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METHOD AND APPARATUS FOR
ADJUSTING THE TIMING OF SIGNALS
OVER FINE AND COARSE RANGES

TECHNICAL FIELD

2

device 10. Three of these clock signals are a command latch
clock ICLK, aread data clock signal RCLK, and a write data
clock signal WCLK, all of which are used in a manner
described below. The memory device 10 also includes a
command buffer 46 and an address capture circuit 48 which

. . . . . ’ receive the internal clock signal ICLK, a command packet
This invention relates to generating a precisely timed CAO-CA9 on a command bus 50, and a flag signal F on line
sig.na.ls, and more partiqllarly, to. generating a signal having 52. As explained above, the command packet contains
a timing that may be adjusted with a r.esolutlon of less than control and address data for each memory transfer, and the
one clock eycle over a range of multiple clock cycles. 4o Tlag signal F identifies the start of a command packet, which
BACKGROUND OF THE INVENTION may include more than one 1Q-bit packet word. In fact, a
command packet is generally in the form of a sequence of
Clock signals are used by a wide variety of digital circuits four 10-bit packet words on the 10-bit command bus 50. The
to control the timing of various events occurring during the command buffer 46 receives the command packet from the
operation of the dlgltal circuits. For example, clock signals 15 bus 50, and compares at least a portion of the packet words
are used to designate when command signals, data signals, to identifying data unique to the memory device to deter-
and other signals used in memory devices and other com- mine if the command packet is being directed to that
puter components are valid and can thus be used to control memory device rather than another memory device or some
the operation of the memory device or computer system. For  other device in a computer system. If the command buffer 46
example, a clock signal can be used to latch the command, = determines that the command packet is directed to the
data, or other signals so that they can be used after the memory device 10, it then provides a command work
command, data, or other signals are no longer valid. corresponding to the packet words to a command decoder
The problem of accurately controlling the timing of clock and sequencer 60. The command decoder and sequencer 60
signals for high speed digital circuits is exemplified by clock generates a large number of internal control signals to
signals used in high speed dynamic random access memo- ,5 control the operation of the memory device 10 during a
ries (“DRAMSs”), although the problem is, of course, also memory transfer.
applicable to other digital circuits. Initially, DRAMSs were The address capture circuit 48 also receives the packet
asynchronous and thus did not operate at the speed of an words from the command bus 50 and outputs a 20-bit
external clock. However, since asynchronous DRAMs often  address corresponding to the address data in the command.
operated significantly slower than the clock frequency of ;; The address is provided to an address sequencer 64 which
processors that interfaced with the DRAM, “wait states™ generates a corresponding 3-bit bank address on bus 66, a
were often required to halt the processor until the DRAM 10-bit row address on bus 68, and a 7-bit column address on
had completed a memory transfer. The operating speed of bus 70.
asynchronous DRAMs was successfully increased through One of the problems of conventional DRAMs is their
such innovations as burst and page mode DRAMs, which 35 relatively low speed resulting from the time required to
did not require that an address be provided to the DRAM for precharge and equilibrate circuitry in the DRAM array. The
each memory access. More recently, synchronous dynamic packetized memory device 10 shown in FIG. 1 largely
random access memories (“SDRAMSs”) have been devel- avoids this problem by using several memory banks 80, in
oped to allow the pipelined transfer of data at the clock this case eight memory banks 80a—#. After a memory read
speed of the motherboard. However, even SDRAMs are 40 from one bank 80a, the bank 80a can be precharged while
incapable of operating at the clock speed of currently  (he remaining banks 80b— are being accessed. Each of the
available processors. Thus, SDRAMSs cannot be connected memory banks 80a—% receive a row address from a respec-
directly to the processor bus, but instead must interface with tive row latch/decoder/driver 82a—#. All of the row latch/
the processor bus through a memory controller, bus bridge, decoder/drivers 82a—h receive the same row address from a
or similar device. The disparity between the operating speed 45 predecoder 84 which, in turn, receives a row address from
of the processor and the operating speed of SDRAMs  cjther a row address register 86 or a refresh counter 88 as
continues to limit the speed at which processors may com- determined by a multiplexer 90. However, only one of the
plete operations requiring access to system memory. row latch/decoder/drivers 82a— is active at any one time.
A solution to this operating speed disparity has been Bank control logic 94 selects one of the row latch/decoder/
proposed in the form of a computer architecture known as 5q drivers 824/ to be active as a function of bank data from
“SyncLink.” In the SyncLink architecture, the system a bank address register 96.
memory may be coupled to the processor directly through The column address on bus 70 is applied to a column
the processor bus, although it may continue to be coupled to latch/decoder 100 which, in turn, supplies I/O gating signals
the processor through a memory controller or other device. to an I/O gating circuit 102. The I/O gating circuit 102
Rather than requiring that separate address and control ss interfaces with columns of the memory banks 80a—/: through
signals be provided to the system memory, SyncLink  sense amplifiers 104. Data is coupled to or from the memory
memory devices receive command packets that include both banks 80a—# through the sense amplifiers 104 and I/O gating
control and address information. The SyncLink memory circuit 102 to a data path subsystem 108 which includes a
device then outputs or receives data on a data bus that may  read data path 110 and a write data path 112. The read data
be coupled directly to the data bus portion of the processor o path 110 includes a read latch 120 receiving and storing data
bus. from the I/O gating circuit 102. In the memory device 10
An example of a packetized memory device using the shown in FIG. 1, 64 bits of data are applied to and stored in
SyncLink architecture is shown in FIG. 1. The SyncLink the read latch 120. The read latch then provides four 16-bit
memory device 10 includes a clock generator circuit 40 that data words to a multiplexer 122. The multiplexer 122
receives a command clock signal CMDCLK on line 42 and 65 sequentially applies each of the 16-bit data words to a read
generates a large number of other clock and timing signals FIFO buffer 124. Successive 16-bit data words are clocked
to control the timing of various operations in the memory into the FIFO buffer 124 by the read clock signal RCLK
IPR2024-01226 Exhibit 2006 Page 18 of 33



6,101,197

3

generated from the command clock CMDCLK by the clock
generator circuit 40. The FIFO buffer 124 sequentially
applies the 16-bit words and two clock signals (a clock
signal and a quadrature clock signal) to a driver circuit 128
responsive to the read clock signal RCLK. The driver circuit

4

increments of 11.25 degrees. As a result, the phase of the
internal clock ICLK can be adjusted so that the packet words
are clocked into the command buffer 46 at the proper time
even at high operating speeds of the memory device 10.

s . . L
B, e T vt o 1 © AV et dcrnd o U, pat o
The driver circuit 128 also applies a data clock signals o o . L
DCIK to a clock bus 132 so that a device, such as a syn(.:hromz.atlon between internal 51gnals.1n51de the memory
processor, reading the data on the data bus 130 can be device 10, it may not be capable of ensuring accurate timing
synchroni,ze d with the data of signals applied to and received from devices that are

The write data path 112. includes a receiver buffer 140 v e).(ternal fo the memory deViC? 10. For example, it may be
coupled to the data bus 130. The receives buffer 140 difficult for theumemory ﬁi eV1((i:e to applyh read data o a
. . . ) memory controller or other device at the proper time,
sequf.:ntlally ap plies 16-bit words f.rorr{ the dat.a bus 130 to particularly at high operating speeds. One of the reasons that
four input registers 142, each of which is selectively enabled the approach described by Harrison may not be able to
b ] o ok gnn St 144 T Sl s iz s S - 1y 1 ey
encrated by an external device anplvine the data fo the data adjust the timing of the signals over time periods that are far
%us 130 of Zhe memory device SI;II;CZ tt%e data clock DCLK in excess of the range of adju§tment that are .possible with
is synchronized to the data apy;lied to the data bus 130, the thfi Harr(lison aﬁj proagh. In particular, the Harr;son agproach
> is limited t just t 180
input registers 142 are enabled at the proper time when write 4, if rg;l}l/ eb o (;mlzjc eassse a:yji)s ;I(li?lri s?. (E;Zr pahraasrég(e)fo sign alseignretfé
data are present on the data bus 130. Thus, the input registers memory device 10 over ranges of many clock cycles
142 sequentially store four 16-bit data words and combine icularl hioh : d ’
. . . . particularly at high operating speeds.
them into one 64-bit data word applied to a write FIFO . .
buffer 148. The write FIFO buffer 148 is clocked by the As mentioned above, the above-described problem may
write data clock signal WCLK generated from the command ,5 be partlcular.ly severe for couphr.lg read data from the
clock CMDCLK by the clock generator circuit 40 and a memory device 10 to external devices, such as a memory
signal from the clock generator 144. The write FIFO buffer controller, because it is very difficult to predict and control
148 then sequentially applies 64-bit write data to a write the time required for data from the memory deche to be
latch and driver 150. The write latch and driver 150 applies cgupled to e}nd latched by the extern.al device, particularly at
the 64-bit write data to one of the memory banks 80a—/ 5, hlgh operating speeds..As the operating speeq of the. memory
through the /O gating circuit 104 and the sense amplifier device increases, the time that the read data is applied to the
104 external device must be controlled very precisely to resolu-
As mentioned above, an important goal of the SyncLink tions of less than a clock cycle. Moreover, the time required
architecture is to allow data transfer between a processor and for the read data to be. applied o the external device can vary
a memory device o occur at a significantly faster rate. 35 considerably, depending on several factors. Thus, the precise
However. the operatine rate of a packetized DRAM. inclu d-. control of the time that the read data is applied to the external
ing the S,yncLiIrjlk me;gn ory deVi(I:)e 10 shown in FI,G 1 is device must be accomplished over a range of several clock
limited by the need to maintain internal synchronism in the cy(;les. As the operating sp.eed of memory device continues
packetized DRAM. More specifically, as the operating speed o Increase, ad]ustlr.lg the. time thqt the reafi .data is applicd
of a packetized DRAM increases, it becomes more difficult 40 to .the exte.rnal deVlC.e Wlth su.fﬁc1ent.prec151on over a suf-
to ensure that various signals are present at circuit nodes at ficiently wide range 1s.1ncre.asmgl.y d%fﬁc.ult.
the proper time relative to other signals. One of the limiting Although the foregoing discussion is directed to the need
factors in the speed at which the memory device 10 can to precisely control the timing of read data applied to an
operate is the difficulty in controlling the relative timing externe}l device, 51m11ar. problems exist for other 51gn.als in
between the various signals in the memory device. In 45 packetlzed memory deylces and for the same or other signals
particular, the amount of the delay of signals in the memory 11 Other memory devices, such as asynchronous DRAMs
device is highly variable, and the delay is difficult to control. and synchronous DRAMSs, which must process control and
If, for example, the delay of the internal clock signal ICLK ~ ©ther signals at a high rate of speed. For example, the data
cannot be precisely controlled, it may cause a latch in the clock DCLK must also be applied to an external device, such
command buffer 48 to latch invalid packet words. Thus, the sg 3S @ Memory controller, at a precise time over a wide range.
speed at which command packets can be applied to the Thus, there is a need to precisely control the timing of clock
memory device 10 is limited by the delays in the memory signals relative to other sigpals. over a wide range in pack-
device 10. Similar problems exist for other control signalsin  ¢tized DRAMs and other circuits.
the memory device 10 which control the operation of the
memory device 10 during each clock cycle. 55 SUMMARY OF THE INVENTION
The above-described problem has been largely alleviated A variable delay circuit generates a digital signal having
by using a clock generator circuit 40 that is capable of a controlled timing with a fine resolution over a wide range.
making fine resolution adjustments if the phase of the The variable delay circuit may be used to precisely control
internal clock signal ICLK relative to the command clock the timing of read data and a data clock to an external device,
CKCMD. An example of a clock generator circuit 40 having 60 such as a memory controller. The variable delay circuit
these capabilities is described in U.S. patent application Ser. includes a fine delay circuit and a coarse delay circuit. The
No. 08/879,847 to Ronnie M. Harrison which is incorpo- fine delay circuit alters the timing of the digital signal with
rated herein by reference. The clock generator circuit 40 a fine resolution over a relatively small delay range between
described therein is able to adjust the phase of the internal a predetermined minimum delay and less than a predeter-
clock signal ICLK relative to the time in which packet words 65 mined maximum delay. The delay of the fine delay circuit is
are applied to a latch in the command buffer 46 in incre- determined by a fine delay control signal. The coarse delay
ments of significantly less that a single clock cycle, i.e., in circuit controls the timing of the digital signal in relatively
IPR2024-01226 Exhibit 2006 Page 19 of 33
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large delay increments responsive to a coarse delay control
signal. The fine delay circuit is controlled by a first control
circuit that generates the fine delay control signal through
suitable means. For example, the first control circuit may

6

delay and a predetermined maximum delay. The delay of the
fine delay circuit 154 may be adjusted continuously or in
increments. Further, where the input clock signal is a peri-
odic signal, the delayed clock signal may be delayed from

generate the fine delay control signal responsive to a com- 5 the input clock signal by a predetermined phase delay. In
mand signal from an external device, such as a memory such case, the fine df.:lay circuit 154 may adjust the Phase of
controller. The coarse delay circuit is controlled by a second the delayed clock signals either continuously or in phase
control circuit that generates the coarse delay control signal. Increments. For exan}ple, the pha.se of the delayed clock
The second control circuit changes the timing of the digital signal relative to thf.: input clqck signal may be the product
signal whenever the delay of the fine delay circuit 10 of P anq N, where Pis a phase increment, such as 10 deg.rees,
. - and N is a number selected by the fine delay control signal
approaches or reaches the predetermined minimum delay or between 0 and 17
the predetermined maximum delay. The coarse delay in In operation thé fine delay control circuit 156 receives a
decreased whenever the delay of the of the fine delay circuit timin Iz:ommar,l d from an ext}f/:rnal device. such as a memor
falls to within a predetermined range of the predetermined ; gll ¢ sh i1 TIG. 2). Th ,ﬁ del ; }i
minimum delay. The coarse delay is increased whenever the 15 control et (not shown in - 2) ne fme celay contro
delay of the of the fine delay circuit increases to within a circuit 156 th?n causcs the ﬁ ne delay cireuit 154 to ad]qst .the
. . . delay of the input clock signal to achieve a desired timing
predetermined range of the predetermined maximum delay. 4 . . .
The fine delay circuit preferably includes a multi-tap delay rfilatllion.shlpl between the input clock signal and the delayed
line and a multiplexer that selects one of the taps of the delay Clock signat. .. .
line. The first control circuit then selects different delay line 20 . Th.e variable delay cirouit 15,2 ?ISO mcludp§ a coarse delay
taps to adjust the delay of the fine delay circuit. The second cireuit 1,58 th.at controls the timing of a dlgl,tal 51gna1.. The
control circuit preferably includes an up/down counter that digital §1gnal is preferably gener.ated. responsive to the input
is incremented or decremented when the delay of the of the clock signal. The coarse de.lay circuit 158 is controlled by 2
fine delay circuit is within a predetermined range of the coarse delay.control circuit 160. The coarse delay cqntrol
predetermined minimum and maximum delays, respectively. 25 circuit 160, in turn, fecerves the. fine delay control signal
The count of the counter then determines the timing of the from the ﬁnF: del.ay control circuit 156. L
digital signal. In operation, if the delay of the fine delay circuit 156
approaches either the predetermined minimum delay or the
BRIEF DESCRIPTION OF THE DRAWINGS predetermined maximum delay, the coarse delay control
. . . . 30 circuit 160 causes the coarse delay circuit 158 to change the
FIG', 1 is a block diagram of a cor‘l‘ventlone}’l packetized timing of the digital signal. The timing of the digital signal
dynamic random access memory ( DRAM ) that may is preferably changed in increments that are one-half the
adyantageously. use a variable delaY c1rcu.1t in accordance period of the delayed clock. Thus, the coarse delay circuit
with an embodiment of the present invention. 158 is able to adjust the timing of the digital signal over a
FIG. 2 is a block diagram of one embodiment of the 35 range that is substantially greater than the delay range of the
mventive variable delay system that may be used in a wide fine delay circuit 154. The coarse delay control circuit 160
variety of applications. is able to determine when the delay of the fine delay circuit
FIG. 3 is a block diagram of the variable delay system of 154 approaches either the predetermined maximum delay or
FIG. 2 used in a memory device, such as the memory device the predetermined minimum delay because the fine delay
of FIG. 1. 4p control signal generated by the fine delay control circuit 156
FIG. 4 is a block diagram of a portion of the memory determines the delay of the fine delay circuit 154.
device of FIG. 3. The coarse delay circuit 158 applies the digital signal to
FIG. 5 is a more detailed block diagram of a fine delay a register 161 that is clocked by the delayed clock from the
circuit used in the memory device of FIG. 4. fine delay circuit. The delayed clock signal, in effect, creates
. . . . 45 a periodic “transmission window” during which any digital
FIG. 6 is a timing diagram showing many of the wave- ignal that is applied to the input of the register 161 is
forms present in the fine delay circuit of FIG. 5. signa PP P & .
; o o . coupled to the output of the register 161. The transmission
FIG. 7 is a logic diagram Pf a clreult for controlling the window of the register 161 thus occurs once during each
operation of the fine delay circuit of FIG. 5. cycle of the input clock signal, and it is delayed in time by
FIG. 8 is a logic diagram of a coarse delay circuit and a 5, the delay of the fine delay circuit 154. The particular
circuit for controlling the operation of the coarse delay transmission window during which the digital signal is
circuit used in the memory device of FIG. 4. coupled to the output of the register 161 is determined by the
FIG. 9 is a block diagram of a computer system using a coarse delay circuit 158.
plurality of the memory devices of FIG. 1 containing the In summary, the fine circuit 154 determines the precise
variable delay circuit of FIGS. 3—4. 55 timing of the transmission window of the register 161 each
clock cycle, and the coarse delay circuit 158 selects which
DETAILED DESCRIPTION OF THE of these transmission windows will be used to coupled the
INVENTION digital signal to the output of the register by applying the
One embodiment of a variable delay circuit 152 in accor- digital signal to the input of the register only during the
dance with the invention is illustrated in FIG. 2. The variable 60 selected transmission window. As a result, an output signal
delay circuit 152 includes a fine delay circuit 154 that from the variable delay circuit 152 has a time controlled by
receives an input clock signal and outputs a delayed clock both the fine delay circuit 154 and the coarse delay circuit
signal. The delayed clock signal is delayed in time relative 158. The timing of the output signal thus has the fine
to the input clock signal. The magnitude of the delay is precision of the fine delay circuit 154 and the wide range of
determined by a fine delay control signal generated by a fine 65 the coarse delay circuit 158.
delay control circuit 156. The delay range of the fine delay The variable delay circuit 152 can be used in a variety of
circuit 154 extends between a predetermined minimum applications, including a memory device, such as in the
IPR2024-01226 Exhibit 2006 Page 20 of 33
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packetized memory device 10 shown in FIG. 1. In such
cases, the coarse delay circuit 158 is used to select the clock
cycle in which read data is applied to a read register, i.e., the
register 161, and the delayed clock signal from the fine delay
circuit 154 is used to determine when during that clock cycle

8

The memory device of FIG. 3 is illustrated in greater
detail in FIG. 4 in which corresponding components in both
figures have been provided with the same reference numer-
als. The array control circuit 182 includes a receiver 200 that
receives packet words CA making up each command packet.

5
the read data is applied to the data bus of the memory device. Each command packet contains both memory commands
An example of a memory device 161 using the variable and memory addresses (i.c., a row address and a column
delay circuit 152 is shown in FIG. 3 in which the compo- address), however, some command packets contain timing
nents of the variable delay circuit 152 have retained the same information specifying timing adjustments of the read data
reference numerals used in FIG. 2. 1o Output from the memory device, as mentioned above.
The memory device 162 includes a memory array 180, the However, it will be understood that other types of memory
operation of which is controlled by an array control circuit devices receive separate memory commar}ds and gddres.ses.
182. The array control circuit 182 receives memory com- The packet words are sequentially shifted into a shift register
mands as well as a row address and a column address. The 202 responsive to the internal clock signal ICLK. After two
memory array 180 responds to the commands by either or more packet words have been shifted into the shift register
storing write data in the array 180 or outputting read data > 202, they are applied to a storage register 204 until all of the
from the array 180. The commands also include timing ~ Packet words in the command packet are stored in the
information provided by the external device that is decoded ~ Storage register 204. The storage register 204 then outputs a
by the array control circuit 182 and applied to the fine delay single command word combining all of the packe.t words in
control circuit 156 as a timing command. As explained the command packet. At least some of the bl.ts Qf the
above, this timing command adjusts the timing of the fine 20 command word are applied to a timing control circuit 206
delay circuit 154. that also receives a flag signal F. The ﬂag signal F sigr.liﬁe.s
The write data is coupled from a data bus terminal 184 to the start of a command packet. The timing cpntrol circuit
a write register 190, and is coupled through the write register 206 generates a START COUNT pulse responsive to the flag
190 to the memory array 180 responsive to a pulse of the signal F at a time that is a function of some of the command
write data clock signal WCLK. The read data is coupled 25 words bits apphed to the timing control circuit 206 from the
from the memory array 180 to a read register 192, and is storage register 204. For example, the START COUNT
coupled through the read register 192 to the data bus  Pulse may depend upon the nature of the command. For
terminal 184 responsive to a pulse of the read data clock e).(ample, .the START COUNT pulse may be generat@d at
signal RCLK generated by the fine delay circuit 154. different times dependmg upon Whether the command is for
In operation, the array control circuit 182 receives a read 39 a read operation or a write operation. o .
command as well as a row address and a column address The START COUNT pulse from the iming control circuit
specifying the location in the array 180 from which data are 206. 18 .apphed to a set of command units 210a—4 >, each (.)f
to be read. After a period of time corresponding to the read which includes a counter 212 and cpmmand execution log}c
P . P g 214. Although eight command units 210a—% are shown in
latency of the memory device 162, the memory array 180 Jough ©1g
<y y L M y S FIG. 4, it will be understood that a smaller or larger number
applies read data to the read register 192. The read data is 35 of command units may be used. The counter 212 may be
then .coupled through the read register 192 to the datq bus either an incrementing counter or a decrementing counter. In
terminal 182 responsive to a pulse of the read clock signal  ¢jiher case, the counter 212 begins incrementing from an
RCLK from the fine delay circuit 154. The read clock signal initial count toward a terminal count responsive to the
RCLK is thus a delayed clock signal since is a version of the START COUNT pulse from the timing control circuit 206.
command clock signal CMDCLK delayed by the fine delay 40 When the counter 212 reaches the terminal count, it gener-
circuit 154. ates a START COMMAND pulse. The initial counts is
It is important that the read data be applied to an external applied to the counter input CNT of the counter 212 from the
device (not shown), such as a memory controller, at the coarse delay control circuit 160, as explained below.
proper time. If the read clock signal RCLK is applied to the The START COMMAND pulse is applied to the com-
read register too late, the read data may be applied to the data 45 mand execution unit 214 which generates control signals to
bus of the memory device 162 so late that, by the time the cause the memory array 180 to either store write data or
read data reaches the external device, the external device is output read data. The command execution unit 214 also
not longer ready to receive it. Conversely, if the read clock outputs a timing command to adjust the delay of the fine
signal RCLK is applied to the read register too early, theread ~ delay circuit 154, as mentioned above. The structure and
data may be applied to the data bus of the memory device 50 operation of the command units 210 are described in greater
162 so early that the read data reaches the external device detail in U.S. patent application Ser. Nos. 08/877,191 and
before the external device is ready to receive it. At very high ~ 08/874,690.626 to Troy A. Manning which are incorporated
operating speeds, it is very difficult to apply the read clock ~ herein by reference.
signal RCLK to the read register at the proper time, par- As mentioned above, the timing of the read data applied
ticularly since the proper time from the point of view of the 55 to an external device may vary greatly. Not only may the
external device can vary widely. However, by adjusting the timing of the control signals vary relative to the START
timing of the read clock signal RCLK and/or the read data COUNT pulse (assuming the initial count is constant), but
from the memory array 180, is possible to the maintain the timing of the START COUNT pulse relative to the flag
synchronism between the read data and the read clock signal signal F can vary widely since, as explained above, the
RCLK even at very high operating speeds and at different 60 timing of the START COUNT pulse varies depending upon
read latencies. Furthermore, the fine resolution of the fine the nature of the memory transfer operation. Even if the
delay circuit 154 insurers that the read data can sent to the correct timing of the read data as they are applied to the data
external device with sufficient precision, and the relatively bus could be maintained, the delay of the read data as they
large timing adjustments of the read data made possible by propagate to the external device is difficult to control and it
the coarse delay circuit 158 insurers that the read data can 65 can vary greatly. Thus, is extremely difficult for the memory
sent to the external device with a sufficient range of timing device 162 to apply the read data to an external device at the
variations. proper time.
IPR2024-01226 Exhibit 2006 Page 21 of 33
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Returning to FIG. 4, the fine delay circuit 154 includes a
multi—tapped delay line 220 that receives the command
clock signal CMDCLK and outputs a series of clock signals
that are increasingly delayed from each other by equal phase
increments. The 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 delay control
circuit 156 to select one of the delay line taps for use as the
internal clock signal ICLK, the same or a different tap for
use as the read clock signal RCLK, and the same or a
different tap for use as the write clock signal WCLK.

The output of the phase control circuit 224 is also applied
to a counter control circuit 230 in the coarse delay control
circuit 160. The control circuit 230 will be described in
detail below. The 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 specifies the multiplexer tap that is used to generate the
read clock signal RCLK responsive to the timing commands
from the command execution logic 214. These timing com-
mands correspond to timing information in a command
packet CA applied to the memory device 162 by an external
device.

The counter control circuit 230 is able to determine when
either the first or the last tap has been selected for use as the
read clock signal RCLK because it receives the output of the
phase control circuit 224 that selects which tap is used as the
read clock signal RCLK. Whenever either the first or the last
tap has been selected by the multiplexer 222, the counter
control circuit 230 increments or decrements the up/down
counter 232. If the first tap of the delay line 220 has been
selected, the read clock signal RCLK is being applied to the
read register 192 (FIG. 3) as carly as is possible using the
delay range of the fine delay circuit 154. Thus, the fine delay
circuit 154 has reached the limit of its ability to ensure that
the read clock signal RCLK is synchronized to be read data
applied to the read register 192. Under these circumstances,
the counter control circuit 230 outputs a pulse to decrement
the up/down counter 232, thereby decreasing the initial
count value CNT. Since the initial counter value of the
counter 212 has been decreased, it takes less time for the
counter 212 to count down to the terminal count. (Assuming
that the counter 212 is a down-counter). Consequently, the
counter 212 outputs the START COMMAND pulse at an
carlier time so that the read data is applied to the read
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
data being applied to the data bus is adjusted from the
earliest time in a clock cycle to the latest time in the previous
clock cycle.

Similarly, if the multiplexer 222 has selected the last tap
of the delay line 220, the read clock signal RCLK is being
applied to the read register 192 (FIG. 3) as late as is possible
using the delay range of the fine delay circuit 154. The
counter control circuit 230 then outputs a pulse to increment
the up/down counter 232, thereby increasing the initial count
value CNT. Since the initial count value of the counter 212
has been increased, it takes a longer time for the counter 212
to count down to the terminal count. Consequently, the
counter 212 outputs the START COMMAND pulse at a later
time so that the read data is applied to the read register 192
one clock cycle later. The phase control circuit 225 then
causes the multiplexer to again “wrap” by selecting the first
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 adjusted from the latest time
in a clock cycle to the earliest time in the next clock cycle.

Although the fine delay circuit 154 has been described as
adjusting the phase of the read clock signal RCLK in phase
increments, it will be understood that a fine delay circuit 154
may also continuously adjust the delay of the read clock
signal RCLK. Also, by describing the fine delay circuit 154
as adjusting the phase of the read clock signal, it is implied
that the command clock signal CMDCLK applied to the
delay line 220 is a periodic signal. However, in the event a
non—yperiodic signal is applied to the fine delay circuit 154,
the fine delay circuit 154 adjusts the timing—rather than the
phase—of the read clock signal RCLK. Finally, although the
counter control circuit 230 has been described as increment-
ing or decrementing 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 be incremented or decre-
mented it when other taps of the delay line 222 (e.g., the
second and second to last taps) have been selected.

The fine delay circuit 154 is shown in greater detail in
FIG. 5. The command clock signal CMDCLK is coupled
from line 42 (FIGS. 1 and 5) through a receiver buffer 250
to a conventional voltage controlled delay circuit 252 and to
one input of a phase detector 254. The voltage controlled
delay circuit 252 couples the output of the receiver buffer
250 to an output line 256 with a delay that is a function of
a control signal applied to the delay circuit 252 on line 258.
Although the control signal on line 258 is an analog voltage,
it will be understood that other types of control signals,
including digital words, may alternatively be used. The
output of the voltage controlled delay circuit 252 is applied
to the delay line which, in this case, is a multi-tap voltage
controlled delay line 220'.

The multi-tap voltage controlled delay line 220' couples
the clock signal applied to its input line 256 to a plurality of
taps 264a—264n with incrementally increasing delays from
the first tap 264a to the last tap 264#n. In the embodiment
illustrated in FIG. 5, there are 17 taps 264, but the delay line
220" may have a greater or less number of taps 264. When
a delay locked loop that includes the delay line 220" is locked
as explained below, the signals at the first tap 264a and the
last or 17% tap 264 are the inverse of each other, i.e., phased
180 degrees from each other. Thus, the signals on the 17
lines are delayed by 11.25 degrees more than the signal
coupled to the previous line 264. The signal on the first tap
264a has a relative phase of zero degrees, the signal on the
16" tap 264n-1 has a phase of 168.75 degrees and the signal
on the last tap 264a has a phase of 180 degrees. A control
voltage applied to the delay line 220" through line 270 is
adjusted so that the phase of the signal on the last tap 264n
relative to the phase on the first tap 2644 is 180 degrees. This
is accomplished by applying the first tap 264a and the last
tap 264 to respective inputs of a phase detector 272.

As mentioned above, the delay line 220' and phase
detector 272 implement a first delay locked loop. When the
first delay locked loop is locked, the signal on the tap 264n
will have a phase relative to the phase of the signal on the
tap 264a of 180 degrees. Therefore, as mentioned above, the
signal on each of the taps 264a—264n will sequentially
increase from zero degrees to 180 degrees. Although the
signals on the taps 264a—n are equally phased apart from
each other, it will be understood that equal phasing is not
required.

The fine delay circuit 154 also includes a second delay
locked loop formed by the phase detector 254, the voltage
controlled delay circuit 252 and the voltage controlled delay
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line 220'. The last tap 264# of the delay line 220" is applied
through a simulated multiplexer circuit 290 and a clock
driver 292 to one input of the phase detector 254. It will be
recalled that the other input of the phase detector 254
receives the output of the receiver buffer 250. Like the phase
detector 272, when the second delay locked loop is locked,
the signals applied to the phase detector 254 are the inverse
of each other. Thus, when the second loop is locked, the
phase of the signal at the output of the clock driver 292 is
540 degrees (effectively 180 degrees) relative to the phase of
the signal at the output of the receiver buffer 250.

The remaining taps 264a—264#-1 of the delay line 220" are
coupled to the multiplexer 222. As explained above, the
multiplexer has a plurality of output lines, and these output
lines are coupled to respective clock drivers 312a—n. The
multiplexer 222 coupled the input of each of the clock
drivers 312a-n to any one of the taps 264a—264n-1 as
determined by the fine delay control signal from the phase
control circuit 224.

The phase detectors 254, 272 are each implemented using
a phase detector circuit 330, a charge pump 332 and a
capacitor 334. However, other varieties of phase detectors
may alternatively be used. The phase detector circuit 330
applies either an increase signal on line 336 or a decrease
signal on line 338 to respective inputs of the charge pump
332. The phase detector circuit 330 generates the increase
signal on line 336 whenever the phase of a first signal on one
of its inputs relative to a second signal on the other of its
inputs is less than 180 degrees. As explained below, the
increase signal on line 336 causes the charge pump 332 to
adjust the control voltage to increase the delay of the first
signal so that the phase of the first signal relative to the phase
of the second signal approaches 180 degrees. The phase
detector circuit 330 generates the decrease signal on line
338, in the opposite condition, i.e., when the phase of the
second signal relative to the first signal is greater than 180
degrees. The decrease signal on line 338 causes the charge
pump 332 to adjust the control voltage to reduce the delay
of second signal toward 180 degrees.

Although the phase detector circuit 330 may be imple-
mented in a variety of ways, it may simply use two set-reset
flip-flops (not shown) for generating the increase and
decrease signals, respectively. The increase flip-flop is set by
the rising edge of the first signal on one of the inputs and
reset by the falling edge of the second signal on the other
input. Thus, the duration that the flip-flop is set, and hence
the duration of the increase signal on line 336, corresponds
to the period of time that the second signal must be further
delayed to have a phase of 180 degrees relative to the phase
of the first signal. Similarly, the flip-flop producing the
decrease signal on line 338 is set by the falling edge of the
second signal and reset by the rising edge of the first signal
so that the duration of the decrease signal on line 338
corresponds to the time that the second signal is delayed
beyond the time that it would have a phase of 180 degrees
relative to the phase of the first signal.

There are also a variety of approaches for implementing
the charge pump 332. However, the charge 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 the capacitor 334
for the duration of each decrease signal on line 338. Appro-
priate circuitry could also be included in either the phase
detector circuit 330 or the charge pump 332 to provide
hysteresis in a band when the first and second signals have
relative phases of approximately 180 degrees from each
other as will be apparent to one skilled in the art.
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The operation of the fine delay circuit of FIG. § can best
be explained with reference to the timing diagram of FIG. 6.
As illustrated in FIG. 6, the command clock signal CMD-
CLK on line 42 is delayed by approximately 70 degrees in
passing through the receiver buffer 250 to node A (FIG. 5).
Assuming that both of the delay-lock loops are locked, the
signal at the output of the receiver buffer 250 is delayed by
120 degrees in passing through the voltage controlled delay
circuit 252 to node B. The signal on node B is then coupled
to node C with a delay of another 120 degrees and to node
D with a delay of 300 degrees 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 voltage on line 270 to ensure that the signals at nodes
C and D are phased 180 degrees from each other. The signals
on other taps of the delay line 220" have phases relative to
the phase of the signal at node C that increase 11.25 degrees
for each tap in sequence from the first tap 264« to the last tap
264n.

As mentioned above, one of the first 16 taps 264a—264n-1
of the delay line 220' is coupled through the multiplexer 222
and the clock driver 312x to provide the read clock signal
RCLK at node E. In passing through the multiplexer 222 and
the clock driver 312#, the selected output from the delay line
is delayed by another 120 degrees. Thus, the signal T,
coupled from the first tap of the delay line 220’ is delayed by
120 degrees, the signal T, from the fifth tap is delayed by
165 degrees, the signal T, from the ninth tap is delayed by
210 degrees, the signal T,, from the 13" tap is delayed by
255 degrees, and the signal T, from the 16" tap is delayed
by 288.75 degrees. Although the output signals are coupled
from the delay line 220' through the multiplexer 222 and
clock driver 312n with a delay, that delay is matched by the
coupling of the signal from line 264# through the simulated
multiplexer 290 and clock driver 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 because the phase of the signal on
the tap 264# is 180 degrees relative to the phase of the signal
on the tap 2644, the signal at the output of the clock driver
292 at node G has a phase relative to the phase of the signal
T, of 180 degrees. Since the 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 T, has substantially
the same phase as the signal at the output of the receiver
buffer 250.

In summary, the “inner” delay locked loop formed by the
phase detector 272 and the voltage controlled delay circuit
220" generates a sequence 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" align one of
the clock signals in the sequence to the command clock
signal CMDCLK. As a result, all of the clock signals at the
taps of the delay line 220" have respective predetermined
phases relative to the phase of the command clock signal
CMDCLK at node A.

Although the embodiment of the fine delay circuit 154
illustrated in FIG. § uses delay-locked loops, it will be
understood that other locked loop circuits, such as phase-
locked loop circuits, may also be used. Other modifications
will also be apparent to one skilled in the art.

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

14

When the pulse generator 370 is triggered, the pass gate
388 is turned ON thereby coupling the output of the latch
390 to the input of the latch 382. Since the output R<0> of
the counter stage 380 is initially “0”, the output of the latch
390 is initially “1”. When the pass gate 388 is turned ON, the

. . . . s
cirgllii ;Jsl: S;irclialitésc?r)rlljll)llz(:n::(r)ltaisl\lg?:lr}e;gai:zi :E)syzalriliivl;gtfl:r: latch 382.changes state, and the output of the counter stage
356 and > lied to 2 NOR cate 358 1f UP is hish. the NOR 380 transistors to “17, ther;by causing the output of the latch

anc applicc lo gale ) 15 ugh, the 390 to transition to “0”. Similarly, when the pulse generator
gate 358 is N nabled by the low at the output of the inverter 370 is once again triggered, the low at the output of the latch
356. If UP is bw’ the NOR gate 352, is enabled. The. NO,R o 390 causes the output of the latch 382 to transition to “1”
gate 352 receives the output of an inverter 360 which, in thereby causing the output of the counter stage 380 to once
turn, receives the output of a NAND.gate 362. The NAND again transition to “0”. Thus, each time the output of the
gate.3.62 fOCCIVES 4 MINmUm Coarse signal MIN*CRSE and latch 390 is coupled to the input of the latch 382 responsive
a minimnmm fine signal MINFINE. The,MIN*,CRSE §1gna1 to the triggering of the pulse generator 370, the counter stage
is hlgh yvhenever the coarse delay circuit 158 is operating at 380 toggles.
its minimum delay. The MINFINF signal is high whenever 13 The counter stage 380 also includes circuitry for control-
the first tap of the delay line 220" has been selected by the line the subsequent counter staee 382. When UP is hich. an
multiplexer 222. Thus, whenever both the fine delay circuit NI\%IOS transis(%or 400 and a PMgOS treinsis tor 402 are t%l r,ne d
154 and the coarse delay circuit 154 have reached their ON. and a PMOS transistor 404 and an NMOS transistor
minimum delay values, the NOR gate 352 is disabled. As 406,

. L are turned OFF. Whenever the output of the counter

explained below, disabling the NOR gate 352 prevents the 20 o . .

. . S stage 380 is high, an NMOS transistor 410 is turned ON and
counter 350 from being further decremented since the mini- 2 PMOS transistor 412 is turned OFF. As a result. the input
mum delay for the variable delay circuit 152 has been to an inverter 416 is driven low. theret; . fl ©1mnp
reached. ; A y causing the inverter

o . 416 to output a high that turns ON a pass gate 418. When the
_ Similarly, the NOR gate 358 receives the output of 55 Pass gate is turned ON, the counter stage 382 toggles
inverter 366 which, in turn, recerves the output of a NAND responsive to each pulse generated by the pulse generator
gate 368. The NAND gate 368 receives a maximum coarse 370. Thus, when each stage 380-384 outputs a “1”, that
signal MAX_ CRSE and a maximum fine signal  gpoe og0les to a “0” and the subsequent stage 382-386 is
MAXFINE. The MAX__CRSE signal is high whenever the allowed to toggle responsive to each pulse from the pulse
coarse delay circuit 158 is operating at its maximum delay. 50 generator 370. As result, the count R<3:0> of the counter
The MAXFINE signal is high whenever the last tap of the ™ 350 jncrements with each pulse from the pulse generator
delay line 220 has been selected by the multiplexer 222. 370.
Thus, whenever both the fine delay circuit 154 and the In a similar manner. when UP is low. 2 PMOS transistor
coarse delay circuit 158 haV.e re.ached thei.r ma.ximum delay 420 is turned ON and e,ln NMOS transisior 422 is turned on.
Vzize?;ge I;Lgf}iltgsattehgsfoilsn?;rsagl‘seg ’ f]r)(:;eiblggi th?uigg 35 Whenever the output of th.e counter stage 380 is low, the
& preve . g output of the latch 390 is high. The high output of the latch
mcremgnte(.i, since the maximum delay for the variable 390 turns ON an NMOS transistor 424 and turns OFF a
delay circuit 152 has been reached. PMOS transistor 426. As a result, the input to an inverter 416
The NOR gates 352, 358 also each receive a COUNT* is driven low, thereby turning ON the pass gate 418. Thus,
signal that is also applied to the counter 350 by other , when each stage 380-384 outputs a “0”, that stage toggles
circuitry in the phase control circuit 224. Assuming that to a “1” and the subsequent stage 382-386 is allowed to
either of the NOR gates 352, 358 is enabled, the COUNT* toggle responsive to each pulse from the pulse generator
signal triggers a one shot 370 that outputs a positive—going 370. As result, the count R<3:0> of the counter 350 decre-
pulse in causes and inverter 372 to output a negative—going  ments with each pulse from the pulse generator 370.
pulse. As explained below, these pulses cause the counter 45 Each of the remaining stages 382-386 operate in essen-
350 to increment or decremented depending upon the tially the same manner as the stage 380 except that the final
whether UP is high or low, respectively. stage 386 does not include the transistors for enabling a pass
The counter 350 includes four count stages 380-386. All ~ gate in a subsequent stage. Thus, the counter 350 is able to
of these stages are substantially identical to each other increment or decrement the delay of the fine delay circuit
except that the last stage 386 does not include CiI‘CU.itI‘y for so 154 by either incrementing or decre[nenting responsive to
controlling a subsequent stage. The first stage 380 includes the COUNT* signal depending upon whether UP is high or
a latch 382 for by a pair of inverters connected input-to- low, respectively.
output. The output of the latch 382 is coupled through an The UP signal is also applied to a latch 380 through a pass
inverter 384 to a pass gate 386. The other terminal of the gate 482. The pass gate 482 is normally ON except when a
pass gate 386 is coupled to a second pass gate 388 by a latch 55 flip-flop 486 formed by a pair of NAND gates 488, 490 is
390, also formed by a pair of inverters connected input—  get. The flip-flop 486 is set whenever the pulse generator 370
to—output. The pass gates 386, 388 are alternately enabled s triggered, thereby causing the inverter 372 to apply a low
so that the pass gate 386 is enabled and the pass gate 388 is {0 the NAND gate 488. The pulse from the pulse generator
disabled until the pulse generator 370 is triggered. 370 is also applied to a NAND gate 492 through a delay
During an initialization procedure, an active low RESET* 60 circuit 496. At the trailing edge of the pulse from the pulse
signal is applied to the counter 350 to cause an inverter 392 generator 370, the output of the inverter 372 goes high. After
to output a high. The high at the output of the inverter 392 the high propagates through the delay circuit 496, it causes
turns ON an NMOS transistor 396 in each of the stages the NAND gate 494 to output a low thereby resetting the
380-386. When the NMOS transistor 396 turns ON, it pulls flip-flop 486. Reseting the flip-flop 486 once again couples
the input to the latch 382 low thereby setting its output high 65 the UP signal to the latch 482. Thus, the UP signal is
and the output of the inverter 384 low. Thus, upon being continuously applied to the latch 482 except when it is
reset, the count R<3:0> of the counter 350 is “0000”. blanked responsive to triggering 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
downstream from the latch 482 from responding during
transitions of a count.

16

is selectively enabled by a LOAD pulse applied through a
pair of inverters 562, 564. Thus, in response to the LOAD
pulse, the initial count Y<5:0> is loaded into the counter
232.

With continued reference to FIG. 7, when UP is high, a 5 | Th,e coarse delay cir.cuit 158 a!so includes a decoder
NOR gate 500 is enabled, and when UP is low, a NAND gate c1rc1;11t dsio that .determlnes WAhﬁn En hthe counte}rg 253%) ha?
502 is enabled. The NAND gate 502 receives the MAXFINE reached the maximum count. ot the outputs B<5:0> o
signal, which is generated by a NAND gate 506 and an the counter are applied to a NAND gate 582, Whlqh outputs
. > « - a low when the count B<5:0> of the counter 232 is “1111”.
inverter 508. The NAND gate 506 decodes a count of “1111 The low at the output of the NAND oate 582 causes an
corresponding to the maximum count of the counter 350. 10 . P . . g .

. . inverter 584 to output the high maximum coarse delay signal
Thus, whenever the counter 350 is incrementing and the MAX CRSE
maximum count of “1111” is reached, the NAND gate 502 p T . . .
The decoder circuit 580 also includes a comparison circuit
outputs a low. The low at the output of the NAND gate 502 . . .
. . 590 for generating the minimum coarse delay signal MIN__
causes a NAND gate 510 to output a high, thereby enabling CRSE b .
. = 15 ased on the count B<5:0> of the counter and a
a NAND gate 512. When the NAND gate 512 is enabled, it minimum delay word MINV<5:0>. The minimum delay
couples 2 pulse generated by a pulse generator 5.1 4 thro‘?gh word MINV<S5:0>, which is generated by other circuitry in
 pair of inverters 516, 518 o generate the negative—going the memory deVicé 10, corresponds to the minimum time in
coarse count signal CRSE_ CNT*. The coarse count signal . P .
CRSE CNT* is applied to the up/d tor 232 in th which the memory device is capable of coupling read data
| pplied to the up/down counter in the .
coarse delay circuit 158 along with the UP signal 20 from the memory array 180.(FIG'. 3 to the r.ead register 192.
’ o T The function of the comparison circuit 590 is to generate the

As explained below, when UP is high, the count signal MIN__CRSE signal whenever the count B<5:0> is less than
CRSE__CNT* causes the up/down counter 232 (FIG. 4) to or equal to MINV<5:0>. Thus, if any bit of MINV is a “1”
be incremented to increase the delay of applying data to the and the corresponding bit of B is a “0”, then a high
read register 192 (FIGS. 1 and 3). ,s MIN_CRSE signal is generated.

In a §1m11ar manner, when the NOR gate 500 is enabled With reference to the sixth comparison stage 604, the
responsive to UP being low, the NOR gate 500 outputs a MINV<5> and B<35> bits are applied through a pair of
high responsive to receiving a low MINFINE* signal. The inverters 620 to an exclusive NOR gate 622. The exclusive
MINFINE* signal is generated by a NOR gate 520 and an NOR gate 622 outputs a high in the event of a match
inverter 522. The NOR gate 520 decodes a count of “0000” _ " petween MINV<5> and B<5>. Since the exclusive NOR
corresponding to the minimum count of the counter 350. gate 622 is coupled to a pass gate 624 directly and through
Thus, whenever the“counier. 350 is decrementing and the in inverter 628. a high at the output of the exclusive NOR
minimum count Of. 0000” is reache.d, the NOR gate 520 gate 622 turns OFF the pass gate 624. As a result, the sixth
outputs a high that is inverted by th.e inverter 522. The high comparison stage 604 does not apply any signal to an output
at the output of the NOR gate 500 is coupled to the NAND . Jatch 630 formed by a pair of input—to—output connected
gate 510 through in inverter 526. The high output of the inverters whenever there is a match between MINV<5> and
NOR gate 500 also causes the NAND gate 510 to output a B<5>.
high, thereby enabling the NAND gate 512. A pulse gener- The fifth comparison stage 602 is substantially identical in
ated by a pl}lse generator 514 .then also generate*s the structure and operation to the sixth comparison stage 604
negative-—going coarse count signal CRSE?CNT . As 40 except for the inclusion of a NOR gate 638. The NOR gate
explained below, when UP is low, the count signal CRSE__ 638 is enabled by the low at the output of the inverter 628
CNT* causes the up/down counter 232 (FIG' 4) to be whenever there is a match between MINV<5> and B<5> for
decremepted to decrease the delay of applying data to the the reasons explained above. Enabling the NOR gate 638
read register 192 (FIGS. 1 e}nd 3). allows the fifth stage 602 to operate in the same manner as

Thus, the coarse count signal CRSE_CNT* causes the 45 the sixth stage 604 except that the high at the output of the
coarse delay creult 158 to make a coarse delay. adjustment exclusive or gate 622 is coupled to the pass gate 624 as a
any time the minimum count “0000” or the maximum count  Jow, and the pass gate 624 is disabled by a low rather than

1111”7 of the counter 350 is reached. The direction of the by a high as in the pass gate 624 of the sixth stage 604. Thus,
coarse delay adjustment is determined by the logic level of in the event of a match between MINV<4> and B<4>, the
the C.RSEi.UP signal. Sinf:e the count R<3:0> of the counter 5, fifth stage 602 does not apply a signal to the latch 630, and
350 is applied to the multiplexer 222" (FIG. 5) to select one the low at the output of the NOR gate 638 enables a similar
of the delay line taps, a coarse delay adjustment is made NOR gate 638 in the third stage 600.
responsive to either the first or the last tap of the delay line In summary, in the event of a match between the com-
to 220' being selected. . . pared bit of MINV and B in each stage, that stage does not

The up/down counter 232 (FIG. 4) is shown in FIG. 8. The 55 apply any signal to the latch 630, and it enables the next
up/down counter 232 includes six cqunter stages 540-550. lower stage. All of the comparison stages 594—604 operate
Each of the stages 540-550 0perate§ in the same manner as in this manner except for the first comparison stage 592.
the counter stages 380-386 except in the manner in which Rather than using an exclusive NOR gate 622, the first stage
the counter stages 542—550 are initially loaded. Rather than 592 uses a NOR gate 640 to which MINV<0> is applied
being reset as are the counter stages 380-386, the counter 6y directly and B<0> is applied through an inverter 642. In the
stages 540-550 are initially preloaded with an initial count event of a match between MINV<5:0> and B<5:0>, the
Y<5:0>. This initial count. Y<5:0> is normally a part of the NOR gate 638 in the first stage 592 receives a low at all of
command PaCk?t CA and is coupled to the counter 232 from its inputs thereby causing the NOR gate 638 to output a low
the storage register 204 (FIG. 4). that turns ON the pass gate 624. Thus, the pass gate 624 will

With reference to the first stage 540, a respective bit of the 65 be ON if the pass gates 624 in all of the other stages 594—604
initial count Y<0> is applied to the input of a latch in the are all OFF responsive to a match between the compared bits
counter stage 540 through a pass gate 560. The past gate 560 of MINV and B.
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The output of the NOR gate 640 will be low to cause the
latch 630 to output a high MIN _CRSE signal except for
when MINV<0> is low and B<0> is high, i.e. the count
B<S5:0> is higher than MINV<5:0>. Thus, when B<5:0> is

18
would be used in connection with a counter to make small
adjustments in the timing of the data clock signal DCLK.
A computer system using the variable delay circuit 152 in
each of a plurality of the memory devices 10 shown in FIG.

less than or equal to MINV<5:0>, the MIN _CRSE signal 5 1 is shown in FIG. 9. With reference to FIG. p the computer
will be high. When MINV<0> is low and B<0> is high, ie.  system 700 includes a processor 702 having a processor bus
the count B<5:0> is higher than MINV<5:0>, the MIN 704 coupled through a memory controller 705 to three
CRSE signal will be low. memory devices which may be packetized dynamic random
The above discussion explains th ti f th ) access memory or SyncLink DRAMs (“SLDRAM”) 10a—c.
plains the operation of the com . .
parison circuit 580 when there is a match between 10 The computer system 700 also includes one or more input
MINV<S5:1> and B<S5:1> and there may or may not be a devices 701, such as a keypad or 4 mouse, coupled to .the
¥ y not 02 through a bus bridge 712 and an expansion
match between MINV<0> and B<0>. The following discus- grocessor 7 £ & . Ii 53
. . ; . R us 714, such as an industry standard architecture (“ISA™)
sion explains the operation of the comparison circuit 580 b Peripheral t int ¢ (“PCT”

. . us or a Peripheral component interconnect (“PCI”) bus.
when there is not a match between at least one of the bits of The input devices 710 allow an operator or an electronic
MINV<S:1> and B<5:1>. 15 devi put. P

. . . evice to input data to the computer system 400. One or
With reference to the fifth stage 604, if there is not a maFch more output devices 720 are coupled to the processor 702 to
between MINV<S> and B<5>, the output of the exclusive display or otherwise output data generated by the processor
NOR gate 622 is low, thereby enabling the pass gate 624.As 702, The output devices 720 are coupled to the processor
gresult, the complement of MINV<5> is coupled t.hrough an % 702 through the expansion bus 714, bus bridge 712 and
inverter 650 to the pass gate 624. If MINV<5>is “1” and = ,rcessor bus 704. Examples of output devices 702 include
B<0>is “07, then B<5> must be less than MINV<5:0> since printers and video display units. One or more data storage
the most 51gmf1cant bit of B<5:0.> is less than MINV<S:0>. devices 722 are coupled to the processor 702 through the
Under these circumstances, the inverter 650 outputs a low processor bus 704, bus bridge 712, and expansion bus 714
that causes the latch 630 to output a high MIN_CRSE ,5 o store data in or retrieve data from storage media (not
signal. shown). Examples of storage devices 722 and storage media
The only other combination of MINV<5> and B<5> is include fixed disk drives floppy disk drives, tape cassettes
where MINV<5> is “0” and B<5> is “1” since, because there and compact-disk read-only memory devices.
is no match between MINV<5> and B<5>, MINV<5> and In operation, the processor 702 communicates with the
B<5> cannot both be “0” or “17. If MINV<5> is “0” and 3o memory devices 10a—c via the memory controller 705. The
B<S5>, the count B<5:0> must be greater than MINV<5:0>. memory controller 705 sends the memory devices 10a—c
Under these circumstances, the low value of MINV<5> command packets that contain both control and address
causes the inverter 650 to output a high, thereby causing the information. Data is coupled between the processor 702 and
latch 630 to output a low MIN__CRSE signal. the memory devices 10a—c, through the memory controller
The other comparisons stages 592-602 operate In the ;. 705 and a data bus portion of the processor bus 704. The
same manner. Therefore, whenever any bit of B<5:0> is less memory controller 705 applies write data from the processor
than the corresponding bit of MINV<5:0>, the latch 630 702 to the memory devices 10a—c, and it applies read data
outputs an active high MIN__ CRSE signal. Whenever any  from the memory devices 10a—c to the processor 702. In
bit of B<5:0> is greater than the COI‘I‘eSpOHdng bit of reading data from the memory devices 10a—c, the memory
MINV<5:0>, the latch 630 outputs an mactive low MIN__ = controller 705 also provides the memory devices 10a—c with
CRSE signal. timing information to adjust the timing of the read data
As mentioned above, the variable delay circuit 152 of  and/or data clock. Although all the memory devices 10a—c
FIGS. 2-5 may be used in the memory device 10 of FIG. 1 are coupled to the memory controller 705, only one memory
to provide optimum performance at high operating speeds. device 10a—c at a time reads or writes data, thus avoiding
In using the variable delay circuit 152 in the memory 45 bus contentiqn. Bus contention is avoiQed by each qf the
device 10, the fine delay circuit 154 and the fine delay memory devices 10a—c and the bus bridge 712 having a
control circuit 156 would be part of the clock generator 40 unique identifier, and the command packet contains an
(FIG. 1) that generates the internal clock signal ICKL, the identifying code that selects only one of these components.
write clock signal WCLK, and the read clock signal RCLK. The computer system 700 also includes a number of other
The coarse delay circuit 158 and the coarse delay control sy components and signal lines which have been omitted from
circuit 160 would be part of the command decoder and FIG. 9 in the interests of brevity. For example, as explained
sequence 60 that generates the control signals for the above, the memory devices 10a—c also receive a command
memory array 180. The manner in which these components or master clock signal to provide internal timing signals, and
would be implemented in the conventional memory device a data clock signal clocking data into and out of the memory
10 of FIG. 1 will be apparent to one of ordinary skill in the ss device 10.
art, and an explanation will therefore be omitted in the From the foregoing it will be appreciated that, although
interest of brevity. specific embodiments of the invention have been described
In addition to using the variable delay circuit 152 to herein for purposes of illustration, various modifications
control the timing at which read data may be coupled to the may be made without deviating from the spirit and scope of
data bus 130 of the memory device 10, the variable delay 60 the invention. Accordingly, the invention is not limited
circuit 152 may be used to control the timing at which the except as by the appended claims.
data clock DCLK is applied to the data clock bus 132. In We claim:
particular, the timing information for the data clock DCLK 1. A variable delay circuit generating an output signal
signal would be applied to the memory device 10 from the having a controlled timing, the variable delay circuit com-
external device, and the memory device would use the fine 65 prising:
delay circuit 152 to make small adjustments in the timing of a fine delay circuit receiving a clock signal and generating
the data clock signal DCLK. The coarse delay circuit 158 a delayed clock signal, the delayed clock signal having
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a delay relative to the clock signal that corresponds to
a fine delay control signal applied to a control input of
the fine delay circuit, the delay corresponding to the
fine delay control signal being greater than a predeter-
mined minimum delay and less than a predetermined
maximum delay;

a coarse delay circuit controlling the timing of a digital
signal relative to the clock signal in delay increments
responsive to a coarse delay control signal applied to a
control input of the coarse delay circuit; and

a control circuit receiving a signal indicative of the delay
of the fine delay circuit, the control circuit generating
the coarse delay control signal to change the timing of
the digital signal in one direction responsive to the
delay of the fine delay circuit being within a predeter-
mined range of the predetermined minimum delay, the
control circuit generating the coarse delay control sig-
nal to change the timing of the digital signal in the
opposite direction responsive to the delay of the fine
delay circuit being within a predetermined range of the
predetermined maximum delay; and

a combining circuit for combining the 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 and the coarse delay
circuit.

2. The variable delay circuit of claim 1, wherein the fine
delay circuit adjusts the delay of the delayed clock signal
relative to the clock signal in increments.

3. The variable delay circuit of claim 1, wherein the clock
signal is a periodic signal, and wherein the fine delay circuit
adjusts the delay of the delayed clock signal relative to the
clock signal in phase increments.

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

5. The wvariable 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 within a second range of a 180 degree phase shift.

6. The variable delay circuit of claim §, wherein first and
second ranges are each zero degrees.

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

8. The variable delay circuit of claim 7, wherein N is 1 so
that each of the fixed delay increments is 180 degrees.

9. The variable delay circuit of claim 1, wherein the signal
received by the control circuit that is indicative of the delay
of the fine delay circuit comprises the fine delay control
signal.

10. The variable delay circuit of claim 1, wherein the
control circuit causes the coarse delay circuit to increment
the delay of the coarse delay circuit responsive to the delay
of the fine delay circuit reaching the predetermined maxi-
mum delay and causes the coarse delay circuit to decrement
the delay of the coarse delay circuit responsive to the delay
of the fine delay circuit reaching the predetermined mini-
mum delay.

11. The variable delay circuit of claim 1, further com-
prising a functional circuit generating the digital signal
responsive to the clock signal, the functional circuit being
coupled to the coarse delay circuit, the coarse delay circuit
controlling the timing of the digital signal generated by the
functional circuit.

12. The variable delay circuit of claim 11, wherein the
functional circuit comprises:
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a preloadable counter coupled to the coarse delay control
circuit, the preloadable counter generating the digital
signal responsive to reaching a predetermined count,
the counter being enabled to count toward the prede-
termined count responsive to the clock signal; and

wherein the coarse control circuit causes the coarse delay
control signal to load a preload count into the counter
prior to the counter being enabled by the clock signal,
the coarse delay control circuit incrementing or decre-
menting the preload count responsive to the signal
indicative of the delay of the fine delay circuit.

13. The variable delay circuit of claim 12, wherein the
coarse control circuit comprises an up/down counter, the
up/down counter generating a count corresponding to the
preload count, the up/down counter being incremented
responsive to the delay of the fine delay circuit reaching one
of the predetermined maximum or minimum delays, the
up/down counter being decremented responsive to the delay
of the fine 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 command generator generating control signals
for a memory device, the command generator including
a preloadable counter coupled to the coarse delay
control circuit, the preloadable counter generating the
digital signal to control the operation of the memory
device responsive to reaching a predetermined count,
the counter being enabled to count toward the prede-
termined count responsive to the clock signal; and

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

the up/down counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being enabled by the
clock signal, the up/down counter being incremented
responsive to the delay of the fine delay circuit
reaching one of the predetermined maximum or
minimum delays, the up/down counter being decre-
mented responsive to the delay of the fine delay
circuit reaching the other of the predetermined maxi-
mum or minimum delays.

15. The variable delay circuit of claim 1, wherein the fine
delay circuit comprises:

a tapped delay line having an input terminal receiving the
clock signal, the delay line generating a plurality of
increasingly delayed output signals at a plurality of
respective output terminals; and

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

16. The variable delay circuit of claim 1, wherein the
combining circuit comprises a register receiving the digital
signal at a data input and receiving the delayed clock signal
at a clock input, the register coupling the digital signal to an
output terminal as the output signal responsive to the
delayed clock signal.

17. A command generator for memory device, the com-
mand generator outputting a control signal for the memory
device to cause the memory device to output read data from
a memory array responsive to an enable signal synchronized
to a clock signal, the command generator comprising:

a fine delay circuit receiving the clock signal, the fine

delay circuit generating a delayed clock signal having
a delay relative to the clock signal corresponding to a
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fine delay control signal applied to a control input of the
fine delay circuit, the delay corresponding to the fine
delay control signal being greater than a predetermined
minimum delay and less than a predetermined maxi-
mum delay;

a first control circuit generating the fine delay control
signal as a function of a timing command;

a preloadable counter generating the control signal
responsive to reaching a predetermined count, the
counter being enabled to count toward the predeter-
mined count responsive to the clock signal; and

an up/down counter coupled to the preloadable counter,
the up/down counter generating a preload count and
loading the preload count into the preloadable counter
prior to the counter being enabled by the clock signal,
the up/down counter being incremented responsive an
increment signal and being decremented responsive to
a decrement signal; and

a second control circuit generating the increment signal
responsive to the delay of the fine delay circuit reaching
one of the predetermined maximum or minimum
delays, the second control circuit generating the dec-
rement signal responsive to the delay of the fine delay
circuit reaching the other of the predetermined maxi-
mum or minimum delays; and

a read data register having a data input terminal coupled
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 the data input terminal to the data
output terminal of the read data register responsive to
the delayed clock signal.

18. The command generator of claim 17, wherein the fine
delay 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 wherein the fine delay
circuit adjusts the delay of the delayed clock signal relative
to the clock signal in phase increments.

20. The command generator of claim 19, wherein each of
the phase increments is 180/N degrees, where N is the
number of phase increments.

21. The command generator of claim 19, wherein the
predetermined minimum delay is within a first range of a
zero degree phase shift and the predetermined maximum
delay is within a second range of a 180 degree phase shift.

22. The command generator of claim 17, wherein the
clock signal is a periodic signal, and wherein each of the
fixed delay increments is the product of N and 180 degrees.

23. The command generator of claim 22, wherein N is 1
so that each of the fixed delay increments is 180 degrees.

24. The command generator of claim 17, wherein the fine
delay circuit comprises:

a tapped delay line having an input terminal receiving the
clock signal, the delay line generating a plurality of
increasingly delayed output signals at a plurality of
respective output terminals; and

a multiplexer coupled to the outputs of the delay line, the
multiplexer selecting one of the delay line output
signals for use as the delayed clock signal responsive to
the fine delay control signal applied to the multiplexer
by the first control circuit.

25. A memory device, comprising:

a clock generator circuit receiving an external clock signal
applied to a first externally accessible terminal and
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generating 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 the
clock generator circuit, the phase shift corresponding to
the phase command signal being greater than a prede-
termined minimum phase and less than a predetermined
maximum phase;

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

a row address circuit adapted to receive and decode the
row address, and select a row of memory cells corre-
sponding to the row address;

a column address circuit adapted to receive read data from
or apply write data to one of the memory cells in the
selected row corresponding to the column address;

a command buffer receiving externally generated memory
commands, the command buffer generating control
signals responsive to the memory commands to control
an operation of the memory device;

a data path circuit adapted to couple data between an
externally accessible terminal of the memory device
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 responsive to the internal
clock signal applied to a clock input of the read register;

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

a timer circuit controlling the timing of the read data being
applied to the read register in fixed delay increments
responsive to a signal indicative of the phase shift of the
clock generator circuit, the timer circuit changing the
timing of the read data applied to the read register in
one direction responsive to the phase shift of the clock
generator circuit being within a predetermined range of
the predetermined minimum phase and in an opposite
direction responsive to the phase shift of the clock
generator circuit being within a predetermined range of
the predetermined maximum phase.

26. The memory device of claim 25, wherein the com-

mand buffer comprises:

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

wherein the timer circuit comprises:
an up/down counter coupled to the preloadable counter,

the up/down counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being enabled by the
external clock signal, the up/down counter being
incremented responsive to the phase shift of the
clock generator circuit reaching one of the predeter-
mined maximum or minimum phases and being
decremented responsive to the phase shift of the
clock generator circuit reaching the other of the
predetermined maximum or minimum phases.

27. The memory device of claim 25, wherein the clock
generator circuit adjusts the phase of the internal clock
signal relative to the external clock signal in phase incre-
ments.

28. The memory device of claim 25, wherein the clock
generator circuit comprises:
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a tapped delay line having an input terminal receiving the
external clock signal, the delay line generating a plu-
rality of increasingly delayed output signals at a plu-
rality of respective output terminals; and

a multiplexer coupled to the outputs of the delay line, the
multiplexer selecting one of 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.

29. The memory device of claim 25, wherein the clock

generator circuit comprises:

a tapped delay line having an input terminal receiving the
external clock signal, the delay line generating a plu-
rality of increasingly delayed output signals at a plu-
rality of respective output terminals; and

a multiplexer coupled to the outputs of the delay line, the
multiplexer selecting one of 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;

wherein the command buffer comprises:

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

wherein the timer circuit comprises:
an up/down counter coupled to the preloadable counter,

the up/down counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being enabled by the
external clock signal, the up/down counter being
incremented responsive to the multiplexer selecting
a first delay line output signal for use as the internal
clock signal and being decremented responsive to the
multiplexer selecting a second delay line output
signal for use as the internal clock signal.

30. A memory device, comprising:

at least one array of memory cells adapted to store data at
a location determined by a row address and a column
address applied to respective other of the terminals;

a row address circuit adapted to receive and decode the
row address, and select a row of memory cells corre-
sponding to 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 to the column address;

a data path circuit including a write data register 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 the column address circuit to the externally
accessible data bus terminal responsive to a read data
clock signal;

a shift register receiving a plurality of command bits
responsive to a clock signal derived from an external
clock signal;

a timing control signal generating 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 be read
from the memory array and applied to the read data

24

a clock generator circuit receiving the external clock

signal and generating the read data clock signal having

a phase shift relative to the external clock signal

corresponding to a phase command signal applied to a

5 control input of the clock generator circuit, the phase

shift corresponding to the phase command signal being

greater than a predetermined minimum phase and less
than a predetermined maximum phase;

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

an up/down counter coupled to the preloadable counter,
the up/down counter generating a preload count and
loading the preload count into the preloadable counter
prior to the counter being enabled by the count start
signal, the up/down counter being incremented respon-
sive to the phase shift of the clock generator circuit
reaching one of the predetermined maximum or mini-
mum phases and being decremented responsive to the
phase shift of the clock generator circuit reaching the
other of the predetermined maximum or minimum
phases.

31. The memory device of claim 30, wherein the clock

generator circuit comprises:

a tapped delay line having an input terminal receiving the
external clock signal, the delay line generating a plu-
rality of increasingly delayed output signals at a plu-
rality of respective output terminals; and

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

32. The memory device of claim 31, wherein the up/down
counter is incremented responsive to the multiplexer select-
ing a first delay line output signal for use as the read data
clock signal and being decremented responsive to the mul-
tiplexer selecting a second delay line output signal for use as
the read data clock signal.

33. A computer system, 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 into
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 random 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
accessible terminals, the dynamic random access
memory comprising:

a clock generator circuit receiving an external clock
signal applied to a first externally accessible terminal
and generating 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 the clock generator circuit, the
phase shift corresponding to the phase command
signal being greater than a predetermined minimum
phase and less than a predetermined maximum
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register responsive to reaching a predetermined count, 65 phase;

the counter being enabled to count toward the prede- at least one array of memory cells adapted to store write

termined count responsive to the count start signal; data to and output read data from a location deter-
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mined by a row address and a column address
applied to respective other of the terminals;
a row address circuit adapted to receive and decode the
row address, and select a row of memory cells
corresponding to the row address;
column address circuit adapted to receive read data
from or apply write data to one of the memory cells
in the selected row corresponding to the column
address;

]

]

memory commands, the command buffer generating
control signals responsive to the memory commands
to control an operation of the memory device;

data path circuit adapted to couple data between an
externally accessible terminal of the memory device
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 responsive to the internal
clock signal applied to a clock input of the read
register;

]

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

a timer circuit controlling the timing of the read data being
applied to the read register in fixed delay increments
responsive to a signal indicative of the phase shift of the
clock generator circuit, the timer circuit changing the
timing of the read data applied to the read register in
one direction responsive to the phase shift of the clock
generator circuit being within a predetermined range of
the predetermined minimum phase and in an opposite
direction responsive to the phase shift of the clock
generator circuit being within a predetermined range of
the predetermined maximum phase.

34. The computer system of claim 33, wherein the com-

mand buffer comprises:

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

wherein the timer circuit comprises:
an up/down counter coupled to the preloadable counter,

the up/down counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being enabled by the
external clock signal, the up/down counter being
incremented responsive to the phase shift of the
clock generator circuit reaching one of the predeter-
mined maximum or minimum phases and being
decremented responsive to the phase shift of the
clock generator circuit reaching the other of the
predetermined maximum or minimum phases.

command buffer receiving externally generated 10

26

the phase command signal applied to the multiplexer by
the first control circuit.

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

5 a tapped delay line having an input terminal receiving the
external clock signal, the delay line generating a plu-
rality of increasingly delayed output signals at a plu-
rality of respective output terminals; and

a multiplexer coupled to the outputs of the delay line, the
multiplexer selecting one of 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;

wherein the command buffer comprises:

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

wherein the command buffer timer circuit comprises:

an up/down counter coupled to the preloadable counter,
the up/down counter generating a preload count and
loading the preload count into the preloadable
counter prior to the counter being enabled by the
external clock signal, the up/down counter being
incremented responsive to the multiplexer selecting
a first delay line output signal for use as the internal
clock signal and being decremented responsive to the
multiplexer selecting a second delay line output
signal for use as the internal clock signal.

38. The computer system of claim 33 wherein the memory
device comprises a dynamic random access memory.

39. The computer system of claim 33 wherein the
dynamic random access memory comprises a packetized
dynamic random access memory.

40. A computer system, comprising:

a processor having a processor bus;

an input device coupled to the processor through the
40 processor bus adapted to allow data to be entered into

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
45 a dynamic random 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
accessible terminals, the dynamic random access
50 memory comprising:
at least one array of memory cells adapted to store data
at a location determined by a row address and a
column address applied to respective other of the
terminals;

20

35

35. The computer system of claim 33, wherein the clock
generator circuit adjusts the phase of the internal clock
signal relative to the external clock signal in phase incre-

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

ments. . . a column address circuit adapted to receive or apply

36. The computer system of claim 33, wherein the clock data to one of the memory cells in the selected row

generator clrcull comprises: 60 corresponding to the column address;

a tapped delay line having an input terminal receiving the a data path circuit including a write data register
external clock signal, the delay line generating a plu- adapted to couple data from an externally accessible
rality of increasingly delayed output signals at a plu- data bus terminal to the column address circuit, the
rality of respective output terminals; and data path circuit further including a read data register

a multiplexer coupled to the outputs of the delay line, the 65 adapted to couple from the column address circuit to
multiplexer selecting one of the delay line output the externally accessible data bus terminal respon-
signals for use as the internal clock signal responsive to sive to a read data clock signal;
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a shift register receiving a plurality of command bits
responsive to a clock signal derived from an external
clock signal;

a timing control signal generating a count start signal
responsive to a flag signal and a clock signal derived

28

adjusting the timing of the delayed clock signal relative to
the input clock signal;

generating the digital signal responsive to the input clock
signal, the timing of the digital signal relative to the

s ; . . . .
from an external clock signal applied to an externally g?c))g:i :;?ICIZ, signal being adjusted over a relatively
accessible clock terminal; o & . . . .

a preloadable command counter causing data to be read adjusting the timing of the digital signal relative to the
from the memory array and applied to the read data input clock signal in one d1.rect10n responsive to the
register responsive to reaching a predetermined |, delay of the delayed c@ock 51gna1. r.elatlve to the input
count, the counter being enabled to count toward the clock signal approaching the minimum delay value;
predetermined count responsive to the count start and
signal; adjusting the timing of the digital signal relative to the

a clock generator circuit receiving the external clock input clock signal in an opposite direction responsive to
signal and generating the read data clock signal - the delay of the delayed clock signal relative to the
having a phase shift relative to the external clock input clock signal approaching the maximum delay
signal corresponding to a phase command signal value.
applied to a control input of the clock generator 46. The method of claim 45, wherein the step of adjusting
circuit, the phase shift corresponding to the phase the timing of the delayed clock signal comprises adjusting
command signal being greater than a predetermined ,, the timing of the delayed clock signal in delay increments.
minimum phase and less than a predetermined maxi- 47. The method of claim 45 wherein the step of generating
mum phase; the digital signal responsive to the input clock signal com-

a first control circuit generating the phase command prises:
signal as a function of the phase relationship between counting from an initial count toward a terminal count;
the read data clock signal and the read data applied 25 and
to the read data register; generating the digital signal responsive to reaching the

an ip/dov(&;n counter coupled to t.he preloellda(ti)le countefi terminal count; and
e adoumcour gnerating o prlosd S e s of st the i of the g

. . signal relative to the input clock signal in one direction
counter prior to the counter being enabled by the 4, ve to the del £ the delaved clock sional
count start signal, the up/down counter being incre- refpc.)nswe ho he el ayko. fi caye h'C och sigha
mented responsive to the phase shift of the clock relative (o the mput clock signal approaching the mini-
R . . mum delay value comprises increasing one of the
generator circuit reaching one of the predetermined - and
maximum or minimum phases and being decre- COllTltS, an L L. .
mented responsive to the phase shift of the clock 45 wherein the step of adjusting the timing of the digital
generator circuit reaching the other of the predeter- signal relative to the input clock signal in the opposite
mined maximum or minimum phases. d}rectlon responsive to the delay.of the delayeq clock
41. The computer system of claim 40, wherein the clock signal relative to the input clock signal approaching the
generator circuit comprises: minimum delay value comprises decreasing one of the
a tapped delay line having an input terminal receiving the counts. . . .
eI))({)ernal CIZ ck signal, %he delI;y line generating agplu- 40 . 48. The methpd of claim 45 wherein the steps of increas-
rality of increasingly delayed output signals at a plu- ing and. decreasing one .of the counts comprise, respectively,
rality of respective output terminals; and increasing and decreasmg the initial count.
; . 49. The method of claim 45 wherein the steps of gener-
a multiplexer coupled to the outputs of the delay line, the . . o .
. . . ating the delayed clock signal and adjusting the timing of the

multiplexer selecting one of the delay line output 45 4 . . . .

. . . elayed clock signal relative to the input clock signal
signals for use as the read data clock signal responsive comprise:

to the phase command signal applied to the multiplexer P . . . .

by the first control circuit. ger}eratmg a plurahty. of output. signals that are increas-

42. The computer system of claim 41, wherein the ingly delayed relative to the input clock signal; and
up/down counter is incremented responsive to the multi- 5o  selecting one of the output signals as a function of the
plexer selecting a first delay line output signal for use as the timing relationship between the delayed clock signal
read data clock signal and being decremented responsive to and the digital signal, the selected output signal being
the multiplexer selecting a second delay line output signal used as the delayed clock signal.
for use as the read data clock signal. 50. A method of controlling the operation of a memory

43. The computer system of claim 40 wherein the memory 55 device applying read data to a read data register, and
device comprises a dynamic random access memory. controlling a timing that the read data register is enabled to

44. The computer system of claim 43 wherein the couple the read data through the read data register, com-
dynamic random access memory comprises a packetized prising:
dynamic random access memory. enabling the read data register responsive to a clock

45. Amethod of generating a delayed clock signal having 6o signal, the read data register being enabled at a time
a controlled timing relative to a digital signal, the method relative to the clock signal that is delayed over a
comprising: relatively narrow range of delay values between a

generating the delayed clock signal responsive to an input minimum delay value and a maximum delay value;
clock signal, the delayed clock signal having a delay adjusting the delay value within the range of narrow range
relative to the input clock signal that is adjustable over 65 of delay values as a function of a timing of the read data

a relatively narrow range between a minimum delay being applied to the read data register relative to the

value and a maximum delay value; timing that the read data register is enabled;
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adjusting the timing 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

adjusting the timing that the read data is applied to the
read data register relative to the timing of the clock
signal in an opposite direction responsive to the delay
value approaching the maximum delay value.

51. The method of claim 50, wherein the step of adjusting

the delay value comprises adjusting the delay value in delay 10

increments.

52. The method of claim 50 wherein the step of adjusting
the timing that the read data is applied to the read data
register relative to the timing of the clock signal comprises:

30
decreasing one of the counts responsive to the delay value
approaching the other of the minimum and maximum
delay values.

53. The method of claim 52 wherein the steps of increas-
ing and decreasing one of the counts comprise, respectively,
increasing and decreasing the initial count.

54. The method of claim 50 wherein the steps of enabling
the read data register and adjusting the delay value com-
prises:

producing a plurality of time values that are increasingly

delayed relative to the input clock signal; and

selecting one of the time values as a function of the timing

. . . .15
coun:img from an initial count toward a terminal count, of the read data register being enabled relative to the
an
. . . timing of the clock signal;
applying the read data being to the read data register ] & g. ) )
responsive to reaching the terminal count; enabling the read data register at a time corresponding to
increasing one of the counts responsive to the delay value 5 the selected time value.
approaching one of the minimum and maximum delay
values; and ® ok ok ok
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. :6,101,197 Pagel of 1
DATED : August 8, 2000
INVENTOR(S) : Brent Keeth and Troy A. Manning

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

Title page.
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 1, “1.5 mW V CMOS” should read --1.5 mW @V CMOS --

Column 28
Line 64, “within the range of narrow” should read -- within the narrow --

Signed and Sealed this

Eighteenth Day of December, 2001

Attest:

JAMES E. ROGAN
Antesting Officer Director of the United States Patent and Trademark Office
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