiple clock cycles.

&c

BACKGROUND OF THE INVENTION

Clock signals are used by a wide vanety of d&Sit&I c&rcu&ls

to control the t&min ~ of various events occurrmg dunng the
operation of the digital circuits I'or example, clock s&gnals

&5
are used to designate when cnmmand signals, data s&gnals,
and other signals use&I in memory dcviccs and other com-
puter components arc valid and can thus bc used to control
the opera&&on of the memory dev&ce or computer system. For
example, a clock s&gnal can be used to latch the commanil,

zo
dat;i, or other signals so that they can be used after the
command, data, or other signals are nn longer valid

The problem of accurately controlling the timing of clock
signals for high speed digital circuits is exemplified by clock
signals used in high spec&I dynamic random access memo- .,
ries ("DRAMs"), although thc problem is, of course, also
applicable to other d&gital circu&&s. Initially, DRAMs were
asynchronous and thus d&d not operate at the speed of an
external clock. I lowever, since asynchronous DRAMs often
operated significantly slower than the clock frequency of
processors that interfaced with the DRAM, "wait states**

werc often rcquircrl to halt thc processor until thc DRAM
had completed a memory transfer. The operating spec&I of
asynchronous DRAMs was successlully increased through
such innovanons as burst and page motle DRAMs, whwh
did not require that an address be prnvided to the DRAM for
each memory access. More recently, synchronous dynamic
random access memones ("SDRAMs'*) have been devel-
opccl to allow thc pipclincd transfer of data at thc clock
spccd of thc motherboard. However, cvcn SDRAMs arc so
incapable of operating at &he clock speed of currently
ava&labia processors. Thus, SDRAMs cannot be connected
directly to the processor bus, but instead must interface with
the processor bus through a memory controller, bus bndge,
or similar device I'he dispanty between the operating speed
of thc processor and thc operating spec&I of SDRAMs
continues to limit thc spec&I at v hich processors may com-
plete operations requ&nng access lo system memory.

A solution to this operat&ng speed dispanty has been
proposed in the form of a computer arch&tecture known as
"Syncl.ink.'* In the Syncl.ink architecture, the system
memory may be coupled to the prncessnr directly through
the processor bus, although it may continue lo bc couple&I to
the processor through a memory controller or other device.
Rather than requiring that scparatc address and control ss
s&gnals be provided to the system memory, SyncL&nk
memory devices receive command packets that mclude both
control and address informat&on. I'he Syncl.ink memory
device then outputs or receives data on a data bus that may
be coupled directly to thc data bus portion of thc processor „c
bus.

An cxamplc of a packctizcd memory dcvicc using the
SyncLink arch&tecture is shown in FIG. 1. The SyncL&nk
memory device 10 inclmles a clock generator c&rcuit 4U that
receives a command clock s&gnal CMDCLK on lme 42 aml ss
generates a large number nf other clock anil timing s&gnals
to control the timing of varinus nperations in the memory

device 10. Three of these clock si mals are a command latch
clocl ICLK, a read data clock s&gnal RCLK, and a write data
clock signal WCLK, all of which arc used in a manner
clcscribcd below. Thc memory dcvicc 10 also includes a
command butfer 46 and an address capture circuit 48 which
receive the internal clock signal ICI.K, a command packet
CAU—CA9 on a commaml bus 50, and a flag signal F on line
52. As explained above, the command pacl et contains
control and address data for each memory transfer, and the
tlag signal I& identihes the start of a commanrl packet, which
may include morc than onc 10-bit packet v ord. In fact, a
command packet is gcncrally in thc form of a scqucncc of
Riu r 10-b&l packet words on the 10-b&t command bus 50. The
command bulfer 46 race&ves the command pacl et from the
bus 50, and compares at least a portion of the packet words
to identifying data unique to the memory device to deter-
mine if the command packet is heing directed to that
memory device rather than another memory dcvicc or some
other device in a computer system. If thc command buft'cr 46
determines that the command packet &s &brac&ed to the
memory dev&ce 10, it then provides a command worl;
corresponding to the packet words to a commanrl decoder
anil sequencer 60. The commanrl decoder and sequencer 60
generates a large number of internal control signals to
control thc operation of thc memory dcvicc 10 during a
memory transfer.

Thc address capture circuit 48 also rcccivcs thc packet
words from thc command bus 50 and outputs a 20-bit
address corresponding to thc address data in thc command.
The address &s prov&decl to an address sequencer 64 which
generates a correspon&hng 3-b&t bank address on bus 66, a
10-bit row address on bus 68, and a 7-bit column address on
bus 70

One of the problems of convenuonal DRAMs is the&r

relatively low speed resulting from the time required to
precharge and equilibrate circuitry in the DRAM array. The
packetized memory dcvicc 10 shown in FIG. 1 largely
avoids this problem by using scvcral memory banks 80, in
this case eighi memory banks SUu—h. After a memory read
lrom one bank 80&i, lhe bank 80n can be prechar ed wh&le

the remaining banks 806— /i are being accessed. Each of the
memory hanks 80a—/& receive a row address from a respec-
tive row latch,'decoder,'driver 82n—h All of the row latch/
clccoder drivers 82a—h rcccivc thc same row address from a
prcclccoder 84 which, in turn, rcccivcs a row address from
cithcr a row address rcgistcr 86 or a rcfrcsh counter 88 as
determined by a mult&plexer 90 However, only one of the
row latch/decoder,'dnvers 82n—h is active a& any one nme.
Bank control logic 94 selects one of the row latch/decoder/
dnvers 82a—/i to be active as a function of hank data from
a bank address rcgistcr 96.

I'he column address on bus 70 is apphed to a column
latch/decoder 100 ivhich, in turn, supplies I/O gating signals
to an I 0 gating circuit 102. Thc I&0 gating circuit 102
intcrfaccs with columns of the memory banks 80aM& through
sense ampl&liars 104. Data &s coupled lo or from the memory
banks SUn—/i through the sense ampliliers 1U4 and I&0 gating
circuit 1U2 lo a dale path subsystem 1US which mcludes a
read data path 110 and a write data path 112 'I'he read data
path 110 includes a read latch 120 rece&ving and storing data
from thc I&0 gatin cirnut 102. In thc memory dcvicc 10
shown in FIG. I, (&4 bits of data arc applied to and stored in
the read latch 12U. The read latch then provides four 16-bit
gala words to a mulnplexer 122 The mulnplexer 122
sequentially apphes each of the 16-b&t data words &o a read
I'll'0 buifer 124 Successive 16-b&t data words are clocked
into the I'll&0 buffer 124 by the read clock signal R('I.K
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generated from the otmmand clocl CMDCLK by the clock
generator circuit 40 The FIFO huller 124 sequenually
applies thc 16-bit words anil two clock signals (a clock
signal and a quadrature clock signal) to a driver circuit 128
responsive to the read clock signal RCI.K I'he driver circuit
128, in turn, applies the I(i-bit data ivords to a data bus 130
The dnver circuit 128 also apphes a iiata clock signals
DCI.K to a clock bus 132 so that a rlevice, such as a
processor, reading the data on the data bus 130 can be
synchronized with the data.

The write data path 112 includes a receiver bufi'er 140
coupled to the data bus 130. The receives butTer 140
scqucntially applies 16-bit words from thc data bus 130 to
four input registers 142, each of which is sclcctivcly cnablcri
by a signal from a clock gcncrator circuit 144. The clock,&
generator circuit 144 receives a data clocl signal DCLK
generated by an external device applying the iiata to the data
bus 130 of the memory device Since the data clock D(II.K
is synchronized to the data applied to the data bus 130, the
input rcgistcrs 142 arc cnablcd al thc proper time when write zc
data arc present on thc data bus 130. Thus, thc input rc~pstcrs
142 sequentially store four 16-iiit data words and combine
them into one 64-bil dale word applied to a write FIFO
buffer 148. The wnte FIFO bulTer 148 is clocked by the
write data clock signal W(:I.K generated from the command
clock ('MD('I.K hy the clock generator circuit 40 and a
signal from thc clock gcncrator 144. Thc write FIFO buffcr
148 then scqucntially applies 64-bit write data to a write
latch and driver 150. Thc write latch and driver 150 apphcs
the 64-bit write data to one of the memory banks 8Uri—6
through Ihe IrO gaung circuit 104 and the sense amphlier
104

As mentioned above, an important goal of the SyncLink
architecture is to allow data lransier between a processor aml
a memory device to occur at a significantly faster rate is
lloivever, the operating rate of a packetized DRAM, includ-
in thc SyncLink memory dcvicc 10 shown in FIG. 1, is
limited by thc need to maintain internal synchronism in the
pacl etized DRAM. More specilically, as lhe operating speed
of a packelized DRAM increases, il becomes more difffcull so
to ensure that various signafs are present al circuit nodes al
the proper time relative to other signals. One of the limiting
factors in the speed at which the memory device 10 can
opcratc is thc difficulty in controlling thc rclativc limin
between thc vanous signals in thc memory dcvicc. In a-
particular, thc amount of thc delay of signals in thc memory
device is highly venable, ami the delay is ddhcult to control.
If, lor example, lhe delay of Ihe internal clock si mal ICLK
cannot be precisely controlled, it may cause a latch in the
command buffer 48 to latch invalid packet words Thus, the so
spccd at which command packets can bc applied to the
memory dcvicc 10 is limited by thc delays in thc memory
device 10. Similar problems exist for other control signals in
the memory device Hl which control lhe operation of the
memory device 10 dunng each clocl cycle. ss

The above-descrdied problem has been largely alleviated
by using a clock generator circuit 40 that is capable of
mal ing fine resoluuon adtuslments if the phase of the
internal clock signal I('I.K relative to the command clock
CK('MD An example of a clock generator circuit 40 having
these capabilities is dcscribcd in U.S. patent application Scr.
No. Ogi879,847 to Ronnic M. Harrison which is incorpo-
rated herein by reference. The clock generator circuit 4U

described therein is able to adlust Ihe phase of the internal
clock signal ICLK relauve lo the lime in which packet words as
are applied to a latch in the command buffer 46 in incre-
ments of significantly less that a single clock cycle, i e., m

increments of 11.25 degrees. As a result, the phase of. the
internal clock I('I.K can be adjusted so that the packet words
are cincked into the command buffer 46 at the proper time
even at high operating speeds of the memnry device 10.

Although lhe approach descnbed in U.S. patent applica-
uon Ser. No. 08 879,847 is capable of ensuring accurate
synchronization between internal signals ins«le the memory
device 10, it may not be capable of ensuring accurate timing
of signals applied to and received frnm devices that are
cxtcrnal to thc memory dcvicc 10. For cxamplc, it may bc
rhfficult for thc memory device to apply read data to a
memory controller or other device at lhe proper ume,
parucularly al high operating speeds. One of the reasom that
the approach descnbed by Harnson may not be able to
synchronize these signals is that it may be necessary to
adjust the timing of the si naia over time periods that are far
in cxccss of the range of adjustmcnt that are possible with
the Harrison approach. In particular, thc Harrison approach
is limileil lo phase adjustments over a range of 180 degrees,
it may be necessary lo adjust lhe phase of si maL in the
memory device 10 over ranges of many clock cycles,
particularly at high operating speeds.

As mentioned above, thc above-ricscribcd problem may
bc particularly scvcrc for couphng read data from thc
memory device 10 lo external devices, such as a memorv
conlroller, because it is very dillicult to predict and control
the time required for data from the memory device to he
coupled to and latched by the external device, particularly at
high operating speeds As the operatmg speed of the memory
rlcvicc increases, thc time that thc read data is applied to thc
cxtcrnal dcvicc must bc controllcri very prcciscly to rcsolu-
uons of less than a clock cycle. Moreover, the ume required
fir the read dale lo be applied lo the external device can vary
considerably, dependin on several factors Thus, the precise
control of the time that the read data is applied tn the external
device must be accomplished over a range of several clock
cycles. As thc operating speed of memory device continues
to increase, adjusting thc time that thc read data is applied
to the external device with sulhcient precision over a suf-
licienlly wide range is increasin ly dilhculu

Although the foregoing discussion is directed to the need
to prcciscly control the timing of read (isla applied Io an
cxtcrnal device, similar problems exist for other si naia in
peel etized memory devices and for lhe same or other signals
in other memory devices, such as asynchronous DRAM«
and synchronous DRAMs, which must process control and
other signals at a hi h rate of speed Iior example, the data
clock D('.I.K must also be applied to an external device, such
as a memory controller, at a precise time over a wide ran c.
Thus, thcrc is a need to precisely control thc timing of clock
signals relative to other signals over a w«ie range m pacl-
elized DRAMs anil other circuits

SUMMARY Ol'IIL'NVL'N'11ON

A variable delay circuit generates a digital signal having
a controlled timing with a line resolution over a wide range.
The varuible delay circuit may be used lo precisely control
the timing of read data and a data clock to an external device,
such as a memory controller 'I'he vanalile delay circuit
includes a linc delay circuit anil a coarse delay circuit. Thc
fine delay circuit alters thc timing of thc digital si mal with
a fine resolution over a relatively small delay range between
a predetermined mimmum delay and less than a predeter-
mined maximum delay. The delay of the line delay circuit is
determined by a fine delay control signal The coarse delay
circuit controls the timing of the digital signai in relatively
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large delay mcrements responsive io a coarse delay control
signal The fine delay circuit is controlled hy a hrst control
circuit that generates the fine delay control signal through
suitable means I'or example, the hrst control circuit may
gencratc thc fine delay control signal rcsponsivc to a com-
mand signal from an cxtcrnal dcvicc, such as a memory
controller. The coarse delay circuit is controlled by a secoml
control circuit that generates the coarse delay control signal.
fhe second control circuit changes the timing of the d&gital

signal whenever the delay of the fine delay circuit
approaches or reaches the predetermine&I minimum delay or
the prcdi,tcrmincd maximum delay. Thc coarse delay in
decrcascd whencvcr thc rlclay of Ihc of thc fin delay circuit
falls Io within a predetermine&I range of the predetermined
mimmum delay The curse delay is mcreased whenever the is
delay of the of the fine delay circuit increases to with&n a
predetermined range of the predetermined maximum delay
fhe fine delay mrcuit preferably includes a multi-tap delay
linc and a n&uftipfcxcr that sclccts onc of thc taps of thc rlclay
linc. Thc first control circuit then sclccts diff'crcnt delay line zo

taps Io adjust the delay of: the fine delay circuit. The secoml
control circuit preferably includes an up/down counter that
is incremented or decremented &vhen the delay of the of the
line delay circuit is within a predetermined range of the
predetermined mmimum and maximum delays, respectively
Thc count of thc counter then dctcrmincs thc timing of the
di ital signal.

BRIEF DESCRIPTION OF THE DRAWINGS

I'IG I is a block diagram of a conventional packetwed
dynamic random access memory (" DRAM* ) that may
advantageously use a variable delay circuit in secor&lance
with an cmbodimcnt of thc present invention.

FIG. 2 is a block diagram of one embodiment of the
inventive variable delay system that may he used m a wide
variety of applications

FIG. 3 is a block rliagram of thc variable delay system of
FIG. 2 used in a memory device, such as the memory device
of FIG. 1.

I'IG 4 is a block diagram of a pnrtion of the memory
device of FIG. 3.

FIG. 5 is a more detailed blocl diagram of: a line delay
circuit use&I in the memory device of: FIG. 4.

I'IG 6 is a timing diagram showing many of the wave-
forms pri,sent in thc tine delay circuit of FIG. 5

FIG. 7 is a logic diagram of a circuit for controlling the
operation of the fine delay circuit of FIG. 5.

I'IG 8 is a logic diagram nf a coarse delay circuit and a
circuit for controlling thc operation of thc coarse rlclay
circuit used in thc memory rlcvicc of FIG. 4.

FIG. 0 is a block rliagram of a computer system using a
plurahty of the memory devices of: FIG. 1 contaming the
varuible delay circuit of FIGS. 3—4. ss

DETAILED DESCRIPTION OF THE
INVENTION

One embodiment of a variable delay circuit 152 in accor-
dance with the mvention is illustrated in I 1(l 2 'I'he variable
delay circuit 152 inclurlcs a fine delay circuit 154 that
reccivcs an input clock signal and outputs a rlclayed clock
signal. The delayed clock signal is delayed in ume relauve
to Ihe input clock signal. The magnituile of the ilelay is
determined by a line delay control signal generated by a fine ss
delay control circuit 156. 'I'he delay range of the fine delay
circuit 154 extends between a prerletermined minimum

ifelay and a predetermined maximum delay. The delay of. the
line delay circuit 154 may be adtusted continuously or in
incrcmcnts. Further, v.herc thc input clock signal is a peri-
odic signal, thc dclaycd clock signal may bc delayed from
the input clock signal by a predetermined phase rlelay In
such case, the fine delay circuit 154 may adjust the phase of
the delayed clock signals either conunuously or m phase
increments. For example, the phase of the delayed clocl
signal relative to thc input clock signal may bc thc product
of P and N, whcrc P is a phase incrcmcnt, such as 10 dcgrccs,
anrf N is a numf&er selected hy the hne delay control signal
between 0 and f7

In operation, thc fin delay control circuit 156 rcccivcs a
uming commaml from an external dev&m, such as a memory
controller 1not shown in FIG. 2) The line delay control
circuit 156 then causes the fine delay circuit 154 &o adjust the
delay of the input clock signal to ach&eve a desired timing
relationship between the input clock signal and the delayed
clock signal.

I'he variable delay circuit 152 also includes a coarse delay
circuit 158 that controls the timing of a rligital signal The
rhgital signal is prcfcrably gcncratcd rcsponsivc to thc input
clock signal. Thc coarse delay circuit 15& is controlled by a
coarse delay control circuit 1611. The coarse delay control
circuit 160, in turn, receives Ihe line delay con&rol signal
from the line delay control circuit 156.

In operauon, if the delay of: the fine delay circuit 156
approaches eiiher the predetermined minimum delay or the
predetermined maximum delay, the coarse delay control
circuit 160 causes the coarse delay c&rcuit 158 to change the
timing nf the digital signal 'I'he timing of the digital signal
is preferably changed in incrcmcnts that are onc-half thc
period of thc dclaycd clock. Thus, thc coarse delay circuit
158 is able Io adtust the uming of the digital signal over a

range that is substantially greater than the delay range of the
fine delay circuit 154. 'I'he coarse delay control circuit 160
is able to determine ivhen the delay of the fine rlelay circuit
154 approaches either the predetermined maximum rlelay or
the prcdctermincd minimum rlclay because thc fine delay
control signal cneratcd by thc tine rlclay control circuit 156
&le&ermines Ihe drday of the line delay circuit 154.

Thc coarse delay circuit 158 applies thc digital signal to
a rcgistcr 161 that is clocked by thc rlclaycd clock from thc
line delay circuit. The delayed clock signal, in agee&, creates
a periodic "transmission wimlow'unng which any ihgital
signal that is applied to the input of the register 161 is
coupled to the output of the register 161 The transmission
window of the register 161 thus occurs once &luring each
cycle of thc input clock signal, and it is dclaycd in time by
the delay of thc fine delay circuit 154. Thc particular
transmission window during which the digital signal is
coupled Io the output of the register 161 is ifetermined by the
coarse delay circuit 158

In summary, the line circuit 154 determines the proc&se

uming of. the transmission window of: the regis&er 161 each
clock cycle, and the coarse delay circuit 158 selects which
of these transmission windoivs will he used to coupled the
rhgital signal to the output of thc rcgistcr by applying thc
rhgital signal to thc input of thc rcgistcr only during thc
sclcctcd transmission window. As a result, an output signal
from Ihe venable drday circuit 152 has a time controlled by
both the line delay circuit 154 and Ihe coarse delay circuit
158 I'he timing of the output signal thus has the fine
precision of the fine delay circuit 154 and the wirle range of
the coarse delay circuit 158.

I'he variable delay circuit 152 can be used in a variety of
applications, includin a memory dev&ce, such as in the
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pacl a&ized memory dev&ce 10 shown in FIG. 1. In such
cases, the coarse delay c&rcuit 158 is used to select the clock
cycle in v.hich read data is applied to a read rcgistcr, i.e, the
re ister 161, and thc dclaycd clock signal from thc fine clclay
circuit 154 is used to determine when during that clock cycle
the read data is applied to the clata bus of the memory dev&ce

An cxamplc of a memory device 161 using thc variable
delay circuit 152 is shown in FIG. 3 in which thc compo-
nents of the variable delay circuit 152 have retained the same
reference numerals used in I l(L 2

Thc mcmorv dcvicc 162 includes a memory array 180, the
operation of ivhich is controlled by an array control circu&t
182 The array control circu&t 182 receives memory com-
mands as well as a row tnldress and a column address. The
memory array 18U responds io the commands by cuber isstoring write data in thc array 180 or outputting read data
from thc array 180 Thc commands also include timin
information provided by the external device that is decoded
by the array control circu&t 182 ancl applied to the fine delay
control c&rcuit 156 as a t&m&ng command. As expla&ned
above, ih&s t&m&ng command tnljusts ihe uming of the fine
delay circuit 154.

The write data is coupled from a data bus terminal 184 to
a wnte reg&ster 19U, anil &s coupled through the write reg&ster
190 io ihe memory array 180 responsive to a pulse of the
write data clock signal WCLK. Thc read data is couplccl
from thc memory array 180 to a read register 192, ancl is
coupled through the read register 192 to the data bus
terminal 184 respons&ve to a pulse of the read data clock
s&gnal RCLK generated by the line delay c&rcuit 154.

In operation, thc array control circuit 182 rcccivcs a react &o

command as well as a row acldrcss and a column address
spec&fy&ng ihe location &n the array 180 lrom wh&ch data are
to be read. Afier a penod of ume correspond&ng to the re&xi

latency of. ihe memory dev&ce 162, the memory array 18U
applies read data to the read reg,ister 192 The read data is ss
then coupled through the reacl register 192 to the data bus
terminal 182 rcsponsivc to a pulse of thc read clock signal
RCLK from thc linc delay circuit 154. Thc read clock signal
RCLK &s thus a delayed clock s&gnal s&nce is a ver&non of the
commaml clock signal CMDCLK delayed by the line delay cn
circu&t 154.

It &s important that the read da&a be applied u& an external
dev&ce (not shown), such as a memory controller, at the
proper ume. If the re&mt clock signal RCLK &s applred h& the
read register too late, the read clata may be applied to the data
bus of the memory dev&ce 162 so late that, by the time the
read data reaches thc cxtcrnal dcvicc, thc cxtcmal device is
not lon cr ready to rcccivc it. Conversely, if thc read clock
s&gnal R('LK is appl&ed to the read register too early, the re&xi

data may be applied to the data bus of ihe memory device n

162 so early that the read data reaches the external device
before the external device is reacly to receive it At very high
operatin speeds, it is very diflicult to apply the read clock
signal RCLK to thc read rcgistcr at thc proper time, par-
ticularly since the proper time from thc point of view of the s
external device can vary w&dely. However, by acltustrng the
t&ming of the read clock s&gnal RCLK and&or the read data
from the memory array 180, is poss&ble to the mainta&n
synchronism between the read data and the read clock signal
R(R.K even at very high operating, speeds and at diferent
read latcncics. Furthcrmorc, thc fine resolution of thc fine
delay circuit 154 insurcrs that thc read data can sent to the
exiernal dev&ce w&th sutlicient precis&on, aml the relatively
large ummg adtustmenis of the read data made poss&ble by
the coarse delay c&rcuit 158 &nsurers that the read data can ss
sent to the external dev&ce with a sufficient range of tim&ng
variations

The memory dev&ce of. FIG 3 is illus&rated in greater
&le&ail in FIG. 4 &n wh&ch correspond&ng components in both
fi urea have been provided with thc same rcfcrcncc numer-
als. Thc array control circuit 182 includes a rcccivcr 200 that
receives packet ivords ('A making up each command packet
L&ach command packet contains both memory commands
and memory tnldresses (i.e, a row address and a column
address), however, some command packecs cents&n timing
information specifying timing acljustmcnts of thc read clara
output from thc memory dcvicc, as mcntioncd above.
Ilowever, it will be understood that other types of memory
devices receive separate memory commands and addresses
The peel et words are sequenuafly sh&fied into a shiit register
2UZ respons&ve to the internal clock s&gnal ICLK. Al'ter two
or morc packet worcls have been shifted into thc shift rcgistcr
202, they are applied to a storage rcgistcr 204 until afl of thc
packet words in the command packet are storecl in the
stnrage register 204 I'he storage register 204 then outputs a
single command word comb&n&ng all of the pacl ei words &n

the command packet. At least some of the b&ts of the
command word are appliccl to a timing control circuit 206
that also rcccivcs a flag signal F. Thc flag signal F si miflcs
the start nf a command packet The t&ming, control circuit
206 generates a S'I'ART COUNT pulse responsive to the tlag
s&gnal F at a time that &s a Iunchon of some of the command
words bits apphed io the tim&ng control circu&t 206 from the
storage rcgistcr 204. For cxamplc, thc START COUNT
pulse may depend upon thc nature of thc command. For
example, the START COUNT pulse may be generated at
d&flerent times depending upon whether the command is for
a read operauon or a write operauon.

Thc START COUNT pulse from thc timing control circuit
206 is applied to a set of command units ZIUu—h, each of
which includes a counter 212 and commancl executinn logic
214 Although e&ght commaml umts 21Uu—h are shown &n

FIG. 4, it will be understood that a smaller or larger number
of con&mand units may bc usccl. Thc counter 212 may bc
cithcr an incremcnting counter or a clccrcmenting counter. In
either case, the counter 212 begins incrementing frnm an
initial count toward a terminal count responsive to the
START COUNT pulse from the tim&ng control circu&t ZU6.
When ihe counter Z1Z reaches the term&nal count, &t gener-
ates a START COMMAND pulse. Thc initial counts is
applied to thc counter input CNT of thc counter 212 from thc
coarse delay control circmt 160, as explained below

The START COMMAND pulse is apphed io &he com-
mand execution unit 214 which gcncratcs control signals to
cause thc memory array 180 to cithcr store wrik data or
output read dais. The command execuuon uni& 214 also
outputs a nm&ng command to adjust the delay of the line
delay circuit 154, as mentioned above The structure and
operation of the command units 210 are described in greater
clctail in U.S, patent application Scr. Nos. (IS&877,191 and
08 874,690.6Z(& to Troy A. Manning which arc incorporated
hcrcin by rcfercncc.

As mentioned above, thc timing of thc read data applied
to an cxtcrnal dcvicc may vary greatly Not only may thc
uming ol the control s&gnals vary relative to ihe START
COUNT pulse (assuming the &n&ual count &s cons&ani), but
the timing of the START COUNT pulse relauve to the flag
signal I& can vary ividely since, as explainecl above, the
timing of the STAR I'OUNT pulse vanes clepending upon
the nature of thc memory transfer operation. Even if thc
correct timing of thc read data as they arc applied to thc clara
bus could be ma&nta&ned, ihe delay of the read dais as they
propagate io the external dev&ce &s chlficult to control aml it
can vary greatly. Thus, cs extremely d&thcult for the memory
device 162 to apply the read data to an external device at the
prnper time
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Returmng to FIG. 4, the line delay circuit 154 mcludes a

multi—tapped delay line 220 that receives the commaml
clock signal CMDCLK and outputs a series of clock signals
that arc increasingly dclayccl from each other by equal phase
increments 'I'he clock signals from the delay line taps are
applied to a multiplexer 222 The multiplexer 222 is con-
trolled by a phase control circuit 224 in the fine clelay control
circuit 156 to select one of: the delay hne taps for use as the
internal clock signal ICLK, thc same or a different tap for
use, as the read clock signal RCLK, and the same or a

difierent tap for use as the wmte clocl signal WCLK.
Thc output of thc phase control circuit 224 is also appliccl

to a counter control circuit 23U in the coarse delay control
circuit 16U. The mtntrol circuit 23U will be descnbed in
detail below 'I'he counter control circuit 230 increments or
decrements an up/down counter 232 in the coarse delay
circuit 158 The up/down counter 232 will also be described
in detail below.

In operation, since the output of the phase control circuit
224 specifics thc multiplcxcr tap that is used to gcncratc thi'o
read clock signal RCLK responsive to thc timing commancls
from thc command cxccution logic 214. Thcsc timing com-
mands correspond to nming informanon in a commaml
pacl et CA applied to the memory device 162 by an external
device

The counter control circuit 230 is able to determine when
either the Iirst or the last tap has been selected for use as the
read clock signal R('I.K because it receives the output of the
phase control circuit 224 that selects which tap is used as the
read clock signal RCLK. Whcncvcr either thc first or thc last io
tap has bccn sulcate(I by thc multiplcxcr 222, thc counter
control circuit 23U increments or decrements the up down
counter Z32. If. the Iirst tap of the delay line 22U has been
selected, the read clock signal RCLK is being appliecf to the
read register 192 (I'IG 3) as early as is possible using the ss
delay range of the hne delay circuit 154. 'I'hus, the hne delay
circuit 154 has rcachcd thc limit of its ability to cnsurc that
the read clock signal RCLK is synchronized to bc read data
appliecl to the read register 192. Under these circumstances,
the counter control circuit 23U outputs a pulse to decrement ao
the up/down counter 232, thereby decreasing the initial
count value ('NT fiince the initial counter value of the
counter 212 has been decreased, it takes less time for the
counter 212 to count down to thc terminal count. (Assumin
that thc counter 212 is a down-counter). Conscqucntly, the a-
counter 212 outputs thc START COMMAND pulse at an
earlier ume so that the read cfata is applied to the remi
register 192 one clock cycle earlier. The phase control circuit
225 then causes the multiplexer to "wrap'* by selecting the
last tap of the delay line 220 As a result, the timing of read so
data being applied to thc data bus is adjustccl from thc
earliest time in a clock cycle to thc lamst time in thc previous
clonic ovule.

Similarly, if thc multiplcxcr 222 has sclcctcd thc last tap
of thc delay line 220, thc read clock si mal RCLK is bein s
appliecl to the read register 192 (FIG. 3) as late as is possible
using the delay range of the fine delay circuit L54. The
counter control circuit 23U then outputs a pulse to mcrement
the up/doivn counter 232, therefiy increasing the initial count
value ('N'I'ince the initial count value of the counter 212
has been incrcascd, it takes a longer time for thc counter 212
to count down to thc terminal count. (Jonscqucntly, the
counter 21Z outputs the START COMMAND pulse at a later
time so that the read data is applied to the read re nster 192
one clock cycle later. The phase control circuit ZZ5 then os

causes the multiplexer to again "wrap*'y selecting the hrst
tap of the delay time 220 As a result, the timing of read data
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being applied to the data bus is adfusted from the latest nme
in a clock cycle to the earliest time in the next clock cycle

Althou h thc fin delay circuit 154 has bccn dcscribcd as
adfusting the phase of thc read clock signal RCLK in phase
increments, it will be understood that a line cfelay circuit 154
may also connnuously adjust the delay of the read clocl
signal RCLK. Also, by deaenbing the fine delay circuit 154
as adjusting the phase of the read clock signal, it is implied
that the command clock signal CMIJ('I.K appliecl to the
clclay linc 220 is a periodic signal. However, in the cvcnt a
non periodic signal is applied to thc fin delay circuit 154,
the fine delay circuit 154 adjusts the nming—rather than the
phase—of the read clock signal RCLK. Finally, although the
counter control circuit Z30 has been descnbed as increment-
ing or deere menting the counter 232 when the first or last tap
has been selected by the multiplexer 222, it will be under-
stood that the counter 232 may bc incrcmcntcd or dccrc-
mentcd it when other taps of thc clclay linc 222 (c, thc
secoml ancf secoml to last taps) have been selected.

I'he fine delay circuit 154 is shown in greater cletail in
I'IG 5. I'he command clock signal ('MD('I.K is coupled
frnm line 42 (I'IGS I and 5) through a receiver buffer 250
to a conventional voltage controlled delay circuit 252 and to
onc input of a phase detector 254. Thc voltage controlled
ifelay circuit 25Z couples the output of: the receiver buffer
25U to an output line Z56 with a delay that is a Juncuon of
a cnntrni signal applied to the delay circuit 252 on line 258
Although the control signal on inc 258 is an analog voltage,
it will be understood that other types of control signals,
includin digital words, may altcrnativcly bc used. Thc
output of the volta c controlled delay circuit 252 is applied
to the delay line which, in this case, is a muln-tap voltage
controlled delay hne 2Z(J(

I'he multi-tap voltage controlled delay line 220'nuples
the clock si nal applied to its input linc 256 to a plurality of
taps 264a—264n with incrcmcntally increasing delays from
the Iirst tap 264a to the last tap 264n. In the embodiment
illustrated in FIG. 5, there are 17 taps 264, but the delay line
22(l'ay have. a greater or less number of taps 264. When
a delay locked loop that includes the delay line 220's locked
as explained below, the signals at the first tap 264a and the
last or 17'" tap 264n arc thc invcrsc of each other, i c., phased
180 degrees from each other. Thus, thc signals on thc 17
lines are delayed by 1125 degrees more than the signal
coupled to the, previous line 264 The signal on the first tap
264a has a relanve phase of zero degrees, the signal on the
16" tap 264ri-I has a phase of I (i8 75 degrees and the signai
on the last tap 264a has a phase of 180 degrees A control
volta c applied to thc delay linc 220'hrough linc 270 is
adfusted so that thc phase of the signal on thc last tap 264n
relative to the phase on the Iirst tap 264a is 180 degrees. This
is accomplished by applying the first tap 264a and the last
tap 264n to respective inputs of a phase cfetector 272.

As mentioned above, the delay line 220'ncl phase
clctcctor 272 implcmcnt a tirst delay locked loop. When thc
first delay loci ed loop is lockccl, thc signal on the tap 264n
will have a phase relative to the phase of: the signal on the
tap 264a of. 180 de rees. Therefore, as mennoned above, the
signal nn each of the taps 264a—264n will sequentially
increase from zero degrees to I80 degrees. Although the
signals on the taps 264a—n are equally phased apart from
each other, it vvill bc understoocl that equal phasing is not
required.

The fine delay circuit 154 also includes a second clelay
locked loop formed by the phase detectnr 254, the voltage
controlled delay circuit 252 and the voltage controlled delay
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line 2ZUS The last tap 264n of the delay lme 220's applied
through a simulated muluplexer circuit 290 and a clock
driver 292 to onc input of thc phase detector 254. It will be
recalled that the other input of thc phase dctcctor 254
receives the output of the receiver buffer 250 I.ike the phase
detector 272, ivhen the seconrl delay locked loop is locked,
the si mals apphed to the phase detector 254 are the inverse
of each other. Thus, when Ihe second loop ts locked, the
phase of thc signal at thc output of thc clock driver 292 is
540 de rees (effectively 180 degrees) relative to the phase of
the signal at the output of the receiver buffer 25U.

Thc remaining taps 264n—264n-1 of thc delay linc 220're
coupled to the muluplexer 222. As explained above, the
muluplexer has a plurality oi. output lines, aml these output
lines are couplerl to respective clocl drivers 312n—n. The
multiplexer 222 coupled the input of each of the clock
drivers 312n—n to any one of the taps 264n—264n-I as
detcrmincd by thc fine delay control si nal from thc phase
control circuit 224.

Thc phase dctcctors 254, 272 arc each implcmcntctl usin zo
a phase detector circuit 330, a charge pump 332 anil a
capacitor 334. Howcvcr, other varictics of phase dctcctors
may alternatively be used. The phase detector circuit 33U
applies either an increase signal on hne 336 or a decrease
signal on line 338 to respective inputs of the charge pump
332 'I'he phase detector circuit 330 generates the increase
signal on linc 336 whcncvcr thc phase of a first signal on one
of its inputs rclativc to a second signal on thc other of its
inputs is less than 180 tlcgrccs. As explained below, the
increase signal on hne 336 causes the charge pump 332 to
adtust the control voltage to increase the delay of the lira(
signal so that the phase of the first sig,nal relative to the phase
of the second signal approaches 180 degrees. The phase
detector circuit 330 gcncratcs thc dccrcasc signal on line
338, in thc opposite condition, i.c., when thc phase of the ss
second signal rclativc to thc first signal is grcatcr than 180
degrees. The decrease signal on line 338 causes the charge
pump 33Z to adiust the control volta e to reduce the delay
of second signal toward 180 degrees

Although the phase detector circuit 330 may be imple- to
menietl in a vinery of ways, it may simply use Iwo set-reset
flip-flops (not shown) for generating the increase and
decrease signals, respectively 'I'he increase flip-flop is set by
the rising cdgc of thc tirst signal on onc of thc inputs anil
react by thc falling edge of thc second signal on thc other z-
input. Thus, thc duration that thc flip-flop is sct, and hence
the duration of the increase signal on hne 336, correspomls
to the penod of time that the second signal must be further
delayed to have a phase of 18(l rlegrees relative to the phase
of the first signal Similarly, the flip-flop producmg the so
decrcasc signal on linc 33& is sct by thc falling cdgc of the
second signal and reset by thc rising edge of thc first signal
so that thc duration of thc dccrcasc si mal on linc 338
corresponds to the ume that the second signal is delayed
bevontl the ume that n wouki have a phase of 180 degrees
relative to the phase of the first signal

There are also a vanety of approaches for implementin ~

the charge pump 332 However, the char e pump 332 can be
implemented by simply applying a constant current to the
capacitor 334 for the duration of each increase signal on line
336 and removing a constant current from thc capacitor 334
for the duration of each dccrcasc signal on linc 338 Appro-
pnate circuitry could also be included in either the phase
detector circuit 330 or Ihe char e pump 332 to provide
hysterests in a hami when the lira( and secoml mgnals have as
relative phases of approximately 180 degrees from each
other as ivill be apparent to one skilled in the art
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The operation of the line delay circuit of FIG. 5 can best

be explained with reference to Ihe uming diagram of FIG. 6.
As illustrated in FIG. 6, thc command clock signal CMD-
CLK on linc 42 is dclaycd by approximately 70 dcgrccs in
passing through the receiver buffe 250 to node A (llG 5)
Assuming that both of the delay-lock loops are locked, the
signal at the output of the receiver butler 25U is delayed by
120 ilegrees in passing through the voltage controlled tlelay
circuit 252 to node B. Thc signal on node B is then coupled
to noile C with a delay of another 120 degrees and to notle
D with a delay of 300 tlegrees so that the signals at nodes C
and D are phased 180 degrees apart from each other. Since
the signals at nodes C and D are compared to each other by
the phase detector 272, the phase detector 272 adjusts the
control volta e on linc 270 to cnsurc that thc signals at norlcs
C and D arc phased 180 dcgrces from each other. Thc si nels
on other taps of the delay line 22(Y have phases relative to
the phase of. Ihe signai at node C that increase 11.25 degrees
fiir each tap in sequence from the lirst tap 264u to the last tap
264m

As mentioned above, one of the lirst 16 taps 264n—264n-1
of the delay line 220's coupled through the multiplexer 222
anti the clock driver 312n to provide the read clock signai
I(CI.K at node L In passing through the multiplexer 222 and
the clock driver 312n, thc sclcctcd output from thc delay linc
is delayed by another 120 dcgrccs. Thus, thc signal T,
coupled lrom the lirst tap of the delay line 220's delayed by
120 degrees, the si mal T from Ihe Iifth tap is delayeti by
16S degrees, the signal Ta from the mnth tap is delayed by
210 degrees, the signal 'I'ii from the 13"'ap is delayed by
ZSS degrees, and the signal T„- from the 16"'ap is delayed
by 288.75 dcgrccs. Although thc output signals arc coupled
from thc delay linc 220'hrough thc multiplcxcr 222 and
clocl driver 312n with a delay, that delay is matched by the
couphng of Ihe, signal from line 264n through the simulated
multipiexer 290 and clock dnver 292 since the same circuit
is used for the simulated multiplexer 290 as the multiplexer
222, and the clock driver 292 is identical to the clock driver
312n. For this reason, and bccausc thc phase of thc signal on
the tap 264n is 180 dcgrccs relative to thc phase of thc signai
on the Iap 264a, the signal at the output of the clock tlnver
292 at node G has a phase relauve to the phase ol the, signal
T„of 180 degrees Since Ihe signals applied to the inputs of
the phase detector 254 are the inverse of each other when the
delay-locked loop is locked, the signal 'I'„has substantially
the same phase as thc signal at thc output of thc rcccivcr
buffcr 250.

In summary, the 'inner'* delay locked loop formed by the
phase detector 272 aml thc voltage controflcd delay circuit
220'cncrates a scqucncc of signals that have increasing
phases from zero to 180 degrees. The "outer'* delay locked
loop formed by the phase detector 254, the voltage con-
trolled delay circuit 252 and the delay line 220'lign one of
the clock signals in the sequence to the command clock
signal CMD(fl.K As a result, all of the clocl signals at the
taps of thc delay linc 220'ave rcspcctivc prcdctcrmincd
phases rclativc to thc phase of thc command clock signai
CMDCLK at node A.

Althou h thc embodiment of thc hnc rlclay circuit 154
illustrated in FIG. 5 uses delay-locked loops, it will bc
understood that other locked loop circuits, such as phase-
locl ed loop circuitm may also be used. Other modilications
will also be apparent to one skilled in the art.

A counter 350 used m the phase ntntrol circuit 224 is
illustrated in FIG. 7. The counter 35U receives a control
signal UP that provides an indication of whether a higher
numbered or lower numbered tap of the rlelay line 220'
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should be selected by the mulnplexer 222. As explained
above, the signal UV is rlerived from timing information
provided to the memory device by the external device that
receives the read data from the memory device

The UP signal is apphed Io a NOR gate 35Z in a logic
circuit 354, and its complement m enerated by an rnverter
356 and applied to a NOR gate 358. If UP ts high, the NOR
gate 358 is enabled by the low at the output of the inverter
356 If UV is low, the NOR gate 352 is enabled 'I'he NOR
gate 352 rcccives thc output of an invcrtcr 360 ivhich, in
turn, rcccives thc output of a NAND gate 362. The NAND
gate 36Z receives a mimmum coarse signal MIN CRSE aml
a mmimum line signal MINFINE. The MIN CRSE signal
ts high whenever the coarse delay circuit 158 is operahng at
its minimum delay The MINI'INL'ignal is high whenever
the tirst tap of the delay line 220'as been selected by the
multiptcxcr 222. Thus, whcncvcr both Ihc flnc delay circuit
154 and thc coarse delay circuit 154 have rcachcrl their
mimmum delay values, the NOR gate 352 is ihsabled. As
explained below, disabhng Ihe NOR gale 352 prevents the
counter 35U from being lurther decremented since the mini-
mum delay for the variable delay circuit 152 has been
reached

Similarly, thc NOR gate 358 rcceivcs thc output of
inverter 366 which, in turn, receives the output of a NAND
gate 368. The NAND gate 368 receives a maxrmum coarse
signal MAX ('RSL and a maximum fine signal
MAXIrINL. I'he MAX ('RSL'ignal is high whenever the
coarse delay circuit 158 is operating at its maximum delay
Thc MAXFINE signal is high whcncvcr Ihc last tap of thc
delay line 220 has bccn sclcctcd by thc multiplcxcr 222.
Thus, whenever both the line delay circuit 154 and the
coarse delay circuit 158 have reached their maximum delay
values, the NOR gate 358 is disabled Disabling the NOR
gate 358 prevents the counter 350 from being further 35

incremented, smce the maximum delay for the variable
delay circuit 152 has bccn rcachcd.

The NOR gates 352, 358 also each receive a COUNT'"
signal ihat is also applied to the counter 350 by other
circuitry in the phase control circuit 224. Assuming that
either of the NOR gates 352, 358 is enabled, the (IDUN'I'"
signal triggers a onc shot 370 that outputs a positive oin
pulse in causes and invcrtcr 372 to output a ncgativc oin
pulse. As explained below, these pulses cause the counter
350 to increment or decremented depemhng upon the
whether UP is high or low, respecuvely.

The counter 350 includes four count stages 380—386. All
of thcsc stages arc substantially identical to each other
except that thc last stage 3&6 docs not include circunry for so
controlling a subsequent stage. The Iirst stage 3&U includes
a latch 382 for by a pair of inveners connecteil input-to-
output. I'he output of the latch 382 is coupled through an
inverter 384 to a pass gate 386. The other terminal of the
pass gate 386 is coupled to a second pass gate 38&by a latch
390, also formed by a pair of invcrtcrs conncctcd input
to~utput. Thc pass gates 386, 388 arc altcrnatcly cnablcrl
so that the pam gate 386 is enabled and the pass gate 388 is
disabled until the puL&e generator 37U is triggered.

l)uring an initialmation prncedure, an active low RLIL"I'"
signal is applied to thc counter 350 to cause an invcrtcr 392
to output a high. Thc high at Ihc output of thc invertcr 392
turns ON an NMOS transistor 396 in each of the stages
3&0—386. When the NMOS transistor 396 turns ON, it pulls
the input Io the latch 382 low thereby setting its output high ss
and the output of the inverter 384 low Thus, upon being
reset, the count R&3 0& of the counter 350 is "(KIO(Y*
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When the puL&e generator 37U is triggered, the pass gate

388 is turned ON thereby coupling the output of the latch
390 to the input of thc latch 382 Since thc output R&0& of
the counter stage 380 is initially "0", thc output of thc latch
390 is initially" I*'hen the pass gate 388 is turned ON, the
latch 382 changes state, and the output of the counter stage
3&U transistors to "I", thereby causing the output of the latch
39U Io transition to "O'1 Similarly, when the pulse generator
370 is once again triggcrcd, thc low at thc output of Ihc latch
39U causes Ihe output of the latch 382 to tran&thon to "1'herebvcausing Ihe output of Ihe counter stage 3&U to once
again transition to "O'. Thus, each nme the output of the
latch 390 is coupled to the input of the latch 382 respnnsive
to the triggering of the pulse generator 370, the counter stage
380 to lcs.

I'he counter stage 380 also includes circuitry for control-
ling the subsequent counter stage 382. When UV is high, an
NMOS transistor 400 and a PMOS transistor 402 arc tumed
ON, and a PMOS transistor 404 and an NMOS transistor
4U6 are turned OFF. Whenever the output of the counter
stage 3&U is high, an NMOS transistor 41U is turned ON and
a VMOS transistor 412 is turned Ol'I's a result, the input
to an inverter 416 is driven loiv, thereby causing the inverter
416 to output a high that turns ON a pass gate 418 When the
pass gate is turned ON, thc counter stage 382 to glcs
responsive to each pulse gcneratcrl by thc pulse gcncrator
37U. Thus, when each stage 380—384 outputs a "I", that
stage toggle& to a "(y'nd the subsequent stage 382—386 is
allnwed to toggle responsive to each pulse frnm the pulse
generator 370 As result, the count R&3:0& of the counter
350 increments ivith each pulse from the pulse generator
370

In a similar manner, when UV is low, a VMOS transistor
420 is turned ON and an NMOS transistor 422 is turned on.
Whenever thc output of thc counter stage 380 is low, thc
output of the latch 390 is high Thc high output of thc latch
39U turns ON an NMOS transistor 424 and uirns OFF a

PMOS transisior 426. As a result, Ihe input Io an inverter 416
is driven low, thereby turning ON the pass gate 418 'I'hus,
when each stage 380—384 outputs a "0'*, that stage tnggles
to a "I'* and thc subscqucnt stage 382—386 is allowed to
toggle rcsponsivc to each pulse from thc pulse gcncrator
370 As result, thc count R&3 0& of thc counter 350 dccrc-
ments with each pulse Irom the puL&e generator 37U.

Each of thc remaining stages 382—3&6 operate in csscn-
tially thc same manner as thc stage 380 cxccpt that thc final
stage 386 does not mclude the transistors Ior enabling a pass
gate in a subsequent stage. Thus, the counter 350 is able to
increment or decrement the delay of the fme delay circuit
154 hy either incrementing or decrementing responsive to
the COUNT"'ignal depending upon v hcthcr UP is hi h or
loiv, rcspcctivcly.

I'he UV signal is also applied to a latch 380 through a pass
gate 482. The pass gate 482 is normally ON except when a
flip-flop 486 fnrmcd by a pair of NAND gates 488, 490 is
set. The flip-flop 486 is set whenever the pulse generator 370
is Imggered, thereby causing the inverter 372 to apply a low
to the NAND gate 488. The pulse Irom the pulse generator
370 is also applied to a NANO gate 492 through a delay
circuit 496. At the trailing edge of the pulse from the pulse
gcncrator 370, thc output of thc invcrtcr 372 goes high. After
the high propagatcs through the delay circuit 496, it causes
the NAND gate 494 to output a low thereby rescuing the
flip-flop 486. Reseung the flip-tlop 486 once again couples
the UP signal to the latch 482. Thus, Ihe UP signal is
continuously applied to the latch 482 except when it is
hlanked responsive to triggenng of the pulse generator 370
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Blanking the UP signal from the latch 482 responsive to
each pulse from the pulse generator 370 prevents circuitry
do&vnstream from the latch 482 from respondmg during
transitions of a count

Whh continued re&&rance to FIG. 7, when UP is hrgh, a

NOR ate 500 is enabled, anti when UP&s low, a NAND gate
502 is enabled. The NAND gate SU2 receives the MAXFINE
signal, ivhich is generated by a NANO gate 506 and an
inverter 508. The NANO gate 506 decodes a count of" I I I I

**

corresponding to thc maximum count of thc counter 350.
Thus, whcncvcr thc counter 350 is incrcmcntin anti the
maximum count of "1111" is reached, Ihe NAND gate 502
outpu(s a low. The low at the output of the NAND gate 502
causes a NAND gate 510 to output a high, thereby enabhng
a NANO gate 512 When the NANO gate 512 is enabled, it

couples a pulse generated by a pulse generator 514 through
a pair of invcrtcrs 516, 518 to gcncratc thc ncgativc oin
coarse count signal CRSE CNT". Thc coarse count signal
CRSE CNT" is apphed to the up&down counter 23Z rn the
coarse delay circuit 158 along with the UP signal. 30

As explained below, when UP is high, the count signal
CRSL& ('NT" causes the up/down cnunter 232 (I'IG 4) to
be incrcmentcd to incrcasc thc delay of applying data to the
read register 192 (FIGS. 1 and 3).

In a similar manner, when the NOR ate 500 &s enabled
responsive to UP being low, Ihe NOR gate 500 outputs a

high responsive to receiving a low MINFINE& signal The
MINI&INL" signal is generated hy a NOR gate 520 and an
inverter 522. I'he NOR gate 520 decnrles a count of "(X)00**

io
corresponding to thc mimmum count of thc counter 350.
Thus, whcncvcr thc counter 350 is dccrcmcnting and the
mimmum count of "0000's reached, the NOR gate SZU

outpu(s a high that is inverted by the inverter 52Z. The high
ai Ihe output of the NOR gate 5UU m coupled u& the NAND
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gate 510 through in inverter 526. 'I'he high output of the
NOR gate 500 also causes the NANO gate 510 to output a
hi h, thcrcby enabling thc NAND gate 512. A pulse gencr-
atcd by a puLsc gcncrator 514 then also gcncratcs the
negative—going coarse count signal CRSE CNT". As
explained below, when UP is low, the count si mal CRSE
CNT" causes the up&down counter 232 (FIG. 4) u& be
decremented to decrease the delay nf applying data to the
read register 192 (I I(ki I and 3).

Thus, the coarse count signal CRSL CN'I'auses the
coarse delay circuit 158 to make a coarse delay adjustmcnt
any time thc minimum count '0000" or thc maximum count"fill'f the counter 350 is reached. The direction of the
coarse delay adjustment is determined by the logic level of
the CRSE UP&ignal. Since the count R&3.0& of the counter
350 is applied to the multiplexer 222'I 1G 5) to select one
of the delay line taps, a coarse delay adjustment is made
responsive to cithcr thc first or thc last tap of thc delay line
to 220'eing selcctcd.

Thc up&down counter 232 (FIG. 4) is shown in FIG. 8. The 33
up/down counter 232 inclmles six counter stages 540—550.
Each of. Ihe stages 540—550 operates in the same manner as
the counter stages 380—386 except in the manner in which
the counter stages 542—550 are initially loaded Rather than
bein react as arc thc counter stages 380—386, thc counter „o
stages 540—550 are initially prcloadcd with an initial count
Y&5:0&. This initial count Y&5:0& is normally a part of thc
commaml packet CA and is coupled to Ihe counter Z3Z from
the storage register 204 (FIG. 4).

Whh reference to the lirst stage 540, a respecuve bit of the as
initial count Y&0& is applied to the input of a latch in the
counter stage 540 through a pass gate 560. 'I'he past gate 560
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is selectively enabled by a LOAD pulse applied through a

pair of inverters 56Z, 564. Thus, in response to the LOAD
pulse, thc initial count Y&5:0& is loadcrl into thc counter
232

The coarse delay circuit 158 aL&o includes a decoder
circuit 58U that determines when in the counter 232 has
rcachcd thc maximum count. All of thc outputs B&5:0& of
the counter are applied to a NAND gate 582, which outputs
a low when the count 13&5:0& of the counter 232 is "I ll I**

The inw at the output of the NANO gate 582 causes an
inverter 584&o output the high maximum coarse delay signal
MAX CRSE.

The decoder circuit 58U also includes a comparison circuit
59U for generaun ~ the minimum coarse delay signal MIN
()RSL'ased on the count 13&5 0& of the counter and a
minimum delay ivord MINV&5 0& The minimum delay
word MINV&5 0&, which is generated by other circuitry in
the memory device 10, corresponds to thc minimum time in
which thc memory dcvicc is capable of coupling read clara
irom the memory array 18U (FIG. 3) to Ihe read register 192.
The function of the comparison circuit 590 is to generate the
MIN ()RSIi signal ivhenever the count 33&5 0& is less than
or equal to MINV&5 0&. Thus, if any bit of MINV is a "I**

anti the corresponding bit of 13 &s a "(I'L then a high
MIN CRSE signal is gcncratcd.

With reference to the sixth comparison stage 604, the
MINV&5& and B&5& bits arc applied through a pair of
invcrtcrs 620 to an cxclusivc NOR gate 622. Thc exclusive
NOR gate 622 outputs a high in thc event of a match
between MINV&5& and B&5&. Since the exclusive NOR
gate 622 is coupled to a pass gate 624 directly aml through
in inverter 628 a hi h at the output of the exclusive NOR
gate 622 turns OI&I'he pass gate 624 As a result, the sixth
comparison sta c 604 docs not apply any signal to an output
latch 630 formed by a pair of input to output conncctcd
invcrtcrs whcncvcr thcrc is a match bctwccn MINV&5& and
B&5&.

Thc fifth comparison stage 602 is substantially identical in
structure aml operation to the sixth companson stage 604
except lor the inclusion of a NOR gate 638. The NOR gate
638 is enabled by the low at the output of the mverter 628
whenever there is a match between M INV&5& and 13&5& for
the reasnns explained above. Lnabling the NOR gate 638
allows thc fifth stage 602 to opcratc in thc same manner as
the sixth sta e 604 except that thc high at thc output of thc
exclusive or gate 622 is coupled to thc pass gate 624 as a
low, anil the pass gate 6Z4 is disabled by a low rather than
by a high as in the pass gate 624 of the sixth stage 604. Thus,
in the event of a match between MINV&4& and 13&4&, the
fifth stage 602 does not apply a signal to the latch 630, and
the low at thc output of thc NOR gate 638 cnablcs a similar
NOR gate 638 in thc third stage 600.

In summary, in the event of a match between the com-
pared bit of MINV and B in each stage, that stage docs not
apply any signal to thc latch 630, and it enables thc next
lower stage. All of Ihe companson stages 594—604 operate
in this manner except for the iirst companson stage 592.
Rather than using an exclusive NOR gate 622, the lirst stage
592 uses a NOR gate 640 to which MINV&0& is applied
d&rectly and 13&0& is applied through an inverter 642 In the
event of a match bctwccn MINV&5:0& and B&5:0&, thc
NOR gate 638 in thc first stage 592 rcccivcs a low at all of
its inputs thereby causing the NOR gate 638 to output a low
that turns ON the pass gale 624. Thus, the pass gate 624 will
be ON il the pass gales 6Z4 in all of the other stages 594—604
are all Ol I'esponsive to a match between the compared bits
of MINV and 13.
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The output of the NOR gate 640 will be low to cause the
latch 630 tn output a high MIN CRSL'ignal except for
when MINV&0& is low and 33&0& is high, i e. the count
H&5 0& is higher than MINV&5:0& 'I'hus, when 13&5:0& is
less than or equal to MINV&5:0&, thc MIN CRSE signal
will bc high. When MINV&0& is low and B&0& is high, i.c.
the count B&5.0& is higher than MINV&5.0&, the MIN
CRSE signal will be low.

The above discussion explains the operauon of the com-
parison circuit 580 when there is a match between
MINV&5 I& and Ii&5 I& anil there may or may not be a
match bctwccn MINV&0& anil B&0&. Thc following discus-
sion explains thc operation of thc comparison circuit 580
when there is not a match between at least onc of thc bits of
MINV&5.1& aml B&5.1&. is

With reference to the lifth stage 6U4, if there is not a match
between MINV&5& and 13&5&, the output of the exclusive
NOR gate 622 is loiv, thereby enabling the pass gate 624 As
a result, the complement of M IN V&5& is coupled through an
invcrtcr 650 to thc pass gate 624. If MINV&5& is "I" anil
B&0& is "(fk then B&5& must bc less than MINV&50& since
the most sigmlicant bit of B&5:0& m less than MINV&S.U&.
Untler these circumstances, Ihe inverter 650 outputs a low
that causes the latch 63U to output a high MIN CRSE
signal

The only other combination of MINV&5& and 13&5& is
whcrc MINV&5& is "0" and B&5& is "I'ince, bc cause there
is no match bctivccn MINV&5& and B&5&, MINV&5& anil
B&5& cannot both bc "0" or "I'. If MINV&5& is "0'nil

ic
B&5&, the count B&S.U& must be greater than MINV&S.U&.
Untler these circumstances, Ihe low value of MINV&5&
causes the inverter 650 to output a high, thereby causing the
latch 630 to output a low MIN CRSL signal

The other comparisons stages 592—602 operate in the
same manner. Thcrcforc, whenever any bit of B&5;0& is less
than thc corresponding bit of MINV&5:0&, thc Latch 630
outpu(s an acuve high MIN CRSE signal. Whenever any
bu of B«5:0& is greater than the corresponding bit of
MINV&S.U&, ihe latch 630 outputs an mactive low MIN
CRSLi signal

As mentinned above, the variable delay circuit 152 of
lil(IS. 2—5 may be used in the memory device 10 of I'IG I
to provide optimum pcrformancc at high operating specrls.

In using thc variable delay circuit 152 in thc memory as
device 10, thc linc rlclay circuit 154 and thc fin rlclay
control circuit 156 would be part of the clock generator 4U

(FIG. 1) that generates the internal clock signal ICKL, the
write clock signal WCI.K, and the read clock signal RCI.K
fhe coarse delay mrcuit 158 and the coarse delay control so
circuit 160 would bc part of the command dccorlcr anil
scqucncc 60 that generates thc control signals for thc
memory array 180. Thc manner in which thcsc components
would be implemented in Ihe convenuonal memory device
10 of FIG. 1 will be apparent to one ol orilinary sl ill in the
art, and an explanation will therefore be omitted in the
interest of brevity

In adihtion to using the variable delay circuit LSZ to
control the timing at which read data may be coupled tn the
data bus 130 nf the memory device 10, the variable delay
circuit 152 may bc used to control thc timing at which the
data clock DCLK is applied Io thc data clock bus 132. In
parucular, the timing informauon for Ihe data clock DCLK
signal would be applied to the memory device 10 from the
external device, and the memory device would use the fine es
delay circuit 152 to make small adjustments in the timing of
the data clock signal DCI.K The coarse delay circuit 158

would be used in connechon with a counter to make small
adtustments in the hming of the data clock signal DCLK.

A computer system using the vanahle rlelay circuit 152 in
each of a plurality of the memory devices 10 shown in I IG
1 is shown in FIG. 9. W'ith relerence to FIG. p the computer
system 7UU includes a processor 702 having a processor bus
704 coupled through a memory controller 705 to thrcc
memory devices which may bc packctizcd dynamic random
access memory or!3yncl.ink DRAMs ("SI.DRAM*') 10a—c.

Thc cnmputcr system 700 also inclurlcs onc or morc input
rlcviccs 701, such as a kcypad or a mouse, coupled to thc
prncessor 702 through a bus bridge 712 and an expansion
bus 714, such as an industry standard architecture ("ISA**)

bus or a Peripheral component interconnect (" PCI**) bus
Thc input devices 710 alloiv an operator or an electronic
rlcvicc to input data to thc computer system 400. Onc or
more output devices 7ZU are coupled to Ihe processor 702 to
ihsplay or otherwise output data generated by Ihe processor
7UZ. The output devices 720 are coupled Io the processor
702 thrnugh the expansinn bus 714, bus bridge 712 and
prncessor bus 704 Lxamples of output devices 702 include
pnnters and video display units. Onc or morc data storage
rlcviccs 722 are coupled to thc processor 702 throu h thc
priicessor bus 704, bus bridge 712, aml expansion bus 714
to store data in or retrieve data from storage media (not
shown). Examples of storage devices 722 and storage media
include lixed disk drives flnppy disk drives, tape cassettes
anil compact-disk read-only memory devices.

In operation, the prncessor 702 communicates with the
memory devices Ifla~ via the memory controller 705. The
memory controller 705 sends the memory devices Iflam
command packets that contain both control and address
inform atinn. Data is coupled bctwccn thc processor 702 and
the memory devices 1Ua—c, through the memory controller
7US and a data bus poruon of the processor bus 704. The
memory controller 705 applies write data from the processor
702 tn the memory devices IUa~, and it applies read data
frnm the memory devices 10a—c to the processnr 702. In
rcadin data from thc memory rlcviccs 10am, the memory
controller 705 also provides the memory rlcviccs 10a—c with
uming informauon to ail)ust the uming of the read data
and/or data clocl . Although all the memory devices lfia—r:

are coupled to the memory controller 705, only one memory
device Ifla~ at a time reads or writes data, thus avoiding
bus contention Hus contention is avoided by each of the
memory devices lflam and thc bus bridge 712 having a
umquc idcntificr, anil thc command packet contains an
identilying code that selects only one of these components.

Thc cnmputcr system 700 also inclurlcs a number of other
components and signal lines which have (icon omitted from
FIG. 9 in the interests of brevity For example, as explamed
above, Ihe memory devices lfia—c also receive a command
or master clock signal to provide internal timing signals, and
a data clock signal clncking data into and out of the memory
device 10

I rom the foregning it ivill be appreciaterl that, although
specihc embodiments of the invention have been described
hcrcin for purposes of illustration, various modifications
may bc made without deviating from thc spirit and scope of
the invention. Accordingly, thc invention is not limited
except as by Ihe appended claims.

We clmm.
I A variable delay circuit generating an output signal

having a controlled timing, the variable delay circuit com-
posing;

a fine delay circuit receiving a clock signal and generating
a delayed clock signal, the delayerl clock signal havifig
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a delay relative lo Ihe clocl signal that corresponds to
a line delay control signal apphed lo a control input of
thc fine delay circuit, thc delay corresponding to the
fine delay control signal being greater than a prcdctcr-
mined minimum delay and less than a predetermined
maximum delay,

a coarse delay circuit controlling thc timing of a di ital
signal rclativc to thc clock signai in rlclay increments
responsive lo a coarse delay conlrol signal applied lo a

control input of the curse delay circuit; and lc
a control circuit receiving a signal indicahve of the delay

of Ihe line delay circuit, lhe control circuit generalin ~

the coarse delay control signal to change the timin ~ of
the digital signal in nne direction responsive to the
delay of the fine delay circuit being within a predeter- is
mined range of thc prcdctcrmincd minimum rlclay, the
control circuit gcncrating thc coarse delay control sig-
nal to change the nming of the digital srgnal in the
opposite direcuon responsive to Ihe delay of the fine
delay circuit being within a predeterminetl range of the zo
predetermined maximum delav; and

a combining circuit for combining ihe delayed clock
signal with the digital signal to provide the output
signal having a timing corresponding to the combined
delay of the fine delay circuit anil the coarse delay
circuit.

2. Thc variable delay circuit of claim 1, whcrcin thc fine
delay circuit adjusts Ihe delay of the delayed clocl signal
relative lo Ihe clock signal in increments.

3 The variable delay circuit of claim I, wherein the clock
signal is a periodic signal, and wherein the hne delay circuit
adjusts the delay of the delayed clock signal relative to the
clock sienal in phase incrcmcnts.

4. Thc variable delay circuit of claim 3, wherein each of
the phase increments is 180rN degrees, where N is the ss
number of. phase increments.

5. The variable delay circuit of claim 3, wherein the
predetermined minimum delay is within a first range of a
zero degree phase shift and the predetermined maximum
delay is withm a second range of a 180 dcgrcc phase shift. ao

6. Thc variable delay circuit of claim 5, whcrcin first anti
second ranges are each zero degrees.

7. The variable delay circuit of claim 1, wherem the clock
signal is a periodic signal, and wherein each of the lixed
delay increments is the product of N anil 180 degrees

8 The variable delay circuit of claim 7, wherein N ts I so
that each of thc lixed delay incrcmcnts is 180 degrees.

9. Thc variable delay circuit of claim 1, whcrcin thc signal
received by Ihe control circuil that is imhcative of the tielay
of the fine delay circuit composes the line delay control o

signal.
lb. I'he variable delay circuit of claim I, wherein the

control circuit causes the coarse delay circuit to increment
the delay of thc coarse delay circuit rcsponsivc to thc rlclay
of thc fine delay circuit reaching thc prcdctcrmined maxi- s
mum delay and causes the coarse delay circuit to decrement
the delay of Ihe coarse delay circuit responsive to the delay
of Ihe line tlelay circuit reaching the predetermined mim-
mum delay.

11 The variable delay circuit of claim I, further com-
prising a functional circuit cncrating thc digital signal
responsive to the clock signal, thc functional circuit bein
coupled lo the coarse delay circuit, Ihe coarse delay circuit
controlling lhe hming of Ihe digital signal generated by the
functional circuit. es

12. 'I'he variable delay circuit of claim 11, wherein the
functional circuit comprises:

a preloadable counter coupled to lhe coarse delay control
circuit, the preloadable counter generating, the digital
signal responsive to reaching a predetermined oiunt,
the counter heing enabled to count towarrl the prede-
tcmiincd count responsive to thc clock signal; and

wherein the coarse control circuit causes the coarse tlelay
control signal to load a preload count into the counter
prior to the counter heing enabled by the clnck signal,
the coarse delay control circuit incrementing, or decre-
mcnting thc prcload count rcsponsivc to the signal
indicative of thc delay of thc fine delay circuit.

13. The variable delay circuit of claim 12, wherein the
coarse control circuit composes an up,'down counter, the
up/tiown counter generating a count corresponding to the
preload count, the up,'dotvn counter heing incremented
responsive to the delay of the hne delay circuit reaching one
of thc prcdetcrmincrl maximum or minimum delays, thc
up clown counter being dccrcmcntcrl rcsponsivc to the delay
of Ihe line delay circuit reaching the other of the predeter-
mined maximum or minimum delays

14. The variable delay circuit of claim 11, wherein the
functional circuit comprises:

a memory commanrl gcncrator gcncrating control si nels
for a memory dcvicc, thc commanrl gcncrator including
a preloadable counter coupled to Ihe coarse tlelay
control circuit, lhe preloadable counter generaung the
digital signal to control the operation nf the memory
device responsive to reaching a predetermined oiunt,
the counter heing enabled to count towarrl the prede-
tcmiincd count responsive to thc clock signal; and

wherein thc coarse control circuit comprises:
an up/down counter coupled to the preloadable counter,

the up/down counter generanng a prelotui count and
loading the preload count into the preloatlable
counter prior to the counter being, enabled by the
clnck signal, the uprdown counter heing incremented
responsive to thc delay of thc fine delay circuit
reaching onc of thc prcdctcrmincd maximum or
minimum delays, thc uprrlotvn counter being dccrc-
menled responsive lo the delay of the line, tlelay
circuit reaching lhe other of the predelermmed maxi-
mum or minimum delays

15. The variaiile delay circuit of claim I, wherein the fine
rlclay circuit comprises:

a tapped delay linc having an input terminal rccciving thc
clock signal, thc delay linc gcncrating a plurality of
increasingly delayed output signals al a plurality of
respecnve output lerminalg and

a mulliplexer coupled to the outputs of the delay line, the
multiplexer selecting one of the rlelay line output
signals for use as the delayed clock signal responsive to
thc fine delay control signal.

16. Thc variable delay circuit of claim 1, wherein thc
combinin circuit comprises a register rccciving thc digital
signal al a data input ami receiving the delayed clocl signal
al a clocl input, Ihe register coupling the digital signal to an
output terminal as the output signal respnnsive to the
delayed clock signal

17. A commaml gcncrator for memory device, thc com-
mand generator outputting a control signal for the memory
rlcvicc to cause thc memory device to output read data from
a memory array responsive lo an enable signal synchronized
to a clocl signal, lhe commanri generator comprtsm

a line delay circuit receiving the clock signal, the line
delay circuit generating a delayed clock signal having
a delay relative to the clock signal corresponding to a
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line delay control signal applied to a control input of the
line delay circun, the delay corresponding to the fine
delay control signal bein grcatcr than a prctlctcrminctl
minimum delay anil less than a prcdctcrminctl maxi-
mum delay;

a lirst control circuit generahng the line delay control
signal as a function of a timing command;

a preloadable counter generating the control si mal
responsive to reaching a predeterminetl count, the
counter being enabled to count toward thc prcdctcr-
mincd count rcsponsivc to thc clock signal; anil

an upidown counter coupled to the preloadable counter,
the upidown counter generaung a preload count aml
loading thc prcloarl count into thc prcloatlablc counter
prior to thc counter being enabled by thc clock signal, is
the upidown counter heing incremented responsive an
increment signal and being decremented responsive to
a decrement signal, anil

a secoml control circuit generating the increment signal
responsive to the delay of the fine delay circuit reaching
one of the predetermined maximum or minimum
delays, thc second control circuit gcncratin thc dcc-
rcmcnt signal rcsponsivc to the delay of thc fine tlclay
circuit reaching the other of the predetermined maxi-
mum or minimum delays, aml

a read data rcgistcr having a rlata input terminal couplctl
to the memory array to receive read data from the
memory array, a data output terminal coupled to an
externally accessible data bus terminal of the memory
device, and a clock input receiving the delayed clock
signal from the fine delay circuit, the read data register
coupling data from thc data input terminal to thc data
output terminal of thc read data rcgistcr responsive to
the delayed clock signal.

15. The command generator of claim 17, wherem the fine
delav circuit adjusts the delay of the delayed clock signal
relative to the clock signal in increments

19. The command generator of claim 17, wherein the
clock signal is a periodic signal, and whcrcin thc fine tlclay
circuit adjusts thc rlclay of thc dclaycd clock si nal rclativc ac
to the clock signal in phase increments.

20. The commantl generator of claim 19, wherein each of
the phase increments is 1110rN rlegrees, where N is the
number of phase increments

21. The command generator of claim 19, wherein the
predctcrmincd minimum tlclay is within a first range of a
zero dcgrcc phase shift and thc prcdctcrmincd maximum
delay is withm a secontl range of a 180 degree phase shift.

22. The commaml generator of claim 17, wherern the
clock signal is a periodic signal, aml wherein each of the
lixed delay increments is the prorluct of N and 1tt0 degrees

23. The command generator of claim 22, wherein N is 1

so that each of thc fixed tlclay incrcmcnts is 180 dc rccs.
24. Thc commanrl gcncrator of claim 17, whcrcin the fine

delay circuit compnses
a tappctl delay linc having an input terminal rcccivin the

clock signal, thc tlclay linc gcncratin a plurahty of
increasingly delayed output si mals at a plurality of
respecuve output terminals, and

a multiplcxcr coupled to thc outputs of thc delay hnc, the ac
multiplexer selecung one oi. the delay line output
signals for use as the delayed clock signal responsive to
the fine delay control signal applierl to the multiplexer
by the first control circuit

25. A memory dcvicc, comprising; as
a clock generator circuit receiving an external clock signal

applied to a first externally accessible terminal and

generahng an internal clock signal having a phase shiTt
relative to the external clock signal corresponrling to a

phase command signal applied to a control input of the
clock generator circuit, the phase shift corresponrling to
thc phase commaml signal being grcatcr than a prcdc-
tcmiincd minimum phase anil less than a prcdctcrmincd
maximum phase,

at least one, array of memory cells adapted to store wnfe
data to and output read data from a location determmed
by a row address and a column arlrlress applied to
respective other of the terminals;

a row address circuit adapted to receive and decode the
row address, aml sclcct a row of memory cells corre-
sponding to thc row adtlrcss,

a column address circuit adaptcrl to rcccivc read data from
or apply ivritc data to one of thc memory cells in thc
selected roiv corresponding to thc column address;

a command bufi'cr receiving cxtcrn ally gcncratcd memory
commands, the command buifcr generating control
signaLs rcsponsivc to thc memory commands to control
an operation of Ihe memory device,

a data path circuit adapted to couple data bctwccn an
externally accessible terminal of the memory device
anil the column address circuit, the data path circuit
including a read register adapted to receive read data
from the column address circuit and couple the read
data to a data bus terminal responsive to the internal
clock signal applied to a clock input of thc read rcgistcr;

a first control circuit generating the phase command
signal as a function of a timmg command signal; and

a timer circuit controlling the timing of the read data lacing
applied to the read register in fixed rlelay increments
rcsponsivc to a signal indicative of thc phase shift of thc
clock gcncrator circuit, thc timer circuit changing thc
timing of thc read data applicrl to thc read rcgistcr in
one direcuon responsive to the phase shift of the clocl
generator circuit being within a predetermined range of
the predetermined mimmum phase anil in an opposite
direction responsive to the phase shift of the clock
cnerator circuit being ivithin a prctlctcrmincd range of

thc prcdctmmincd maximum phase.
26. Thc memory dcvicc of claim 25, v hcrcin thc com-

mand bufier comprises:
a prcloadablc counter gcncrating thc control signal

rcsponsivc to ri,aching a prcdctcrmincd count, thc
counter being enabled to count toward the predeter-
mined count responsive to the external clock signal,
and

wherein Ihe, timer circuit compnses.
an up/down counter coupled to the preloadable counter,

the up,'doivn counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being cnablcd by thc
external clock signal, thc upidown counter being
incremented responsive to the phase shift of. the
clocl generator circuit reaching one of the predeter-
mined maximum or minimum phases and being
decremented responsive to the phase shift of the
clock generator circmt reaching the other of the
predetcrmincd maximum or minimum phases.

27. Thc memory device of claim 25, whcrcin thc clock
generator circuit adlusts the phase of the internal clocl
signal relative, to the external clock signal in phase incre-
ments.

25. 1'he memory device of claim 25, wherein the clock
generator circuit comprises:
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a tapped delay hne having an input terminal receiving the

external clock si mal, the delay hne generating a plu-
rality of increasingly rlclaycd output si mals at a plu-
rality of rcspcctivc output terminals; and

a muluplexer coupled to the outputs of the delay hne, the
multiplexer selecnng one oi. the delay line output
signals for use as the internal clock signal responsive to
the phase command signal applied to the multiplexer by
thc first control circuit.

29. Thc memory dcvicc of claim 25, whcrcin the clock ic
generator circuit composes.

a tappctl delay linc having an input terminal rcccivin the
cxtcrnal clock signal, thc delay line gcncrating a plu-
rahty of. increasingly delayed output signals at a plu-
rahty of respective output terminals, and is

a multiplcxcr coupled to thc outputs of thc delay linc, the
multiplexer selecnng one oi. the delay line output
signals for use as the internal clock signal responsive to
the phase command signal applied to the multiplexer by
the first control circuit; ZO

wherein the command butler composes.
a preloadable counter generating the control signal

respnnsive to reaching a predetermined count, the
counter being cnabkd to count toward thc prcdcter-
mincd count responsive to the cxtcrnal clock signal,
and

wherein thc timer circuit comprises:
an upidov n counter coupled to thc prcloadablc counter,

the upidown counter generating a preload count aml
loailing the preload count into the preloadable
counter pnor to the counter bemg enabled by the
external clock signal, the up/down counter being
incremented responsive to the multiplexer selecting
a first delay linc output signal for usc as thc internal
clock signal and being dccrcmcntcd responsive to the
muluplexer selecting a second delay line output
signal for use as the internal clocl signal.

30. A memory device, composing.
at least one array of memory cells adapted to store ikta at

a location determined by a row address and a column ac

address applied to respective other of the terminals,
a row address circuit mlapteil to receive and ilecode the

row address, and select a row ol memory cells corre-
sponding tn the row address;

a column address circuit adapted to receive or apply data
to one of the memory cells in the selected row corre-
sponding tn the column address;

a data path circuit including a wnte dais re nster adapted
to couple data from an externally accessible data bus
terminal to the column address circuit, the data path
circuit further including a read data register adapted to
couple from thc column address circuit to thc cxtcrnally
accessibk data bus terminal rcsponsivc to a react data
clock signal,

a shift rcgistcr rccciving a plurality of command bits
rcsponsivc to a clock signal derived from an cxtcrnal
clock signal,

a timing control signal generating a count start signal
rcsponsivc to a flag signal and a clock signal dcrivctl ac
from an external clock signal applied to an externally
accessible clock terminal;

a preloadable commaml counter causing data to be remi
from the memory array and applied to the remi data
regrater responsive to reaching a predetermined count, as
the cnunter being enabled to count tov ard the prede-
termined count responsive to the count start signal;

a clocl generator circuit receiving the external clocl
signal and generating the read data clock signal havifig
a phase shift relative to the external clock signal
cnrresponding to a phase commanrl signal applied tn a
control input of the clock gcncrator circuit, thc phase
shift corrcspomling to thc phase command signal being
greater than a predetermined minimum phase aml less
than a predetermined maximum phase;

a lirst control circuit generating the phase command
signal as a function of the phase relationship iietween
the read data clock signal and the read data applied to
thc read data register;

an up down counter coupkd to thc prcloadablc counter,
thc up'clown counter generating a prcload count and
loaihng the preloail count into the prelomlable counter
poor to the counter bein ~ enabled by the count start
signal, the up,'doivn cnunter being incremented respon-
sive to the phase shift of the clock generator circuit
reaching one nf the prerletermined maximum or mini-
nium phases and being tlccrcmcntcd rcsponsivc to thc
phase shift of thc clock gcncrator circuit reaching thc
other of the predetermined maximum or minimum
phases.

31. The memory device of claim 3tl, wherein the clocl
generator circuit comprises:

a tapped delay line having an input terminal receiving the
cxtcrnal clock signal, thc rlclay linc generating a plu-
rality ot'ncreasingly dclaycd output signals at a plu-
rality of rcspcctive output terminals, and

a multiplexer coupled to the outputs of the delay line, the
multipkxer selechng one of the delay line output
signals for use as the read data clock signal responsive
tn the phase command signal applied tn the multiplexer
by the first control circuit

32. Thc memory dcvicc of claim 31, v hcrcin thc up,'down
counter is incrcmentcd rcsponsivc to thc multiplcxer sclcct-
ing a lirst delay line output xi mal for use as the read data
clocl signal aml being ilecremented responsive to the mul-
uplexer selecung a second delay line output signal ior use as
the read data clock signal

33. A computer svstem, comprising
a processor having a processor bus;
an input device coupled to the processor through the

processor bus adapted to allow data to be entered mto
the computer system;

an output device coupled to the processor through the
processor bus adapted to allow data to be output from
the computer system; and

a dynamic ramlom access memory coupled to the proces-
sor bus adapted to allow data to be stored, adapted to
receive a plurality of input signals and generate a

plurality of output signals on respective, externally
acccssilile terminals, thc rlynamic random access
nicmory comprising:
a clocl generator circuit receiving an external clock

signal apphed to a lirst externally accessible terminal
aml generatmg an internal clock signal having a

phase shift relative to the external clock signal
corresponding to a phase command signal applied to
a control input of thc clock gcncrator circuit, thc
phase shift corresponding to thc phase command
signal bem ~ rearer than a predetermined minimum
phase and less than a predetermined maximum
pllasc;

at least one array of memory cells adapted to store write
data to and output read data from a location deter-
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mined by a row address aml a column address
applied to respective other of the terminals,

a row address circuit adapterl to receive and decode the
row address, and select a row of memory cells
corresponding to thc row address;

a column address circuit arlaptcd to rcccivc read data
from or apply wnte data lo one of the memory cells
in Ihe selected row corresponding to the column
address;

a command buffer receiving externally generated
memory commands, the command butfer generating
control signals rcsponsivc lo the memory commanlls
to control an operation of thc memory dcvicc;

a data path circuit adapted lo couple data between an
externally accessible terminal of. Ihe memory device is
and the column address circuit, the data path circuit
including a read register adapted to receive read data
from the column address circuit and couple the read
data to a data bus terminal rcsponsivc lo thc internal
clock signal applied to a clock input of thc react zo

regxslei"I

a first control circuit generating the phase command
signal as a function of a timing command signal, and

a timer circuit controlling thc timing of thc read data bein
applied lo the renal regisler in lixed ilelay rncremenls
responsive to a si mal indicauve of the phase shift of the
clock generator circuit, the timer circuit changing the
timing of the read data applierl to the read register m
one direction responsive to the phase shift of the clock

iogcncrator circuit being within a prcdctcrmincll range of
thc prcdctcrmincll minimum phase anil in an opposite
direcuon responsive to the phase shalt of the clock

eneralor circuit being within a predetermined range of
the predetermined maximum phase

34. 'l'he computer system of claim 33, wherein the com- ss

mand buffer comprises:
a prcloadablc counter gcncraling thc control si nal

rcsponsivc to reaching a prcdctcrmincd count, thc
counter bein cnabkd to count toward thc prcdctcr-
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mined count responsive lo lhe external clocl signal,
anrt

ivherein the timer circuit comprises:
an up'down counter coupled to the preloadable counter,

the upidown counter generating a preload count and
loading thc prcload count into thc prcloadablc
counter prior to thc counter being cnablcd by the
external clock signal, lhe up,'down counter bmn ~

incremented responsive lo Ihe phase shift of the
clock generator circuil reaching one of the predeter-
mined maximum or minimum phases and being
decremented responsive to the phase shift of the
clock gcncrator circuit reaching thc other of the
prcdetcrmincd maximum or minimum phases

35. The computer system of claim 33, wherein the clock
generator circuit adlusls the phase of. the internal clock
signal relative to the external clock si mal m phase incre-
ments

36. The computer system of claim 33, wherein the clock
generator circuit comprises:

a tappcll delay linc having an input terminal rcccivin the
cxtcrnal clock signal, thc delay line gcncrating a plu-
rahly of. increasingly delayed output signals af a plu-
rahly of respective output terminals, and

a mulnplexer coupled to the outputs of the delay lrne, the as
multiplexer selecting one of the delay line output
signals for use as the internal clock signal responsive to

the phase command signal applied lo the muluplexer by
the first cnntrol circuit.

37. I'he computer system of claim 33, wherein the clock
generator circuit compnses:

a tapped delay linc having an input terminal rccciving thc
cxtcrnal clock signal, thc rlclay linc generating a plu-
ralilv of. increasingly delayed output signals al a plu-
ralilv of respechve output terminals, and

a mulliplexer coupled to the oulpuhs of the delay line, the
multiplexer selecting one of the rlelay line output
signals for use as the internal clock signal responsive to
the phase command signal applied to the multiplexer by
thc first control circuit;

wherein thc command bulfi:r comprises
a preloadablc counter gcncrating thc control signal

responsive lo reaching a predetermined count, the
counter being enabled to count toward lhe predeter-
mined count responsive to the external clock signal;
and

wherein the command buffer timer circuit comprises
an up/rloivn counter coupled to thc prcloadablc counter,

the up/down counter gcncrating a prcload count and
loading the preload count into lhe preloailable
counter pnor lo the counter being enabled by the
external clocl signal, the upidown counter being
incremented responsive to the multiplexer selecting
a first delay line output signal for use as the internal
clock signal and being dccrcmcntcll responsive to thc
multipkxcr sclccting a second rlclay linc output
signal for use as the internal clock signal.

35. The computer system of claim 33 wherein the memory
ilevice comprises a dynamic ranrlom access memory.

39. I'he computer system of claim 33 ivherein the
dynamic random access memory comprises a packetixed
llynamic random access memory

40. A computer system, comprising:
a processor having a processor bus;
an input device coupled to the processor through the

processor bus adapted to alloiv data to be entered into
thc computer system;

an output device coupled to the processor through the
processor bus adapted to alloiv data to be output from
thc computer system; and

a dynamic random access memory coupled to the proces-
sor bus adapted to allow data to be stored, adapted to
rcccivc a plurality of input signals and gcncratc a

plurality of output signals on rcspcctivc, cxtcrnally
accessible terminals, the dvnamic random access
memory compnsing.
at least one array of memory cells adapled lo store data

at a location determined by a row address and a
column address applied to respective other of the
terminals;

a row arldrcss circuit adaptcrl to rcccivc and dccodc thc
row address, and select a row of memory cells
corresponihng to Ihe row address,

a column address circuit adapted to receive or applv
data to one of the memory cells in the selected mw
corresponding to the column address;

a data path circuit including a write data rcgislcr
adapted to couple data from an cxtcrnally acccssiblc
data bus terminal to the column ruklress circuit, the
data path circuit further including a read data register
adapted to couple from lhe column address circuit to
the externally accessible data bus terminal respon-
sive to a read data clock signal;
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a shift register receiving a plurality of command bits

responsive Io a clock signal derivetl from an external
clock signal;

a timing control signal gcncratin a count start signal
responsive to a flag signal and a clock signal derived
from an external clock signal applied to an externally
accessible clock terminal,

a preloadable command counter causing data to lie read
from the memory array and applied to the read data
register responsive to reaching a predetermmed
count, thc counter being enabled to count toward the
prcdetcrmincd count responsive to thc count start
sigil el,

a clock generator circuit receiving the external clock
signal and generating, the read data clock signal
bavin a phase shift relative to the external clock
signal corresponding to a phase command signal
applied to a control input of thc clock gcncrator
circuit, thc phase shift corresponding to the phase
command signal being greater than a predetermined zp
minimum phase aml less than a predetermined maxi-
mum phase;

a hrst control circuit generating the phase command
signal as a function of the phase relationship between
thc read rlata clock signal and thc read data applicrl .,
to thc react rlata register;

an up/down counter coupled to the preloadable counter,
Ihe upidown counter generating a preload count aml
loading the preload count into the preloadable
counter prior to the cnunter heing enabled by the
count start signal, the up/down counter bemg incre-
mcntcd responsive to thc phase shift of thc clock
gi,ncrator circuit reaching onc of thc prcrlctcrmincrl
maximum or minimum phases aml being decre-
mented responsive Lo Ihe phase, shift of Ihe clock 33
generator mrcuit reaching the other of the predeter-
mined maximum or minimum phases

41. The computer system of claim 40, wherein the clock
generator circuit comprises:

a tapped delay line having, an input terminal receiving the ap
cxtcrnal clock signal, thc delay line gcncrating a plu-
rality of increasingly rlclaycd output si mals at a plu-
rality of rcspcctivc output terminals; and

a multiplcxcr coupled to thc outputs of thc delay hnc, the
multiplcxcr sclccting onc of the delay linc output a-
signals for usc as thc read rlata clock signal responsive
to the phase commaml signal applied to Ihe multrplexer
by the lirst control circuit.

42. 1'he computer system of claim 41, wherem the
up,'dmvn counter is incrementerl responsive to the multi- sp
plexer sclccting a tirst delay linc output signal for use as thc
read data clock signal and being dccrcmentcrl rcsponsivc to
the multiplexcr sclccting a second delay linc output signal
for use as the read data clock signal.

43. The computer system of claim 40 wherein the memory
device comprises a dynamic random access memory.

44 The computer system nf claim 43 wherein the
dynamic random access memory comprises a packctizcrl
dynamic random access memory.

45. A method of gcncrating a rlclaycd clock si~at havin ap
a controlled liming relauve to a digual signal, the method
comprising:

generatmg the delayed clock signal responsive to an inpu I

clock signal, the delayed clock signal havm ~ a delay
ridahve to the input clock signal thai is adtustable over ps

a relatively narrow range between a minimum delay
value and a maximum delay value;

ailjusting Ihe uming of the delayed clock signal relauve to
the input clock signal;

gcncratin thc digital signal rcsponsivc to thc input clock
signal, thc timing of thc rligital signal rclativc to thc
input clock signal being adtusted over a relatively
broad range;

adjusting the timing of the digital signal relative to the
input clock signal in onc direction rcsponsivc to thc
delay of thc dclaycd clock signal rclativc to thc input
clock signal approaching thc minimum delay value;
anil

adjusting the timing of the digital signal relative to the
input clock signal in an opposite directinn responsive to
thc delay of thc dclaycd clock signal relative to thc
input clock signal approaching thc maximum delay
valile.

46. The method of claim 45, wherein Ihe step of adtusting
the timing of. Ihe delayed clock signal compnses adtusting
the timing of the delayed clock signal in delay increments

47. I'he method of claim 45 ivherein the step of generating
the di ital signal responsive to thc input clock signal com-
prises:

counhng from an initial count toward a terminal count,
and

gcncratin thc digital signal rcsponsivc to reaching thc
tcmiinal count; and

wherein the step of adjushng the uming of the digital
signal relative to the input clock signal in one rlirection
responsive to the delay of the delayed clnck signal
rclativc to thc input clock signal approaching the mini-
mum delay value comprises increasing onc of thc
counts; and

wherein the step of adjusting the timing nf the digital
signal relative to the mput clock signal in the opposite
direction responsive tn the delay of the delayed clock
signal relative to thc mput clock signal approachin thc
niinimum delay value comprises dccrcasing onc of thc
counts.

48. The method of claim 45 wherein Ihe steps of mcreas-
ing and decreasing one of the counts comprise, respectively,
increasing and decreasing the initial count

49. The method of claim 45 wherein the steps of gener-
ating thc delayed clock signal and arljustin thc timing of thc
rlclaycd clock sienal rclativc to thc input clock signal
comprise.

generating a plurality of outpuL signafs that are mcreas-
ingly delayed relauve to Ihe input clocl si mal, aml

selecting one, of the output signals as a iuncnon of the
timing relationship between the delayed clock signal
and the digital si nal, the selected output signal lacing
used as thc delayed clock signal.

50. A method of controlling thc operation of a memory
ilevice applying read data to a read data re water, and
controlling a timing that the read data register is enabled to
couple the read data through the read data register, com-

prlsiflg'nabling
the read data register respnnsive to a clock

signal, thc read data rcgistcr being enabled at a time
rclativc to thc clock signal that is dclaycd over a
rclativcly narrov. range of delay values bctwccn a
minimum delay value and a maximum delay value;

ailjusting Ihe delay value within the range of narrow range
of delay values as a funcuon of a uming of the reatl data
being applied to the read data register relative to the
timing that the read data register is enablerl;
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adtusung the umin ~ that the read data is applied to the
read data register relative to a timing of the clock signal
in one direction responsive to the delay value approach-
ing the minimum delay value; and

adtusung the umin ~ that the read data is applied to the
read data re outer relauve to the timing of the clock
signal in an opposite direcuon responsive to the delay
value apprnaching the maximum delay value.

51. The method of claim 50, wherein the step of adjusting
the delay value comprises adjusting thc delay value in rlclay
incrcmcnts.

52. The method of claim SU wherein the step of ruljusun ~

the timing that the rerul data is applied to the read data
register ridauve to the uming of the clocl signal composes

counting from an initial count toward a terminal count, is

and

applying the read data being to the read data register
responsive to reaching the terminal count;

increasing onc of thc counts rcsponsivc to thc delay value zc
approaching onc of thc minimum and maximum rlclay
values; and

decreasing one of the counts responsive to the delay value

approaching the other of the minimum and maximum

delay values.
53. l'he method of claim 52 wherein the steps nf increas-

ing and dccreasin one of thc counts comprise, rcspectivcly,
increaiung aml decreasing the inuial count.

Sck The methnd nf claim 50 wherein the steps of enabling
the read data register and adjusting thc rlclay value com-

pn sea:

producing a plurality of time values that arc increasingly
delayed relative to the input clock signal, and

sclccting onc of the time values as a function of thc timing
of the read data register being enabled relative to the

timing nf the clock signal;

enabling the read data register at a ume corresponding to

the selected time value
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UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION

PATENT NO.: 6,101,197
DATED: August 8, 2000
INVENTOR(S): Brent Keeth and Troy A. Manning

Page I of 1

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

T~l
Under U.S. PATENT DOCUMENTS, "5,165,046 ... Hessen" should read — 5,165,046
... Hesson—

FOREIGN PATENT DOCUMENTS, "0 704 957 Al" should read — 0 704 975 Al—

OTHER PUBLICATIONS,
(Descriptive Literature), Line 2, "Eight Bank, 2.2 V" should read — Eight Bank, 2.5 V—

OTHER PUBLICATIONS,
(von Kaenel), Line I, "1.5 mW V CMOS" should read — 1.5 mW@V CMOS—
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Lt 64,n i h h 8 8 " h td d — ili'

Signed and Sealed this

Eighteenth Day of December, 2001

Atfesft

Attestins Officer
JAMES E. ROGAN

Director of tAe United Stotes Parentand rrademort Offtce
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