
(19) United States 
US 20020013881A1 

(12) Patent Application Publication (10) Pub. No.: US 2002/0013881 A1 
Delp et al. (43) Pub. Date: Jan. 31, 2002 

(54) DYNAMICALLY-TUNABLE MEMORY (52) US. Cl. .......................................... .. 711/105; 711/167 
CONTROLLER 

(75) Inventors: Gary Scott Delp, Rochester, MN (US); (57) ABSTRACT 
Gary Paul McClannahan, Rochester, 
MN (Us) A memory controller circuit arrangement and method utilize 

a tuning circuit that dynamically controls the timing of 
Correspondence Address: memory control operations, rather than simply relying on 
WOOD’ HERRON 8‘ EVANS’ L'L'P' ?xed timing parameters that are either hardwired or initial 
2700 (_:arew Tower iZed upon startup of a memory controller. Dynamic control 
4411 Yule street over the timing of memory control operations typically 
Cmcmnatl’ OH 45202 (Us) incorporates memory test control logic that veri?es Whether 

. _ or not a memory storage device Will reliably operate using 

(73) Asslgnee' EIIATEEINIQITSIONAL C ()Rpggil?gils the dynamically-selected values of given timing parameters. 
nk ’ Then, based upon the results of such testing, such dynami 

Armo ’ NY Cally-selected values are selectively updated and retested 
_ until optimum values are found. The dynamically-selected 

(21) Appl' NO" 09/938’161 values may be used to set one or more programmable 

(22) Filed Aug 23 2001 registers, each of Which may in turn be used to control the 
' l ’ operation of a programmable delay counter that enables a 

Related US Application Data state transition in a state machine logic circuit to initiate 
performance of a memory control operation by the logic 

(60) Division of application No. 09/247,501, ?led on Feb. Circuit Dynamic tuning may also utilize a unique binary 
10, 1999, which is a continuationdmpart of aPPliCa- search engine circuit arrangement that updates one of tWo 
tion NO_ 09/166,004, ?led on Oct 2, 1998 registers With an average of the current values stored in such 

registers based upon the result of a test performed using that 
Publication Classi?cation average value. By selectively updating such registers, a fast 

convergence to an optimum value occurs With minimal 
(51) Int. Cl.7 ................................................... .. G06F 12/00 circuitry. 

Logic Circuit 12 
/ 22 

Previous / 
State 5 . . . 

( ) Tuning Circuit 
l _ . / 26 

. _ Configuration / 

Perform First Delay Register 
Memory Control 

Operation //24 
\ 18 Delay Counter 

1 4 

O 
O 
O 
1 Enable 

Performv Second 20 
Memory Control 

Operation 

1 1 6 \ 
Future 1 O 

State(s) 



Patent Application Publication Jan. 31, 2002 Sheet 1 0f 11 US 2002/0013881 A1 

Logic Circuit 12 
/ 22 

Previous / 
State s 

( ) Tuning Circuit 
l . . J6 

I _ Configuration / 

Perform First Register 
Memory Control Deiay 

Operation \ //24 
18 Delay Counter 

14 

O 
O 
O 
1 Enable 

Perform Second 20 
Memory Control 

Operation 1 

i 16 \ 
Future 10 

State(s) 

2s . . 22 28 

\ Configuration / \ Configuration /32 
Register Register 

Deiay 
24 

Count Delay / Delay 
Counter Counter 
D 

L—> D _ Enable : 

—0 —" ‘ OUT 

Deiay O—> WE Deiay 0» WE 

Clock O—> DEC _ mock (3-. mo \30 



Patent Application Publication Jan. 31, 2002 Sheet 2 0f 11 US 2002/0013881 A1 

System /42 
40 Processor 

\ ‘ 
' /44 

Mainstore 

- Flg. 4 
Y 46 

U0 Subsystem 
48 

50 i 62 

\ , / 
Storage Workstation l/O Expansion Network 
Controller Controller Unit 0 O O Adaptor 

' / 

54 58 "——> y 

.,__> 

/ o 
52 60 g 64 

—_—> 

t 74a 
1 68 74 

62 System Bus / / 
\ Interface 80? Memory 

\ 

Memory I" 76 

66 Network Adaptor 78 Device 
a 

\ Controller M /, 76 
emory 

Device 
Memory / 

81b Requester Controller 8 76 
/ 

81a \ o 

81 \78 / 
Network “$3222 

70/ Interface Logrc 8O — 

Network 
72/ Connector ' 



Patent Application Publication Jan. 31, 2002 Sheet 3 0f 11 US 2002/0013881 A1 

90 
Controller Registers / 94 78 

/ / 
Memory Parameters / 

T 82a 82 Memory ype 
\\ 92 T / 

_ 86 88 

/ , 
Request 84 

Addr 
' Memory— 80 

R/W _ E Specific _’ '6 / 
State “—_> 

‘Read Ack_... Memory Addre§s Machine! X Memory 
Generation! J 0 NO 

Read Data Requester Data Support . 
‘—_'* Interface Ch k. Logic Signals 
Write Ack ec ‘"9 

Write Data > 

Length Fig. 6 

82\ Controller Registers _ 
Memory Para meters F I g ' 7 

100d 
100a tRP - Precharge Time 10% 100 tRC - Bank Cycle Time / 98d 

\ tRAS - Active CMD \ 98C tDPL - Data input 
' period; Tyto Precharge V / 

Precharge Active Command Data input to Bank Access 
Counter Counter Precharge Counter Counter 

/ New \ CMD Prechar e A 98b 102c 9 
98a CMD Cycle ‘04b Biff CMD 

Cycle May Be Writteg May Be 102d 
1028 104a Started Ended Sent \ 104d 

1O2b/ \1 04C / 
Precharge Completed Bank X Access Started 

971 Precharge Started , , , l Bank X Access Allowed 

To Address SDRAM State SDRAM 
Generation/ <————>- Machine *-—%> l/O 

Data Checking \ Signals 
96 



Patent Application Publication Jan. 31, 2002 Sheet 4 0f 11 US 2002/0013881 A1 

/ 

‘ \ 000 

Fig. 8 112\ Q D 
-D '6 ‘Z 

MUX O r 

D1 e 

Parameter / Q 0 m I!” 
V _ e atueO In D2 D Q 

0 O O n 
U 0 t D3 
T O 112 0 e \ 

I. 114 
Parameter 0 

Start @*——>' <31 112 O _ /116 

6/2 \ Q 0 Parameter 
'_> Met 0 

/ _ o 
110 118 ' D Q 

120 

\ / 
'0122 124 

\ Q _’ r 

Flg. 9 D 5 2 
MUX r 

D1 e 

/ Q a j?) m [17 
_ e 

i ’n D2 0 O D Q n 
'5 D3 U 0 / t 

T O 122 0 e 
/ ' r 

Parameter O /n /n 
Start G1 _ 122 O 126 

/ 
G2 \ Parameter 
/ Q _’ Parameter '—’ Met 

_ v: 128 _D Q We 



Patent Application Publication Jan. 31, 2002 Sheet 5 0f 11 US 2002/0013881 A1 

D20 @9285 V V V _ V 

V V V V V 

V V V V V _ 

_ V V V _ _ V V V V 

_ V V V V V V V _ V V V V 

_ V V V V V _ V _ V V V V 

_ V V V _ _ V V V 

lllVliliii i i i L i i ‘r I I i l .IIIV I i l r l [Ll 
V V V V V _ V V V 

V V V V V _ V V . 

V V V V V V V V V V V V V 
V V V V V V V _ V _ V V V 

V V V V V V V V V V 

V V V V V V V V 

V V V V V V 

V V V 

i 

_ _ " Om 

“1 V "EV V vm “ EVE 

Q20 ADQEVVVBV m M V: .9“. 

liwimri, 8 

V V V V V V V V V V V V V V 

. V V . V V . . V . V . 

V V V V V V V V V V . V V V V i V V V V V V V V V V V V V 

V V V V V V V V _ V V V V V 
V V V _ _ _ V V V V V V V V g V V 

m 9P m N; m V; m o? m E .V V; m E m 8. m E m E m 3 m E. 

v30 

m E m E m 



Patent Application Publication Jan. 31, 2002 Sheet 6 0f 11 US 2002/0013881 A1 

O20 

020 
@8264. “@9285 

_ . 

0-20 _ mlmwmzugq 
GD v30 

E .5 



Patent Application Publication Jan. 31, 2002 Sheet 7 0f 11 US 2002/0013881 A1 

‘ 190 

Controller Registers / 

Memory Parameters // 194 

178 
' Memory Type // 192 / 
'210\ 

\ Start Tune 

21 
k\ Error Status 

\ 

220 
\ Dynamic 182a 182 

Tuning Logic , 

i 
i/F Signals 186 188 

i / 
184 

Memory- 180 

Specific _’ M _ Address K State U ' M 

I/F S|gnais Memory Generation] (J Machine! 0 X emory 
<—————>> Requester I10 

I t f Data Supp-oft Si nais 
n er ace Checking L09“: 9 

Flg. 12 



Patent Application Publication Jan. 31, 2002 Sheet 8 0f 11 US 2002/0013881 A1 

190 
220 194 Controller Registers / 

\‘ \\ Memory Parameters 
Tune / 192 Parameter 
Pass/ Memory Type / Value(s) 
Fa“ Start 

‘ Start Tune // 210 

212 
222 Error Error Status // 

\‘ Test Mode Current l____ ___x 
Memory Update Fa“ Value(s)/ 1 

Parameter 
Tuner Update Pass Mzizmzi‘in indexoes) 1 Parameter ‘ 

Controller] lnlt Control ‘ Arrays/Logic I 
Sequencer Complete l i 

Run Pass/ 224 226 
Short Fail 

l 1:1‘; Test 186 
‘I! Complete 236 

Compare Data Read Data 
Comparison 

Write Data 

Valid Delay Line for /234 
Time Alignment 

Memory Write Data Memory 
Test . Data _ Requester 

Controller Wmch Test Generation Wnte Data l/F 

Logic \232 
Add 

Which Test/ r 
Which Count Address Add, 

Generation r 

Logic \230 
Add'l Memory Control l/F Signals 

\ 238 
228 Fig. 13 



Patent Application Publication Jan. 31, 2002 Sheet 9 0f 11 US 2002/0013881 A1 

Initialize . 

\ parameters 
I 

254 v 
\ Perform 

memory test 258 

/ 
continue Update 

' parameters 

?nishedf 

224 _ 

\ 255 Fig. 1 5 

TEST OS 
MODE 1 

264\ Upper 274 
limit : 
7 FINAL VALUE CURRENT 

' /268 VALUE 
i Lowest X 

UPDATE‘ Divide 
PASSO { i Bass Add _> by two 7 ‘ 

UPDATE; 260 262 272 E 
FAIL ' I 

Q: j Highest Subtract =1 COMPLETE‘ 
i fail : 
, A l : 

lNiT Q 270 

Lower /266 
hm“ TEST VALUE 



Patent Application Publication Jan. 31, 2002 Sheet 10 0f 11 US 2002/0013881 A1 

TEST 0; “““ ‘i """ "may """""""""""""""""""" "3 , 

MODE 1 - ‘ /224 Upper Flg. ' 
Z 294 hm \ E 259' 
‘ 2 284 3/ 

UPDATE i Lowest ' Add _> Divide '; : 
PASS 0 I 4‘ pass —* by two 2 CURRENT 

{ / \ :vALUE 

FAiL Q: 100M 
1 Highest Subtract =1 2 PLETE; 
, fail ' 

2 C \ 

INIT @_ 290 

1 Lower /286 
limit 

I z 226' 
226‘ ----------------------------------------------------------- -' / 

P1 P2 P3 P4 

CURRENT CURRENT 
VALUE A A A A VALUE Parameter 
@_____>. R R R R @_—>. Logic 

R R R R / 
A A A T A 297/ 
Y Y Y Y 

. l I . .\ u . . . . . 

F|g,17l2951 295 Fig_ 18 l 
P1 P2 P3 P4 P1 P2 P3 P4 

LATCH _ /300 224.. 
LATCH SELECT 
0—>> 

DEC PARAM 
o-—--—-—-—-> 

INC PARAM @259 
Control TEST M DE 4 '—O——>-- Demux Q02 

w. CURRENT vALUE j 
UPDATE FAIL _ Engine 

‘NIT UPPER LIMIT Latch , 

“ —$—: 

: COMPLETE | (_ AVG _ 

CURRPARAM Fig_ 19 304) 



Patent Application Publication 

320 

338 

~fDONEI 
(PASS) 

Jan. 31, 2002 Sheet 11 0f 11 US 2002/0013881 A1 

Dynamic . Fig- 20 

Initialize parameters to /322 
most conservative values 

326 

' DONE 340 

(pAlL) initialize / 
lCOUNT 
to zero 

For each parameter, i 342 
find best passing value Set CURRPARAM / 

{I to first parameter 
330 l 

Set all parameters to / 344 Y 
best passing values \ increment 

CURRPARAM 

332 ' 

memory 
350 

test ' 336 

rfail / , / 
Set all parameters to Increment 346 Decrement 

average of conservative ‘COUNT CURRPARAM 
and current values L—___.___—| 354 

352 ‘L es 
Run f _I More y )Set CURRPARAM 

memory '3' parameters? to next parameter 
185i / i 

no v 356 
pass 

no ICOUNT 
zero? 

334 yes 



US 2002/0013881 A1 

DYNAMICALLY-TUNABLE MEMORY 
CONTROLLER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 09/166,004, ?led Oct. 2, 1998 by 
Gary Paul McClannahan, and entitled “MEMORY CON 
TROLLER WITH PROGRAMMABLE DELAY 
COUNTER FOR TUNING PERFORMANCE BASED ON 
TIMING PARAMETER OF CONTROLLED MEMORY 
STORAGE DEVICE,” Which application is incorporated by 
reference herein. 

FIELD OF THE INVENTION 

[0002] The invention is generally related to integrated 
circuit device architecture and design, and in particular to 
the architecture and design of a memory controller for 
controlling data transfer With a memory storage device. 

BACKGROUND OF THE INVENTION 

[0003] Computers and other data processing systems rely 
extensively on various memories to store information used 
by such systems in performing computer tasks. A memory 
may be used, for example, to store a portion of a computer 
program that is executed by a computer, as Well as the data 
that is operated upon by the computer. 

[0004] Memories may also be found in many of the 
components of a computer. For example, a microprocessor, 
the “brains” of a computer, may have a dedicated cache 
memory that permits faster access to certain data or com 
puter instructions than otherWise available from the main 
memory of the computer. Also, dedicated memory may be 
used by a graphics controller to store the information to 
display on a computer monitor or other display. 

[0005] Memories may also be found in many types of 
interfaces for a computer, e.g., to interface a computer With 
other computers via an external netWork. The interfaces are 
typically implemented using dedicated hardWare, e.g., a 
netWork adapter card that plugs into the computer and has 
the necessary connectors for connecting to a particular type 
of netWork. A controller is typically used to handle the 
transfer of data betWeen the computer and the netWork, and 
a dedicated memory is typically used to store control data 
used by the controller, as Well as a temporary copy of the 
data being transmitted over the interface. 

[0006] Memory used in the above applications are typi 
cally implemented using one or more solid-state memory 
storage devices, or “chips”. A dedicated memory controller 
is typically used to handle the data transfer to and from such 
memory storage devices according to a prede?ned protocol. 

[0007] Memory storage devices typically have one or 
more timing characteristics that de?ne the minimum delays 
that one must Wait before performing certain operations With 
the devices. Timing parameters, related to such characteris 
tics, are thus de?ned for speci?c memory storage device 
implementations. These timing parameters are often limited 
by the physical structures of the devices, and are de?ned by 
the designers of the devices to ensure reliable operation of 
the devices. As but one example, one type of memory 
storage device, a dynamic random access memory (DRAM) 
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device, requires that circuitry Within the device be “pre 
charged” for at least a predetermined time before data can be 
read from the device. Should the timing parameter associ 
ated With this characteristic for a speci?c memory storage 
device implementation not be met, errors may occur in the 
device, Which could jeopardize the validity of the data. 

[0008] Different types of memory storage devices may 
have different timing parameters. Moreover, as technology 
improves, memory storage devices of a given type may be 
improved over past designs, and as a result may have 
different timing parameters from the past designs. 

[0009] To control data transfer With a given type of 
memory storage device, a memory controller must often be 
speci?cally tailored to meet the various timing parameters 
for that device. To ensure the best possible performance With 
a given type of memory storage device, it is often desirable 
for the memory controller to set the delays betWeen various 
memory control operations to meet or only slightly exceed 
the timing parameters de?ned for the device. 

[0010] Some memory controllers, hoWever, may need to 
be used With different types of memory storage devices. For 
example, it may be desirable to support multiple types of 
memory storage devices so that the memory controller may 
be used in different applications. HoWever, to support mul 
tiple types of memory storage devices often necessitates that 
a memory controller be designed to handle the Worst case 
timing parameters of a given memory storage device, since 
the timing parameters typically de?ne minimum acceptable 
delays. As a result, When a memory controller is used With 
a memory storage device having timing parameters that offer 
faster performance than the Worst case timing parameters 
de?ned for the controller, the memory storage device is 
operated at beloW its maximum performance level, and the 
improved performance that could otherWise be realiZed by 
the device is lost. 

[0011] Some conventional memory controller designs 
attempt to support different timing parameters for a given 
timing characteristic by controllably inserting one or more 
“Wait states” into a memory access operation to account for 
a performance mismatch betWeen the controller and a 
memory storage device. Typically, such controller designs 
support one of tWo timing parameters by controllably select 
ing one of tWo possible “paths” of execution. 

[0012] Speci?cally, a memory controller typically oper 
ates using a state machine that cycles betWeen different 
“stages” to perform different memory control operations 
associated With controlling the data transfer With a memory 
storage device. The state machine is timed by a clock signal 
that de?nes the time to Wait betWeen each stage. A path of 
execution is de?ned by the sequence of stages that are 
sequentially performed in the state machine When folloWing 
the path. 

[0013] An important limitation of such conventional 
memory controller designs is that supporting a second path 
of execution can signi?cantly increase the complexity of the 
state machine, Which tends to increase the overall cost and 
complexity of the controller. Moreover, the complexity of 
the state machine increases dramatically as the number of 
execution paths increases. Furthermore, if it is desirable to 
support variable timing parameters for multiple timing char 
acteristics, the complexity of the state machine increases at 
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an even greater rate. As a result, conventional memory 
controller designs are typically limited to supporting only a 
very feW timing parameters for only a very feW timing 
characteristics. 

[0014] Furthermore, due to the inability of conventional 
memory controller designs to support a Wide variety of 
memory storage devices, it is often not cost-effective to 
anticipate the use of such designs With future memory 
storage devices that may have shorter timing parameters, 
and as a result improved performance, over current devices. 
Consequently, often neW memory controller designs must be 
developed in response to advances in memory storage 
device technology. 

[0015] As an additional limitation, conventional memory 
controller designs typically operate using static, or ?xed, 
timing parameters that are either ?xed in the design or 
programmed With preset values at startup, e.g., through tying 
one or more mode selection inputs to poWer and/or ground. 
OptimiZing a statically-con?gured memory controller for 
use in a particular design requires that a designer knoW all 
of the relevant timing parameters of the memory storage 
devices to be used With that design. In some instances, 
hoWever, a designer may not knoW all relevant timing 
parameters. Also, in some instances, individual memory 
storage devices may not conform to the timing characteris 
tics de?ned for those types of devices, Which might result in 
failures in manufactured circuits that use such non-conform 
ing devices. 

[0016] Therefore, a signi?cant need continues to exist for 
a more ?exible and extensible memory controller design that 
is capable of supporting a Wider variety of memory storage 
devices While maintaining optimal performance. 

SUMMARY OF THE INVENTION 

[0017] The invention addresses these and other problems 
associated With the prior art by providing a memory con 
troller circuit arrangement and method that utiliZe a tuning 
circuit that dynamically controls the timing of memory 
control operations, rather than simply relying on ?xed 
timing parameters that are either hardWired or initialiZed 
upon startup of a memory controller. As such, optimum 
timing parameters can often be determined Without prior 
knoWledge of the performance characteristics of particular 
memory storage devices. 

[0018] Various embodiments of the invention dynamically 
control the timing of memory control operations by incor 
porating memory test control logic that veri?es Whether or 
not a memory storage device Will reliably operate using the 
dynamically-selected values of given timing parameters. 
Then, based upon the results of such testing, such dynami 
cally-selected values are selectively updated and retested 
until optimum values are found. Moreover, When multiple 
timing parameters are dynamically controlled, values for 
such timing parameters may be determined jointly and/or 
independently. 

[0019] With additional embodiments, dynamically-se 
lected values may be used to set one or more programmable 
registers. Each programmable register may be used to con 
trol the operation of a programmable delay counter that 
enables a state transition in a state machine logic circuit to 
initiate performance of a memory control operation by the 
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logic circuit. In such embodiments, a single path of execu 
tion in the logic circuit is typically used to support any 
number of timing parameter variations for a particular 
timing characteristic. Moreover, through the use of multiple 
programmable delay counters, and multiple programmable 
registers therefor, multiple timing characteristics may be 
optimiZed and adjusted Within the same path of execution. 
Consequently, a Wide variety of timing characteristics and 
timing parameters therefor may be supported in a single 
integrated design, offering greater ?exibility and extensibil 
ity than conventional designs. 

[0020] Therefore, consistent With one aspect of the inven 
tion, a memory controller circuit arrangement is provided, 
including a logic circuit con?gured to control data transfer 
With at least one memory storage device by performing ?rst 
and second memory control operations; and a tuning circuit 
coupled to the logic circuit and con?gured to dynamically 
controlling the delay betWeen the ?rst and second memory 
control operations. 

[0021] Consistent With an additional aspect of the inven 
tion, a method is provided for controlling data transfer With 
a memory storage device using a memory controller. The 
method includes dynamically selecting a selected value 
among a plurality of values to delay performance of a second 
memory control operation relative to a ?rst memory control 
operation; and controlling the delay betWeen the ?rst and 
second memory control operations using the selected value. 

[0022] The invention also provides in another aspect a 
binary search engine circuit arrangement suitable for use in 
determining an optimum value from a monotonically-sorted 
list of values. A binary search engine consistent With the 
invention selectively updates one of tWo registers With an 
average of the current values stored in such registers based 
upon the result of a test performed using that average value. 
As a result, the registers tend to quickly converge to separate 
sides of a boundary de?ned by the predetermined compari 
son criteria implemented by the test. While such a binary 
search engine is not speci?cally limited to use in connection 
With memory controllers and the like, one particularly useful 
application is in dynamically determining an optimum delay 
value from a sorted list of delay values used to control the 
relative timing of tWo memory control operations. As such, 
the predetermined comparison criteria in such an application 
is Whether or not a memory storage device passes or fails a 
memory test performed With the device. 

[0023] Acircuit arrangement consistent With this aspect of 
the invention includes ?rst and second registers respectively 
con?gured to store ?rst and second values from a list of 
values; an averaging circuit coupled to receive the ?rst and 
second values stored in the ?rst and second registers, and to 
output as a test value an average of the ?rst and second 
values; a test circuit, coupled to the ?rst and second regis 
ters, and con?gured to test the test value according to a 
predetermined comparison criteria; and a test closure circuit 
con?gured to determine When an optimum value is stored in 
the ?rst register. In response to the test value meeting the 
predetermined comparison criteria, the ?rst register is con 
?gured to be updated With the test value. Further, in response 
to the test value not meeting the predetermined comparison 
criteria, the second register is con?gured to be updated With 
the test value. 

[0024] These and other advantages and features, Which 
characteriZe the invention, are set forth in the claims 
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annexed hereto and forming a further part hereof. However, 
for a better understanding of the invention, and of the 
advantages and objectives attained through its use, reference 
should be made to the DraWings, and to the accompanying 
descriptive matter, in Which there is described exemplary 
embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a block diagram of a memory controller 
circuit arrangement utiliZing a tuning circuit consistent With 
the invention. 

[0026] FIG. 2 is a block diagram of the programmable 
delay counter in the memory controller circuit arrangement 
of FIG. 1. 

[0027] FIG. 3 is a block diagram of alternate program 
mable delay counter to that illustrated in FIG. 2. 

[0028] FIG. 4 is a block diagram of a data processing 
system consistent With the invention. 

[0029] FIG. 5 is a block diagram of the netWork adapter 
in the data processing system of FIG. 4. 

[0030] FIG. 6 is a block diagram of the memory controller 
in the netWork adapter of FIG. 5. 

[0031] FIG. 7 is a block diagram of the memory-speci?c 
state machine/support logic block in the memory controller 
of FIG. 6. 

[0032] FIG. 8 is a block diagram of a decrement-type 
programmable delay counter suitable for use in the memory 
speci?c state machine/support logic block of FIG. 7. 

[0033] FIG. 9 is a block diagram of an increment-type 
programmable delay counter suitable for use in the memory 
speci?c state machine/support logic block of FIG. 7. 

[0034] FIG. 10 is a timing diagram illustrating an exem 
plary timing of memory control operations during a read 
access using a memory controller consistent With the inven 
tion, for use With a memory storage device having a ?rst set 
of timing parameters. 

[0035] FIG. 11 is a timing diagram illustrating an exem 
plary timing of memory control operations during a Write 
access using the memory controller consistent With the 
invention, for use With a memory storage device having a 
second set of timing parameters. 

[0036] FIG. 12 is a block diagram of a dynamically 
tunable implementation of the memory controller in the 
netWork adapter of FIG. 5. 

[0037] FIG. 13 is a block diagram of the dynamic tuning 
logic of FIG. 12, shoWn interfaced With controller registers 
and a memory requester interface. 

[0038] FIG. 14 is a ?oWchart illustrating a sequence of 
operations performed by the dynamic tuning logic of FIG. 
13. 

[0039] FIG. 15 is a block diagram of a parameter manipu 
lation control block from the dynamic tuning logic of FIG. 
13. 

[0040] FIG. 16 is a block diagram of an alternate param 
eter manipulation control block design to that of FIG. 15. 
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[0041] FIG. 17 is a block diagram of a parameter arrays 
block from the dynamic tuning logic of FIG. 13. 

[0042] FIG. 18 is a block diagram of a parameter logic 
block for use as an alternate to the parameter manipulation 
control block of FIG. 17. 

[0043] FIG. 19 is a block diagram of another alternate 
parameter manipulation control block design to that of 
FIGS. 15 and 16. 

[0044] FIG. 20 is a ?oWchart illustrating an alternate 
sequence of operations performed by the dynamic tuning 
logic to that of FIG. 14. 

DETAILED DESCRIPTION 

[0045] Dynamic tuning of a memory controller consistent 
With the invention is used to optimiZe the performance of the 
memory controller for use With different memory storage 
devices controlled by the memory controller. HoWever, prior 
to discussing the dynamic tuning aspects of the invention, 
one speci?c implementation of a programmable memory 
counter, Which utiliZes programmable delay counters to 
controllably optimiZe a memory controller for use With a 
particular memory storage device, is described. As Will 
become more apparent beloW, hoWever, the invention is not 
limited to use in connection solely With a programmable 
memory controller that utiliZes the programmable memory 
counters described herein. 

[0046] The herein-described embodiments generally oper 
ate by controllably delaying performance of a memory 
control operation to meet a timing parameter for a memory 
storage device coupled to a memory controller. As such, a 
Wide variety of solid-state (semiconductor) memory storage 
devices having varying timing parameters may be supported 
in a ?exible and extensible manner, including but not limited 
to Synchronous Dynamic Random Access Memories 
(DRAM’s)-Enhanced Synchronous DRAM’s, Rambus 
DRAM’s, Extended Data Out (EDO) DRAM’s, page-mode 
DRAM’s, Static Random Access Memories (SRAM’s), 
Flash Memories, Read Only Memories (ROM’s), Electri 
cally-Erasable Programmable Read Only Memories 
(EEPROM’s), Serial EPROM’s, Direct Access Storage 
Devices (DASD’s), subsystems acting as memory, etc. 

[0047] Three primary situations occur in Which it may be 
desirable to tune the performance of a memory controller in 
the manner presented herein. First, it is often desirable to 
control the delay betWeen asserting and deasserting signals 
Within a given memory access cycle, e.g., the time period 
betWeen asserting the roW and column address strobe (RAS 
and CAS) signals for a given memory access. Second, it is 
often desirable to control the delay betWeen asserting and 
deasserting signals betWeen successive memory access 
cycles, e.g., the delay betWeen asserting and releasing the 
RAS precharge time for an EDO DRAM. Third, it is often 
desirable to control the delay betWeen asserting and deas 
serting signals betWeen non-successive but interrelated 
memory access cycles, e.g., the delays betWeen successive 
accesses to a given bank in a multi-bank DRAM. Other 
situations Will become apparent to one of ordinary skill in 
the art from a reading of the material herein. 

[0048] As shoWn in FIG. 1, for example, a memory 
controller 10 may include a logic circuit 12, Which imple 
ments a state machine having a plurality of stages, including 
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stages 14 and 16 Where ?rst and second memory control 
operations are performed. It should be appreciated that logic 
circuit 12 may include practically any type of state machine 
utiliZed in connection With the control of memory storage 
devices, and may include other logic circuitry as is Well 
knoWn in the art. As such, an indeterminate number of stages 
are illustrated before and after stages 14 and 16. It should be 
appreciated that any number of stages, even no stages, may 
be interposed betWeen stages 14 and 16 as Well. 

[0049] The memory control operations may represent 
practically any timed operations performed by a memory 
controller, principally including, for example, asserting or 
deasserting any of a number of memory control signals to a 
memory storage device, latching any of a number of signals 
received from the memory storage device, driving neW data 
signals to the memory storage device, etc. The ?rst and 
second memory control operations performed at stages 14 
and 16 may also be related With one another in various 
manners, e.g., asserting and deasserting the same control 
signal, asserting or deasserting different control signals, 
latching the same or different signals returned from the 
memory storage device, etc. Moreover, the ?rst and second 
memory control operations may be performed during the 
same memory access cycle, during successive memory 
access cycles, or in separate, non-successive memory access 
cycles. 

[0050] The ?rst and second memory control operations in 
the context of the invention must be separated in time by a 
predetermined delay associated With a timing parameter for 
the particular memory storage device coupled to memory 
controller 10. A timing parameter represents a particular 
value for a timing characteristic common to different 
memory storage devices suitable for use With the memory 
controller. A timing parameter may be speci?ed as a mini 
mum time, e.g., in nanoseconds. In the alternative, a timing 
parameter may be speci?ed as a minimum number of clock 
cycles. Furthermore, given that a memory controller is 
typically operated synchronously, typically the delay 
inserted betWeen the ?rst and second memory control opera 
tions is represented by a selected number of cycles for the 
memory controller clock, irrespective of the units of a timing 
parameter. 

[0051] A Wide variety of timing characteristics may be 
relevant for different types of memory storage devices. For 
example, suitable timing characteristics for Synchronous 
DRAM’s include, among others, bank cycle time (tRc), 
active command period (tRAS), data input to precharge time 
(tDPL), precharge time (tRP), RAS to CAS delay (tRcD), CAS 
latency (t AA), etc. Other timing characteristics may also 
exist for different types of memory storage devices. In each 
case, the particular timing characteristics that are relevant 
for a given memory storage device are typically Well knoWn 
in the industry, and it is typically With respect to one or more 
of these particular timing characteristics for Which it is 
desirable to tune the performance of a memory controller in 
the manner disclosed herein. 

[0052] In memory controller 10, the delay betWeen the 
performance of the ?rst and second memory control opera 
tions is controlled by asserting a delay signal at stage 14, 
representing a request to delay the operation of the second 
memory control operation for a selected number of cycles. 
Performance of the second memory control operation is 

Jan. 31, 2002 

initiated by enabling a state transition to stage 16, as 
represented by enable signal 20. 

[0053] A tuning circuit 22, including a programmable 
delay counter 24 and a con?guration register 26, is illus 
trated as receiving delay signal 18 and outputting enable 
signal 20. Typically, delay counter 24 is programmed to 
cycle a selected number of clock cycles based upon the 
desired number of clock cycles to Wait betWeen performing 
the ?rst and second memory control operations. The selected 
number of clock cycles may be equal to the total number of 
cycles betWeen the ?rst and second memory control opera 
tions, or may differ, e.g., if other delays already exist 
betWeen performance of the ?rst and second memory control 
operations. In this latter instance, for example, assertion of 
the delay and/or enable signals may be offset one or more 
cycles from performance of the memory control operations. 

[0054] It should be appreciated based upon a reading of 
the material herein that mechanisms other than enable 
signals may be used to initiate performance of the second 
memory control operation subsequent to the ?rst memory 
control operation. Examples include, but are not limited to 
removal of a hold signal, a signal voltage reaching a 
comparison threshold, etc. 

[0055] A programmable delay counter consistent With the 
invention is generally con?gured to cycle a programmed 
number of cycles and thereafter cause the enable signal to be 
asserted for the purpose of initiating performance of the 
second memory control operation. The delay counter is 
programmed based upon a delay count provided from con 
?guration register 26. The delay count may be equal to the 
total number of cycles to delay, or may be a portion of the 
total number of cycles, e.g., if other delays are present in the 
counter. 

[0056] Typically, a programmable delay counter consis 
tent With the invention may be con?gured either as a 
decrement-type counter or an increment-type counter, 
among other variations. FIG. 2 illustrates, for example, a 
decrement-type implementation of the programmable delay 
counter 24 of tuning circuit 22, Where the counter receives 
at its data (D) input the delay count from con?guration 
register 26. The delay count is Written into counter 24 by 
assertion of the Write enable input via delay signal 18. 
Thereafter, a clock signal for the memory controller, coupled 
to the decrement (DEC) input of the counter, decrements the 
value stored in the counter once each clock cycle. Cycling 
of the counter for the number of cycles corresponding to the 
delay count is then detected via a compare-to-Zero (=0) 
output, from Which enable signal 20 is derived. 

[0057] An increment-type counter implementation is illus 
trated by tuning circuit 28 of FIG. 3, Where a counter 30 is 
receives at its data (D) input an initial value of Zero. The 
counter is initialiZed to a Zero count in response to assertion 
of the Write enable input via delay signal 18. There 
after, the clock signal for the memory controller, coupled to 
the increment (INC) input of the counter, increments the 
value stored in the counter once each clock cycle. Cycling 
of the counter for the number of cycles corresponding to the 
delay count is then detected via a comparison block 34 that 
receives as its inputs the output (OUT) of counter 30 and the 
delay count from con?guration register 32. As a result, 
enable signal 20 is asserted When the output of the counter 
matches the delay count stored in the register. 
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[0058] Loading of the con?guration register to program 
the programmable counter may be performed in a number of 
manners. For example, one or more external pins for the 
controller may be used to specify the delay count. In the 
alternative, the delay count may be supplied via an external 
component, e.g., via a speci?c instruction over a netWork or 
bus. Moreover, the delay count may be hardWired into 
different physical implementations, Whereby a common 
design of memory controller may be reused With minor 
modi?cations in the manufacture of several different 
memory controller models tailored for use With different 
memory storage requirements. Furthermore, delay counts 
may be grouped into sets so that the same pins/commands 
may collectively control multiple parameters. 

[0059] Other manners of programming the programmable 
counter may be used in the alternative. For example, as 
discussed in greater detail beloW, a dynamic control circuit 
may be con?gured to start With one or more conservative 
parameters, to monitor the error rate of the memory storage 
device While progressively accelerating the parameters, and 
to then decelerate one or more of the parameters Whenever 
errors are detected. 

[0060] Returning to FIG. 1, logic circuit 12 and tuning 
circuit 22 each represent a circuit arrangement, that is, an 
arrangement of analog and/or digital electronic or optical 
components electrically or optically coupled With one 
another via conductive traces, signaling paths and/or Wires, 
Whether implemented Wholly in one integrated circuit device 
or implemented in a plurality of integrated circuit devices 
electrically coupled With one another via one or more circuit 
boards. Moreover, it should be recogniZed that integrated 
circuit devices are typically designed and fabricated using 
one or more computer data ?les, referred to herein as 
hardWare de?nition programs, that de?ne the layout of the 
circuit arrangements on the devices. The programs are 
typically generated in a knoWn manner by a design tool and 
are subsequently used during manufacturing to create the 
layout masks that de?ne the circuit arrangements applied to 
a semiconductor Wafer. Typically, the programs are provided 
in a prede?ned format using a hardWare de?nition language 
(HDL) such as VHDL, verilog, EDIF, etc. Thus, While the 
invention has and hereinafter Will be described in the context 
of circuit arrangements implemented in fully functioning 
integrated circuit devices, those skilled in the art Will appre 
ciate that circuit arrangements consistent With the invention 
are capable of being distributed as program products in a 
variety of forms, and that the invention applies equally 
regardless of the particular type of signal bearing media used 
to actually carry out the distribution. Examples of signal 
bearing media include but are not limited to recordable type 
media such as volatile and non-volatile memory devices, 
?oppy disks, hard disk drives, CD-ROM’s, and DVD’s, 
among others, and transmission type media such as digital 
and analog communications links. 

[0061] Turning noW to FIG. 4, a data processing system 
40 consistent With the invention is illustrated. Data process 
ing system 40 is representative of any of a number of 
computers and like systems. For example, data processing 
system 40 includes a system processor 42 coupled to a 
mainstore memory 44, Which is in turn coupled to various 
external devices via an input/output (I/O) subsystem 46. 
Subsystem 46 is coupled to a plurality of external devices 
via a system bus 48. Various types of external devices are 
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represented in FIG. 4, including a storage controller 50 
(used to interface With one or more storage devices 52), a 
Workstation controller 54 (used to interface With one or more 
Workstations 56), an I/O expansion unit 58 (used to interface 
With additional devices via an I/O bus 60), and a netWork 
adaptor 62 (used to interface With an external netWork 
represented at 64). 

[0062] It should be appreciated that a Wide variety of 
alternate devices may be coupled to data processing system 
40 consistent With the invention. 

[0063] Data processing system 40 may be implemented, 
for example, as a midrange computer system, e.g., the 
AS/400 midrange computer available from International 
Business Machines Corporation. It should be appreciated 
that the invention may be applicable to other computer 
systems, e.g., personal computers, mainframe computers, 
supercomputers, etc., not to mention other data processing 
systems that utiliZe a memory controller, such as embedded 
controllers; communications systems such as bridges, rout 
ers and sWitches; consumer electronic devices; and the like. 

[0064] In the illustrated embodiment, a memory controller 
consistent With the invention is implemented in netWork 
adaptor 62, Which may be, for example, an asynchronous 
transfer mode (ATM) adaptor suitable for connecting to an 
ATM netWork. HoWever, it should be appreciated that the 
principles of the invention may be applicable to netWork 
adaptors for other types of netWorks, e.g., TCP/IP netWorks, 
LAN and WAN netWorks, frame relay netWorks, and the 
like. Moreover, it should be appreciated that a memory 
controller consistent With the invention may also be utiliZed 
in other components in data processing system 40, e.g., any 
of components 50, 54, or 58, or Within the main processing 
structure of the data processing system. Thus, the invention 
should not be limited to the particular implementation 
disclosed herein. 

[0065] NetWork adaptor 62 is illustrated in greater detail in 
FIG. 5. NetWork adaptor 62 is under the control of a 
controller 66 Which is interfaced With system bus 48 via a 
system bus interface block 68. Controller 66 is, in turn, 
interfaced With netWork 64 via netWork interface logic 70 
and a physical netWork connector represented at 72. 

[0066] Controller 66 relies on one or more memories, e.g., 
memories 74 and 74a, each comprising a plurality of 
memory storage devices 76. Data transfer betWeen control 
ler 66 and each memory 74, 74a is controlled via one or 
more memory controllers, e.g., memory controller 78 for 
memory 74, and memory controller 78a for memory 74a. A 
series of I/O signals (e.g., signals 80 and 80a respectively for 
controller 78 and 78a) are used to control the data transfer 
With each memory. Aplurality of requesters 81, 81a, 81b are 
also represented in controller 66, representing various com 
ponents in the controller that may request a data transfer to 
or from memory 74, 74a. For example, a requester may 
represent various components Within the receive or transmit 
circuitry Within controller 66. Moreover, a requester may 
also represent an external access command received by 
controller 66. 

[0067] It should also be appreciated that any number of 
requesters, and memory controller/memory pairs may be 
disposed netWork adaptor 62. For example, separate packet 
and control memories may be utiliZed in netWork adaptor 62, 
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thus requiring tWo memories and tWo associated memory 
controllers. Furthermore, it should be appreciated that a 
memory controller may also interface With more than one 
memory if desired. 

[0068] Each memory storage device 76 in each memory is 
responsive to dedicated I/O signals provided by the associ 
ated memory controller 78, 78a, Which are dictated by the 
design of the speci?c memory storage devices. Moreover, as 
discussed above, the memory storage devices may have one 
or more timing parameters providing speci?c minimum 
delays that are required to satisfy certain timing character 
istics of such devices. In the illustrated embodiment, 
memory storage devices 76 are synchronous DRAM 
devices, e.g., the IBM 0364164 64-MB Synchronous 
DRAM’s available from International Business Machines 
Corporation. The counting parameters and interface logic 
necessary for controlling the data transfer With such devices 
are generally knoWn in the art. 

[0069] Memory controller 78 is illustrated in greater detail 
in FIG. 6, including a series of memory-speci?c state 
machine/support logic blocks 82, 82a that are coupled to the 
memory I/O signals 80 via a multiplexer 84. A memory 
requester interface 86 is con?gured to receive the various 
control signals from one or more memory requesters (not 
shoWn in FIG. 6) in a manner Well knoWn in the art. It 
should be appreciated that When multiple requesters are 
provided, additional interface logic (not shoWn) may be 
required to arbitrate betWeen the multiple requesters. Block 
86 is interfaced With an address generation/data checking 
block 88, Which is in turn coupled to blocks 82, 82a. 

[0070] Blocks 86 and 88 perform With recogniZed inter 
face, data checking and address generation operations that 
are typically generic to various types of memory storage 
devices. HoWever, in that the timing characteristics and 
protocols necessary for interfacing With different types of 
memory storage devices may differ, it may be desirable in 
certain memory controller designs to implement multiple 
memory-speci?c state machine/support logic blocks, e.g., as 
represented in FIG. 6. For example, it may be desirable to 
con?gure block 82 to control Synchronous DRAM devices, 
and block 82a to control SRAM devices. Other combina 
tions of device types may be supported in the alternative. 

[0071] Memory controller 78 also includes a bank of 
controller registers 90, including a memory type register 92 
and a memory parameters register 94. Additional registers, 
e.g., status and error registers, interrupt registers, other 
control registers, and the like, may also be supported as 
needed. 

[0072] Memory type register 92 is utiliZed to activate one 
of the available state machines in the memory controller 
(e.g., as represented by blocks 82, 82a), to permit the 
memory controller to operate With different types of memory 
storage devices. In particular, based upon the value stored in 
memory type register 92, an enable signal is supplied to one 
of blocks 82, 82a to enable the operation of the state 
machine. Furthermore, the enable signal is transmitted to 
multiplexer 84 as a selector signal to couple memory I/O 
signals 80 With one of blocks 82, 82a. It should be appre 
ciated that, in the alternative, more than tWo memory device 
types may be supported, or only one such device type may 
be supported, Whereby register 92, multiplexer 84, and 
additional block 82a Would not be required. 
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[0073] To adequately tune the performance of memory 
controller 78 to operate With various memory storage 
devices having different parameters, memory parameters 
register 94 is initialiZed With one or more delay counts 
corresponding to various timing parameters for Which it is 
desirable for the controller to meet. Such delay counts are 
provided to each of blocks 82, 82a to con?gure the state 
machines to operate in accordance With the timing param 
eters represented by the delay counts in the register. 

[0074] As best shoWn in FIG. 7, for example, block 82 
includes a Synchronous DRAM-speci?c state machine 96 
Which passes I/O signals betWeen Synchronous DRAM 
memory storage devices and address generation/data check 
ing block 88 of FIG. 6. 

[0075] A tuning circuit 97 tunes the performance of state 
machine 96 to better operate With different Synchronous 
DRAM memory storage devices by tailoring the delays 
betWeen certain memory control operations to meet several 
different timing characteristics relevant to Synchronous 
DRAM devices. 

[0076] A ?rst such timing characteristic is the precharge 
time (tRP), Which represents the minimum time required to 
precharge a bank on a particular Synchronous DRAM 
device prior to initiating a neW command on the device. In 
this instance, the ?rst memory control operation is the 
initiation of a precharge operation, and the second memory 
control operation is the issuance of a neW command. The 
delay betWeen such operations is controlled by a precharge 
counter 98a, Which is programmed via a delay count sup 
plied via a precharge time line 100a from memory param 
eters register 94. Counter 98a is started in response to a 
delay signal issued by state machine 96 over a precharge 
started line 102a. In turn, the counter returns an enable 
signal to state machine 96 over a precharge completed line 
104a, after cycling the number of cycles speci?ed by the 
delay count provided over line 100a. 

[0077] A second timing characteristic is the active com 
mand period (tRAS), Which represents the minimum time 
required to process a command on a particular Synchronous 
DRAM device prior to initiating a precharge in anticipation 
of a next command on the device. In this instance, the ?rst 
memory control operation is the start of a command cycle on 
a particular memory bank, and the second memory control 
operation is the initiation of a precharge operation on the 
bank. The delay betWeen such operations is controlled by an 
active command counter 98b, Which is programmed via a 
delay count supplied via an active command period line 
100b from memory parameters register 94. Counter 98b is 
started in response to a delay signal issued by state machine 
96 over a neW command cycle started line 102b. The counter 
returns an enable signal to state machine 96 over a command 
cycle may be ended line 104b, after cycling the number of 
cycles speci?ed by the delay count provided over line 100b. 

[0078] A third timing characteristic is the data input to 
precharge (tDPL), Which represents the minimum delay that 
must occur after data is Written to the device before a 
precharge operation may be initiated in anticipation of a next 
command on the device. In this instance, the ?rst memory 
control operation is the completion of data being Written to 
a particular bank on the device, and the second memory 
control operation is the initiation of a precharge operation on 
the bank. The delay betWeen such operations is controlled by 
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a data input to precharge counter 98c, Which is programmed 
via a delay count supplied via a data input to precharge line 
100c from memory parameters register 94. Counter 98c is 
started in response to a delay signal issued by state machine 
96 over a data being Written line 102c. The counter returns 
an enable signal to state machine 96 over a precharge 
command may be sent line 104c, after cycling the number of 
cycles speci?ed by the delay count provided over line 100c. 

[0079] A fourth timing characteristic is the bank cycle 
time (tRc), Which represents the minimum delay that must 
occur betWeen activating successive commands on a par 
ticular bank of the device. In this instance, the ?rst memory 
control operation is the activation of a ?rst command on a 
particular bank on the device, and the second memory 
control operation is the activation of a second command on 
the same bank of the device. The delay betWeen such 
operations is controlled by a bank access counter 98d, Which 
is programmed via a delay count supplied via a bank cycle 
time line 100d from memory parameters register 94. 
Counter 98d is started in response to a delay signal issued by 
state machine 96 over a bank X access started line 102d. The 
counter returns an enable signal to state machine 96 over a 
bank X access started line 104d, after cycling the number of 
cycles speci?ed by the delay count provided over line 100d. 

[0080] It should be appreciated that other timing charac 
teristics may also be controlled via additional counters in the 
manner discussed herein, Which Will typically be dictated by 
the particular design of the various memory storage devices 
for Which it is desirable to interface With the memory 
controller. For example, FIG. 7 illustrates the counters 
suitable for tuning the performance of a single bank of a 
memory storage device. HoWever, many if not all Synchro 
nous DRAM devices are implemented as multi-bank 
devices, permitting accesses to different banks to be inter 
leaved to improve the overall performance of such devices. 
As such, additional counters suitable to tune the perfor 
mance of the memory controller for such other banks may be 
utiliZed, but are not shoWn. Speci?cally, it should be appre 
ciated that each bank typically Would require separate tRC 
counters. Application of the principles of the invention to 
tune the performance of such additional banks is Within the 
abilities of one of ordinary skill in the art having the bene?t 
of the disclosure presented herein. 

[0081] In each instance, the delay count for a particular 
timing characteristic Would be selected as the minimum 
number of clock cycles for the memory controller that 
equals or exceeds the timing parameter for the particular 
memory storage device for Which the memory controller is 
tuned. Thus, for example, if one particular memory storage 
device had a timing parameter of 68 ns, While another 
particular memory storage device had a timing parameter of 
37.5 ns, With a memory controller running With a 7.5 ns 
clock cycle, an optimum delay count for the former device 
Would be 10, While the optimum delay count for the latter 
device Would be 5. 

[0082] Each of counters 98a-d may be implemented using 
either a decrement-type counter or an increment-type 
counter, as discussed previously. FIG. 8 illustrates, for 
example, one suitable implementation of a decrement-type 
counter 110. Counter 110 includes 1 . . . n 1-bit latches 112, 

Where n is the number of bits necessary to store the maxi 
mum delay count of that particular counter. For example, a 
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4-bit counter Would be suf?cient to provide up to a 16-cycle 
delay, Which is suitable for handling a signi?cant majority of 
timing parameters for most memory storage devices. 

[0083] The active-high (Q) output of each latch 112 is 
provided to a decrementer block 114, Which outputs in 
response thereto an n-bit Wide signal representing one less 
than the count stored in latches 112. This decremented signal 
is supplied to a ?rst data input (D1) of a multiplexer 118. 
Multiplexer 118 has an n-bit output, With each bit thereof 
supplied to the data (D) input of one of latches 112. 

[0084] A second input (D2) to multiplexer 118 is coupled 
to receive an n-bit parameter value, or delay count, from the 
appropriate bits of the memory parameters register. In addi 
tion, the active-high (Q) output of each latch 112 is also 
provided at a third data input (D3) for multiplexer 118. 

[0085] The active-loW outputs of latches 112 are 
logically AND’ed together via an n-bit AND gate 116, Which 
outputs the enable signal (designated here as “parameter 
met”) When the active-high (Q) outputs of all of latches 112 
are Zero (indicating a Zero count for the counter). 

[0086] Multiplexer 118 is gated by tWo gate signals G1 
and G2. First gate signal G1 receives the delay signal from 
the state machine (designated here as “parameter start”). The 
second gate signal G2 receives the enable signal output by 
AND gate 116. Which of the three data inputs D1-D3 is 
coupled to the output of multiplexer 118 is determined by the 
states of signals G1 and G2 as de?ned beloW in Table I: 

TABLE I 

Multiplexer Output Table 

G1 G2 OUT 

1 X D2 
0 0 D1 
0 1 D3 

[0087] Based upon the above-described con?guration, it 
may be seen that, in response to assertion of gate signal G1, 
the delay count supplied at input D2 is output by multiplexer 
118 to the various latches 112, in turn resulting in the 
active-high (Q) output thereof being supplied to decrementer 
114. During the next clock cycle, When the delay signal has 
been deasserted, the output of decrementer 114 is passed to 
the output of multiplexer 118 to decrement the count stored 
in latches 112 for each clock cycle thereafter until such time 
as latches 112 store a count of Zero. At this time, the enable 
signal is asserted by AND gate 116, thereby asserting the 
second gate signal G2, Which has the effect of stalling the 
counter With a value of Zero until such time as the counter 
is restarted via assertion of the delay signal. 

[0088] A suitable implementation of an increment-type 
counter is illustrated at 120 in FIG. 9. In this implementa 
tion, the active-high (Q) outputs of 1 . . . n latches 122 are 
supplied to an incrementer 124, a comparator 126, and a 
third data input D3 of a multiplexer 128. The output of 
incrementer 124 is one plus the current count stored in 
latches 122, Which is supplied to the ?rst data input D1 of 
multiplexer 128. The second data input D2 of multiplexer 
128 is grounded to provided an initial count of Zero for the 
counter. 
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[0089] The output of multiplexer 128 is coupled to the 
data (D) inputs of latches 122. The ?rst gate input G1 of 
multiplexer 128 is coupled to the delay signal output by the 
state machine (designated here as “parameter start”). The 
second gate input G2 is coupled to receive the output of 
comparator block 126. The same multiplexer output logic as 
described above With reference to Table I is also used in this 
implementation. 
[0090] In operation, upon assertion of the delay signal 
from the state machine, the initial Zero count applied to data 
input D2 is output to latches 122 to initialiZe the counter at 
Zero. Then, upon deassertion of the delay signal, the incre 
mented counter value output from incrementer 124 is passed 
by multiplexer 128 to latches 122. For each such clock cycle 
thereafter, the current count stored in latches 122 is com 
pared to the parameter value output by the memory param 
eters register in comparator block 126. The counter is thus 
incremented each clock cycle until the current count equals 
the desired delay count. At such time, the enable signal is 
asserted by comparator block 126, and the counter is stalled 
by assertion of the second gate input G2 of multiplexer 128. 

[0091] It should be appreciated that alternate counter 
implementations may be utiliZed to delay assertion of the 
enable signal the desired number of clock cycles after 
assertion of the delay signal. Thus, the invention should not 
be limited to the particular implementations discussed 
herein. 

[0092] FIGS. 10 and 11 respectively illustrate suitable 
timing diagrams for READ and WRITE accesses to hypo 
thetical ?rst and second Synchronous DRAM memory stor 
age devices, respectively. For the READ access, the ?rst 
Synchronous DRAM is illustrated in FIG. 10 as having a 
burst length timing parameter of 4, a column address strobe 
(CAS) latency of 3-cycles, and a RAS to CAS delay time 
(tRcD) of 3-cycles. Various control signals relevant to han 
dling a READ access With the ?rst memory storage device 
are illustrated in FIG. 10, including a clock signal (CLK) a 
clock enable signal (CKE), an active-loW chip select signal 
(CS), an active-loW roW address strobe signal (RAS), an 
active-loW column address strobe signal (CAS), an active 
loW Write enable signal (WE), a 12-bit address signal 
A0-A11 (With address line A10 illustrated separately), and a 
data output line (DQ). Represented cycles of the clock signal 
are labeled as T0-T13. 

[0093] As shoWn in FIG. 10, a read access begins in cycle 
T1 after assertion of the clock enable signal in cycle T0. At 
this time, the CS and RAS lines are asserted and the CAS 
and WE lines are deasserted. Moreover, the roW address 
(RAx) is supplied on the address lines. With a CAS latency 
of three cycles, therefore, in clock cycle T4, the column 
address is supplied to the device, the CS and CAS signals are 
asserted, the RAS and WE signals are deasserted, and the 
column address is supplied on address lines A0-9 and A11. 
In this particular implementation, address line A10 is 
asserted to indicate an auto-precharge command. With the 
CAS latency of three cycles, the requested data is supplied 
over data lines DQ starting at cycle T7. Further, With a burst 
length of 4, therefore, the data stored at four successive 
addresses (designated Ax0, Ax1, Ax2 and Ax3) is supplied 
in the four subsequent cycles. 

[0094] For the particular memory storage device repre 
sented in FIG. 10, the precharge time (tRP) is about 20.4 ns. 
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The optimum controller delay to meet this parameter is 
represented in FIG. 10 as the time period betWeen the 
auto-precharge at clock cycle T8 and the next activate 
command begun at clock cycle T11. 

[0095] The active command period (tRAS) for the memory 
storage device represented by FIG. 10 is about 47.6 ns. The 
optimum controller delay to meet this parameter is repre 
sented in FIG. 10 as the time period betWeen the activate 
command begun at clock cycle T1 and the beginning of the 
precharge occurring at cycle T8. In addition, the bank cycle 
time (tRc)for the memory storage device is about 68 ns, With 
the optimum controller delay therefor represented as the 
time period betWeen the tWo successive activate commands 
at clock cycles T1 and T11, respectively. Also, for this 
device, a data input to precharge time parameter (tDPL) is 
about 8 ns, but is not shoWn in FIG. 10 as it is relevant only 
for a Write access. 

[0096] It is assumed for the purpose of this example that 
a memory controller consistent With the invention is con 
?gured to vary the four parameters discussed above With 
respect to FIG. 7, namely tRP, tRAS, tRC and tDPL, as Well as 
tWo additional parameters, the CAS latency and tRcD. 
Assuming a memory controller clock cycle time of about 7.5 
ns, therefore, the memory controller Would optimally be 
con?gured With the delay counts speci?ed in Table II beloW: 

TABLE II 

FIG. 10 Delay Counts 

Characteristic Parameter Delay Count 

tRP 20.4 ns 3 
tRAS 47.6 ns 7 
tRC 68 ns 10 
tPL 8 ns 2 

% Latency 3 cycles 3 
tRCD 3 cycles 3 

[0097] To simplify the illustration, only the signal opera 
tions occurring With respect to a single bank of the memory 
storage device are illustrated in FIG. 10. It should be 
appreciated that another bank of the device may be accessed 
during the time period betWeen the tWo activate commands. 
For example, to access another bank, the roW and column 
addresses for the alternate bank could be supplied at clock 
cycles T6 and T9 to kick off an access request While data is 
being output to the ?rst bank. 

[0098] FIG. 11 illustrates the timing of the control signals 
for another memory storage device suitable for use With the 
same memory controller, this time during a Write access. 
With this memory storage device, the CAS latency and tRCD 
are each tWo cycles. Moreover, the precharge time of this 
device is about 15 ns, and the active command period tRAS 
is about 40 ns. Moreover, the bank cycle time is reduced to 
about 55 ns. Additionally shoWn in this ?gure is a repre 
sentation of the data input to precharge tDPL, Which for this 
device is about 6 ns. Thus, the delay betWeen the ?nal data 
being Written during the Write operation initiated at clock 
cycle T1, to the initiation of the precharge of the next active 
command, is represented as occurring betWeen the start of 
clock cycle T6 and the start of the precharge performed in 
clock cycle T7. 

[0099] To optimiZe the same exemplary memory control 
ler described above With reference to FIG. 10, therefore, the 


















