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(57) ABSTRACT 

A memory system con?gured to provide thermal regulation 
of a plurality of memory devices is disclosed. The memory 
system comprises a memory module having a plurality of 
memory devices coupled to a bus. Additionally, the memory 
system also comprises a controller coupled to the bus. The 
controller determines an operating temperature (actual or 
estimated) of the memory device. Based on the determined 
operating temperature of the memory device, the controller 
is further operable to manipulate the operation of the 
memory system. 
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APPARATUS AND METHOD FOR THERMAL 
REGULATION IN MEMORY SUBSYSTEMS 

CROSS REFERENCE TO RELATED 

APPLICATION(S) 
[0001] This application is a continuation-in-part of US. 
application Ser. No. 09/118,696 ?led Jul. 16, 1998. 

FIELD OF THE INVENTION 

[0002] The present invention relates to thermal regulation 
of memory devices in a memory system. More particularly, 
the present invention relates to an apparatus and method 
used to control operation of a memory system to regulate the 
operating temperature of memory devices in the memory 
system. 

BACKGROUND OF THE INVENTION 

[0003] Improvements in microprocessor designs have led 
to microprocessors With a high operating frequency. Current 
microprocessor designs have operating frequencies of 400 
megahertZ (“MHZ”) and higher. The increase in operating 
frequency, hoWever, has not led to fully acceptable perfor 
mance gains. One of the main factors adversely affecting 
performance gains is created When the microprocessor idles 
during delays in external memory access. The delays in 
external memory access are caused by the conventional 
design characteristics of static random access memory 
(“SRAM”) cells, read only memory (“ROM”) cells, and 
dynamic random access memory (“DRAM”) cells. 

[0004] To counteract the performance losses associated 
With external memory access, Rambus Inc., of Mountain 
VieW, Calif., developed a high speed memory system. FIG. 
1 illustrates the Rambus high speed memory system. In 
particular, system 100 shoWs a master device, memory 
controller (“MC”) 10, coupled to memory devices DRAM 
20, SRAM 30, and ROM 40. Each device is coupled in 
parallel to signal lines DATA BUS, ADDR BUS, CLOCK, 
VREF, GND, and VDD. DATA BUS and ADDR BUS shoW 
the data and address lines used by MC 10 to access data from 
the memory devices. CLOCK, VREF, GND, and VDD are 
the clock, voltage reference, ground, and poWer signals 
shared betWeen the multiple devices. Data is transferred by 
memory device bus drivers (not shoWn) driving signals onto 
the bus. The signals are transmitted over the bus to a 
destination device, such as MC 10 or a central processing 
unit (“CPU”) (not shoWn). Accordingly, MC 10 coordinates 
the data transfer betWeen the memory devices of system 100 
and a destination device. 

[0005] To increase the memory access speed, system 100 
supports large data block transfers betWeen the input/output 
(“I/O”) pins of the destination device and the memory 
devices of system 100. System 100 may also include design 
requirements that constrain the length of the transmission 
bus, the pitch betWeen the bus lines, and the capacitive 
loading on the bus lines. Using these design requirements 
system 100 operates at a higher frequency than conventional 
memory systems. Accordingly, by increasing operating fre 
quency the performance of system 100 increases, thus 
reducing the idle time of the destination device coupled to 
system 100. 

[0006] Although a high operating frequency increases data 
throughput, operating system 100 at a high frequency typi 
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cally results in higher poWer dissipation and correspond 
ingly higher system temperatures. This result is not unex 
pected When the basic concept of thermal capacities is 
considered. The heat curve shoWn in FIG. 2 illustrates this 
concept. 

[0007] Beginning at some ambient temperature (T, ambi 
ent), the temperature of an electrical device Will rise over 
time to a maximum, steady state temperature (T, steady 
state) as constant poWer is applied. The rate at Which the 
temperature rises is determined by the thermal capacity of 
the device. The steady state temperature is de?ned by many 
factors including the geometry, siZe, composition, and sur 
rounding environment (such as air ?oW) of the device. 

[0008] In the particular case of memory devices in a 
memory system, poWer is not constant. Rather, the memory 
device is sWitched ON and OFF With individual data 
requests. Thus, the heating curve for a memory device Will 
?uctuate considerably depending on it use in addition to its 
thermal capacity. 

[0009] Excessive heating of a memory device may cause 
problems Well beloW the steady state temperature. In fact, 
memory devices are designed to operate at temperatures 
beloW a given junction temperature (“Timex”) 

[0010] Additionally, provided the memory device includes 
a dynamic cell design, its speci?cation Will also include a 
de?ned periodic refresh rate. The refresh rate ensures that 
the storage cells of the dynamic device are periodically 
recharged. Increasing the operating frequency of a memory 
system, hoWever, results in the memory devices of the 
memory system generating high poWer levels. The high 
poWer levels translate into an increase in the operating 
temperature of the memory devices. If the operating tem 
perature of a memory device surpasses Timax the memory 
device may fail, thus resulting in the failure of the memory 
system. 

[0011] To ensure loWer operating temperatures, prior art 
memory systems implement conventional thermal manage 
ment techniques. In particular, to reduce the operating 
temperature of a memory device, prior art memory systems 
typically use speci?c packaging designs and specify the 
location of memory devices in memory systems. Conven 
tional thermal management techniques, hoWever, create 
numerous disadvantages. 

[0012] In fact, many of the conventional thermal manage 
ment techniques are not readily applicable to evolving high 
frequency memory systems. Conventional thermal manage 
ment using packaging designs for the memory devices is a 
good example. In particular, conventional packaging designs 
are not alWays effective for dissipating heat generated by 
memory devices operating at frequencies in excess of 100 
MhZ. Accordingly, the application of traditional packaging 
designs to reduce thermal dissipation prove ineffective in the 
thermal regulation of system 100. 

[0013] Conventional thermal management techniques 
based on the design layout of memory systems is another 
good example. In particular, such conventional thermal 
management techniques require large spacings betWeen 
components to reduce heat transfer. In system 100, hoWever, 
the devices are located in relatively close proximity to one 
another in order to increase data throughput. Accordingly, 
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the application of conventional placement techniques to 
reduce thermal dissipation prove ineffective in the thermal 
regulation of system 100. 

SUMMARY OF THE INVENTION 

[0014] In vieW of the foregoing, a brief summary of some 
exemplary embodiments Will noW be presented. Some sim 
pli?cations and omissions may be made in this summary, 
Which is intended to highlight and introduce some aspects of 
the present invention, but not to limit its scope in any Way. 
Detailed descriptions of the preferred embodiments 
adequate to alloW those of ordinary skill in the art to make 
and use the inventive concepts are provided hereafter. 

[0015] The present invention provides a system and 
method for thermal regulation of a memory system. Memory 
systems operating at high frequencies are particularly Well 
adapted to the present invention. That is, despite the fact that 
high frequency operation results in greater poWer dissipation 
and increased heat, the present invention yet alloWs the 
memory devices in the system to operate beloW a speci?ed 
junction temperature, or in the alternative to reliably operate 
at temperatures above the speci?ed junction temperature 
With appropriate modi?cation of the system’s performance 
parameters. 

[0016] In one embodiment of the present invention, the 
operating temperature of the memory device(s) is estimated. 
In another embodiment, the actual operating temperature of 
the memory devices(s) is measured. In either embodiment, 
operating temperature may be derived on a memory device 
by memory device basis, or on a memory module basis. 

[0017] For eXample, one aspect the present invention 
provides a memory system comprising a memory controller 
coupled to a bus, and at least one memory device coupled to 
the bus. Typically there are a plurality N of memory devices 
coupled to the bus. The memory controller comprises a 
tracking circuit operable to track a number of memory 
device operations involving M of the N memory devices 
during a period of time, Where M is less than or equal to N. 
The memory controller also comprises a control circuit 
operable to manipulate operation of the memory system in 
response to a comparison of the number of memory opera 
tions and a reference. 

[0018] The tracking circuit preferably comprises at least 
one counter, and more preferably a ?rst counter incremented 
by each read operation during the period of time, and a 
second counter incremented by each Write operation during 
the period of time. The at least one counter may comprise a 
First-In-First-Out (FIFO) buffer. 

[0019] The comparison reference comprises poWer value 
data relating a number of memory device operations With an 
estimated operating temperature for the at least one memory 
device. PoWer value data may be stored in the memory 
controller, in one or more register associated With the at least 
one memory device, or in a data storage element associated 
With a memory module. The comparison might, hoWever, be 
made directly to a counter value in the tracking circuit Which 
maps to a true, knoWn poWer value. 

[0020] In another aspect, the present invention provides a 
memory system comprising a memory controller coupled to 
a bus, a memory device coupled to the bus and having a 
maXimum operating temperature, a temperature sensor mea 
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suring an operating temperature associated With the memory 
device(s). The temperature sensor may be associated With 
the memory device(s) proper, a thermocouple attached to the 
memory device(s), or the heat spreader itself. 

[0021] HoWever the operating temperature of the memory 
device is derived, actually measured or estimated, it is used 
as a reference in relation to one or more threshold values (for 
eXample, the junction temperature noted above) to regulate 
operation of the memory system in order to regulate the 
temperature of the memory devices. Thermal regulation may 
be accomplished in a number of Ways. 

[0022] In one aspect, the memory controller further com 
prises a delay circuit operable to select delays betWeen 
successive operations, for eXample a ?rst delay betWeen 
successive read operations and a second delay betWeen 
successive Write operations on the basis of a control circuit 
comparison indicating that the number of memory opera 
tions eXceeds the reference. 

[0023] In another aspect, the memory device(s) in the 
memory system are operable in ?rst and second modes of 
operation, Wherein the memory device consumes less poWer 
in the second mode of operation as compared With the ?rst 
mode of operation, and the memory controller is operable to 
select betWeen the ?rst and second modes of operation for 
the memory device on the basis of the control circuit 
comparison. 
[0024] In yet another aspect, a method of regulating the 
operating temperature of a memory device in a memory 
system is used in Which a number of operations involving 
the memory device during a time period are determined, the 
number of operations is compared to reference data corre 
sponding to an estimated operating temperature for the 
memory device, and the operation of the memory system is 
potentially manipulated on the basis of the comparison 
betWeen the number of operations and the reference data. 

[0025] For another embodiment, the memory system 
includes multiple memory devices functionally grouped on 
a memory module. Thermal loading is often a system 
characteristic more aptly attributable to a memory module, 
rather than individual memory devices since the memory 
module can contain a heat spreader across the span of 
grouped memory devices. Where the operating temperature 
is estimated, the estimation may be made in relation to 
memory system operations occurring in one or more 
memory devices on the memory module. Where the actual 
operating temperature is measured, measurement may take 
place in the memory devices proper, or at one or more 
thermocouples associated With the memory devices and/or 
the memory module heat spreader. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The features and advantages of the present inven 
tion are illustrated by Way of eXample and not limitation in 
the ?gures of the accompanying draWings in Which like 
references indicate like elements, and in Which: 

[0027] FIG. 1 illustrates a prior art memory system; 

[0028] FIG. 2 is a graph illustrating the concept of thermal 
capacity; 
[0029] FIG. 3 is a high level ?oWchart illustrating a 
method of thermal regulation in a memory subsystem 
according to one embodiment of the present invention; 
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[0030] FIG. 4 shows one embodiment of the present 
invention in Which a memory device is coupled to a memory 
controller having a thermal regulation circuit; 

[0031] FIG. 5 illustrates a FIFO buffer having application 
Within the embodiment shoWn in FIG. 4; 

[0032] FIG. 6 shoWs an exemplary circuit used by a 
memory controller of present invention to reduce the timing 
parameters of a memory device; 

[0033] FIG. 7 shoWs another embodiment of the present 
invention in Which a memory device With a temperature 
sensing circuit is coupled to a memory controller; 

[0034] FIG. 8 shoWs an exemplary thermal regulation 
circuit consistent With one aspect of the present invention; 

[0035] FIG. 9 is a high level ?oWchart illustrating a 
method of thermal regulation in a memory subsystem 
according to another embodiment of the present invention; 

[0036] FIG. 10 shoWs yet another embodiment of the 
present invention in Which a memory system incorporates 
thermal regulation circuitry; and, FIG. 11 shoWs a memory 
module adapted to the present invention. 

DETAILED DESCRIPTION 

[0037] A system and method for thermal regulation of a 
memory system is disclosed. Nominally, the memory system 
includes a memory controller and at least one memory 
device. The present invention is particularly Well adapted for 
use in a memory system operating at relatively high fre 
quencies. Despite the fact that high frequency operation 
results in greater poWer dissipation and increased heat, the 
present invention alloWs the memory device(s) in the system 
to operate beloW a speci?c junction temperature (“TjJnaX”). 
For example, a conventional memory device, such as a 
dynamic random access memory (“DRAM”), might have a 
Timax of one hundred degrees Celsius (100° C.). 

[0038] In one embodiment of the present invention, the 
operating temperature of the memory device(s) is estimated. 
In another embodiment, the actual operating temperature of 
the memory devices(s) is measured. In either embodiment, 
operating temperature may be derived on a memory device 
by memory device basis, on a memory module basis, or on 
the entire memory system. HoWever derived, the operating 
temperature (actual or estimated) of the memory device(s) is 
used as a reference in relation to a threshold value to regulate 
operation of the memory system in order to regulate the 
temperature of the memory device(s). 

[0039] Thermal regulation may be accomplished in a 
number of Ways. For example, the present invention may 
ensure that the operating temperature of the memory 
device(s) remains beloW this Timax using one or more of a 
number of techniques. Alternatively, the present invention 
may alloW the memory device to operate at a temperature 
greater than Timex) but increases the refresh rate of dynamic 
memory device(s) in the system to ensure reliable operation 
at these higher temperatures. 

[0040] In one embodiment, the present invention includes 
a circuit, preferably incorporated Within the memory con 
troller, that estimates the operating temperature of the 
memory device(s). To estimate the operating temperature of 
one or more memory devices, the circuit tracks the data 
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transfer operations Within the memory system. In particular, 
the circuit counts and stores the number of read/Write 
operations, as Well as the number of other relevant DRAM 
operations (like refresh operations), involving the memory 
device(s). Based on the number and types of operations in a 
given time period, the circuit estimates the operating tem 
perature of the memory device(s). If the operating tempera 
ture of the memory device(s) exceeds a threshold value, the 
circuit regulates operation of the memory system. 

[0041] In another embodiment, the memory device(s) 
include a temperature sensor coupled to the control circuit in 
the memory controller. The temperature sensor measures an 
operating temperature associated With the memory 
device(s). If the temperature sensor indicates that the 
memory device is operating above a given threshold tem 
perature, the apparatus regulates the operation of the 
memory system. 

[0042] The memory system may include multiple memory 
devices functionally grouped on a module. Thermal loading 
is often a memory system characteristic more aptly attrib 
utable to a memory module, rather than individual memory 
devices since the memory module may contain a heat 
spreader across the span of grouped memory devices. Where 
the operating temperature is estimated, the estimation may 
be made in relation to memory system operations occurring 
in one or more memory devices on the memory module. 

Where the actual operating temperature is measured, mea 
surement may be taken by a special circuit Within the 
memory devices proper, or by one or more thermocouples 
attached to the memory devices or the memory module heat 
spreader. 
[0043] Regulating the operation of the memory system 
results in regulation of the operating temperature of the 
memory devices in the memory system. A number of regu 
lation schemes are possible. For example, the regulation 
scheme may consist of increasing the refresh rate of the 
memory system, dynamically changing the timing param 
eters of the memory system, dynamically placing compo 
nents of the memory system in a loW poWer mode, and/or 
dynamically enabling a cooling system. 

[0044] Effective thermal regulation alloWs enhanced oper 
ating performance in memory systems operating at high 
frequencies. 
[0045] Turning noW to the draWings, FIG. 3 is a high level 
?oWchart illustrating one embodiment of the present inven 
tion for implementing thermal regulation in a memory 
system. In particular, ?oWchart 240 illustrates a method used 
to turn off or turn on an exemplary thermal regulation 
scheme. In step 245, a memory system determines the 
operating temperature of a memory device. Examples of 
actual methods and circuitry adapted to determine the tem 
perature of the memory device are described beloW. 

[0046] Step 246 folloWs the completion of step 245. In 
step 246, the operating temperature of the memory device is 
compared against a predetermined threshold value. If the 
operational temperature exceeds the threshold value, then 
step 247 is begun. In step 247, the memory system initiates 
a thermal regulation scheme. After step 247 is completed, 
the memory system returns to step 245. If the comparison 
done in step 246 ?nds that the operational temperature does 
not exceed the threshold value, hoWever, then step 248 is 
begun. 
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[0047] In step 248, the memory system determines 
Whether a thermal regulation scheme is active. If a thermal 
regulation scheme is not active, then the next step is step 
245. If during step 248 the system determines that a thermal 
regulation scheme is active, then the memory system moves 
to step 249 in Which the memory system turns off the 
regulation scheme because the memory device is operating 
beloW the threshold value. After step 249, the system returns 
to step 245. For one embodiment, a memory system includ 
ing thermal regulation circuitry and one or more memory 
devices folloW the steps in ?oWchart 240 to regulate the 
operating temperature of the memory devices. 

[0048] FIG. 4 shoWs one embodiment of a memory device 
coupled to a memory controller With thermal regulation 
circuitry. In particular, system 200 includes controller 210 
coupled to bus 230 along line 235. Bus 230, in turn, is 
coupled to memory device 220 via line 225. For one 
embodiment, bus 230 transmits address and data betWeen 
controller 210 and memory device 220. Accordingly, using 
bus 230, controller 210 reads/Writes data directly from 
memory device 220. Using bus 230, controller 210 also 
transfers data from memory device 220 to a second device 
(not shoWn) coupled to bus 230. 

[0049] As illustrated in FIG. 4, controller 210 also 
includes circuit 215 and circuit 216. Circuit 215 is used to 
ensure that memory device 220 does not operate at a 
temperature exceeding TjJnaX. For one embodiment, circuit 
216 is used to track the operations of memory device 220 
over a given time period. Data relating the amount of 
energy/heat expended by a typical memory device 220 
during various memory system operations is developed 
empirically. This “poWer value data” is stored Within the 
memory system, and later used as a reference to estimate the 
operating temperature of the memory device in relation to a 
number of memory system operations involving the memory 
device. 

[0050] For example, circuit 215 may use the counted 
operations data stored in circuit 216 in conjunction With the 
empirically derived poWer value data to estimate the opera 
tional temperature of memory device 220 during the given 
time period. If the estimated temperature exceeds the thresh 
old value TjJnaX, a regulation scheme is used to throttle the 
operation of system 200, thus reducing the temperature of 
memory device 220. 

[0051] For one embodiment, circuit 216 is a memory 
block used to store the number and types of operations 
performed by memory device 220. For an alternative 
embodiment, circuit 216 is a ?rst-in ?rst-out (“FIFO”) buffer 
With each stage of the FIFO buffer including multiple 
counters. 

[0052] FIG. 5 illustrates one embodiment of the FIFO 
buffer. In particular, FIFO buffer 260 includes three stages 
(275, 285, and 295) With each stage including a set of 
counters. Stage 275 includes counters 270-272. Stage 285 
includes counters 280-282 and stage 295 includes counters 
290-292. Each set of counters tracks the number of times 
speci?c operations are performed by memory device 220 in 
a given time period “t1.” Thus, each stage in FIFO buffer 
260 denotes the number of times three speci?c operations 
are performed by memory device 220 during a “t1” time 
period. For example, in stage 275, counter 270 might record 
the number of precharge operations, counter 271 might 
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record the number of read operations, and counter 272 might 
record the number of Write operations occurring during 
period t1. The number of stages of the FIFO buffer deter 
mines the extent of time during Which the operations of 
memory device 220 are tracked. 

[0053] For example, for one embodiment, the FIFO has 
?ve stages and t1 equals 1 second. Depending on the 
environment, ?rst order calculations indicate that several 
million operations occurring in a feW seconds can equate to 
memory device 220 having a temperature of 95 degrees. 
Circuit 215 uses the ?ve entries to calculate the activity of 
memory device 220 over this time period. In particular, 
based on the counter values of the FIFO buffer and empiri 
cally determined poWer value data for each type of opera 
tion, circuit 216 calculates the total poWer dissipated by 
memory device 220. The empirical poWer value data is used 
to correlate the total poWer to the temperature of memory 
device 220. 

[0054] The empirically determined poWer value data may 
be stored in the memory controller, for example, as part of 
circuit 215. While storing the poWer value data in the 
memory controller alloWs ready access, such data is memory 
device speci?c. Since the memory controller manufacturer is 
often different from the various memory device manufac 
turers, obtaining and incorporating the poWer value data into 
the memory controller can prove difficult. 

[0055] Alternatively, the poWer value data may be stored 
in one or more registers located directly on each memory 
device. This embodiment alloWs each memory device, class 
of memory devices, or batch of memory devices to accu 
rately indicate its oWn speci?c poWer value data. The 
memory controller may read the one or more memory 
registers upon memory system initialiZation. 

[0056] The poWer value data may be stored in registers 
associated With a memory module in the memory system. 
Those of ordinary skill in the art Will recogniZe that a 
plurality of memory devices are often grouped and packaged 
together in module form. Many conventional memory mod 
ules include a data storage element sometimes referred to as 
a “Serial Presence Detect,” device or SPD device. This 
memory element contains reference data (i.e., number, type, 
etc.) for the memory devices on the memory module. In one 
embodiment of the present invention, the SPD device or 
similar data storage element is used to store the poWer value 
data along With the conventional reference data. 

[0057] Returning to the example illustrated in FIGS. 3, 4 
and 5, if the circuit 216 calculation is beloW a predetermined 
threshold value system 200 operates normally. If the circuit 
216 calculation is above a predetermined threshold value, 
then controller 210 selects a regulation scheme to throttle the 
operation of system 200, thus controlling the operational 
temperature of memory device 220. 

[0058] In one possible alternative embodiment, memory 
system 200 includes multiple memory devices, and multiple 
circuits 215, each one governing an individual memory 
device, are included in controller 210. Multiple circuits 215 
alloW controller 210 to determine the operating temperature 
of each memory device and subsequently regulate the opera 
tion of memory system 200. Within this embodiment, dif 
ferent predetermined values may exist for different memory 
devices, or groups of devices. In effect, the provision of 
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multiple different predetermined reference values estab 
lishes multiple trip points Which allow system 200 to initiate 
one or more different regulation schemes for various trip 
points. Accordingly, system 200 may implement varied or 
graduated mechanisms to reduce the operating temperature 
of one or more memory devices. The graduated control 
approach alloWs system 200 to balance memory device 
temperature control With overall system performance. 

[0059] System 200 may incorporate a variety of regulation 
schemes to ensure that memory device 220 operates beloW 
Tlmax. In one embodiment, to ensure that memory device 
220 operates beloW TjJnaX, system 200 can increase the 
timing parameters of memory device 220—i.e., change the 
time required for memory device 220 to perform speci?c 
operations. In an alternative embodiment, to ensure that 
memory device 220 operates beloW TjJnaX, controller 210 
introduces delays into the instruction sequence of memory 
device 220. In particular, if circuit 216 indicates a count 
value above a given threshold, controller 210 delays the 
execution of instructions directed to memory device 220. In 
yet another embodiment, to ensure that memory device 220 
operates beloW Tjwax, controller 210 can change the opera 
tion mode of memory device 220 or activate a cooling 
system. 

[0060] FIG. 6 shoWs one embodiment of a circuit used by 
controller 210 to reduce the timing parameters of memory 
device 220. In particular, circuit 300 is coupled to circuit 215 
and includes four registers (340-355), tWo select circuits 
(360 and 370), input select 330, output read 310, and output 
Write 320. As illustrated in FIG. 6, registers 340 and 350 are 
coupled to select circuit 360. The output of select circuit 360 
is coupled to read 310. Similarly, registers 345 and 355 are 
coupled to select circuit 370. The output of select circuit 370 
is coupled to Write 320. Both select circuits 360 and 370 are 
coupled to select signal 330. 

[0061] For one embodiment, read 310 is used to determine 
the delays of controller 210 betWeen successive reads from 
memory device 210. Similarly, Write 320 is used to deter 
mine the delays of controller 210 betWeen successive Writes 
to memory device 210. In the present embodiment, during 
initialiZation of system 200, memory device 220 loads 
normal operation read/Write delays into registers 340 and 
345, respectively. Subsequently, to vary system 200 timing 
parameters controller 210 uses delays stored in registers 350 
and 355. In particular, during normal operation controller 
210 moves select signal 330 to a ?rst position. If select 330 
is in a ?rst position, register 340 is coupled to read 310 and 
register 345 is coupled to Write 320. As previously 
described, registers 340 and 345 increase delays used during 
normal operation. Accordingly, during normal operation 
outputs read 310 and Write 310 generate the data stored in 
register 340 and 345. For example, from the initialiZation 
process register 340 holds the value four and register 345 
holds the value six. Thus, during normal operation controller 
210 Waits four cycles betWeen successive reads of memory 
device 220. Additionally, during normal operation controller 
210 Waits six cycles betWeen successive Writes to memory 
device 220. 

[0062] If circuit 216 exceeds a threshold value, hoWever, 
controller 210 moves select 330 to a second position. When 
select 330 is in a second position, register 350 is coupled to 
read 310 and register 355 is coupled to Write 320. Registers 
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340 and 345 include delays used during thermal regulation. 
In contrast to the values stored in registers 340 and 345, 
registers 350 and 355 hold higher values. For one embodi 
ment, the values stored in registers 350 and 355 are derived 
from empirical data. For example, based on empirical data 
register 340 stores the value tWelve and register 345 stores 
the value eighteen. Accordingly, during thermal regulation 
controller 210 Waits tWelve cycles betWeen successive reads 
of memory device 220. Additionally, during thermal regu 
lation controller 210 Waits eighteen cycles betWeen succes 
sive Writes to memory device 220. Regulating the timing 
parameter of system 200 alloWs controller 210 to control the 
operational temperature of memory device 210, thus ensur 
ing that memory device 210 does not exceed TjJnaX. 

[0063] To ensure that memory device 220 operates beloW 
Tj)rnaX system 200 can also change the operation mode of 
memory device 220. For example, for one embodiment, 
memory device 220 has tWo operational modes. The opera 
tional modes include normal operation and loW poWer 
modes. One loW poWer mode, called a droWsy mode, 
reduces poWer dissipation by reducing performance, While 
another loW poWer mode, called nap, reduces poWer dissi 
pation by preventing memory access. During loW poWer 
mode, system 200 consumes less poWer. In particular, during 
loW poWer mode memory device 220 turns off non-essential 
circuitry. The reduction in the poWer consumption of 
memory device 220 translates to a reduction in the operating 
temperature of memory device 220. For one embodiment, if 
circuit 216 indicates a value above a given threshold, then 
controller 210 places memory device 220 in a loW poWer 
mode. 

[0064] As previously described, placing memory device 
220 in a loW poWer mode reduces the thermal dissipation of 
memory device. The loW poWer modes, hoWever, reduce the 
performance of system 200. In particular, during the loW 
poWer modes memory device 220 disables unnecessary 
circuitry. For one embodiment, controller 210 places 
memory device 220 in a loW poWer mode for a predeter 
mined time. 

[0065] The aforementioned regulation schemes helps to 
ensure that the temperature of memory device 220 does not 
exceed TjJnaX. For one embodiment, memory device 210 
comprises a dynamic memory device. A regulation scheme 
that alloWs memory device 220 to operate above Tj)rnaX is 
possible. In particular, if circuit 216 indicates a count value 
above a given threshold, then the regulation scheme requires 
that controller 210 increases the refresh rate of memory 
device 220. The increased refresh rate alloWs memory 
device 220 to store information that Would typically be lost 
at temperatures above TjJnaX, thereby effectively increasing 
Timex The increased refresh rate can also reduce tempera 
ture by decreasing the time a device is available to perform 
neW operations. 

[0066] FIG. 7 shoWs one embodiment of a memory device 
With a temperature sensing circuit coupled to a memory 
controller. In particular, system 400 includes controller 410 
coupled to bus 440 along line 435. Bus 440, in turn, is 
coupled to memory device 420 via line 425. For one 
embodiment, bus 440 transmits address and data betWeen 
controller 410 and memory device 420. Accordingly, using 
bus 440, controller 410 reads/Writes data directly from 
memory device 420. 
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[0067] As illustrated in FIG. 7, controller 410 includes 
register 415 and memory device 420 includes circuit 430. 
Circuit 430 is a temperature sensing circuit that is coupled 
to register 415 via line 450. Controller 410 uses circuit 430 
to determine the operating temperature of memory device 
420. In particular, if memory device 420 is operating above 
a threshold temperature, then circuit 430 generates a digital 
signal along line 450. For one embodiment, circuit 430 
generates a logic “1” to indicate that memory device 420 is 
operating above a threshold temperature. The logic “1” 
signal sets a temperature ?ag in register 415. Based on the 
set temperature ?ag, controller 410 initiates a regulation 
scheme to throttle the operation of system 400, thus reducing 
the temperature of memory device 420. 

[0068] Controller 410 periodically samples register 415 to 
determine Whether the temperature ?ag is set. For one 
embodiment, the sampling period is derived from empirical 
data. In particular, the time period betWeen memory device 
420 reaching a threshold temperature and memory device 
420 reaching Tj)rnaX is empirically ascertained. The sampling 
period is set to a value that is less than the sum of the 
empirically derived time and the time required to initiate 
regulation. Setting the sampling period to such a value 
ensures that controller 410 initiates a regulation scheme 
prior to memory device 420 surpassing Tlmax. For another 
embodiment, memory device 420 loads the sampling period 
of the memory device into controller 410 during the initial 
iZation of system 400. 

[0069] For illustrative purposes, the previous description 
describes a digital signal generated by circuit 430 along line 
450. For one embodiment, hoWever, circuit 430 is a tem 
perature sensitive diode that generates an analog signal. For 
an alternative embodiment, the output of circuit 430 is 
transmitted along bus 440. 

[0070] FIG. 8 shoWs one embodiment of a thermal regu 
lation circuit included in circuit 215. In particular, circuit 
590 includes input 511, output 512, register set 541, and 
sequencer 581. Circuit 590 also includes, FIFO 531 register 
set 521, comparator 551, and arithmetic logic unit (“ALU”) 
561. As illustrated in FIG. 8, sequencer 581 is coupled to 
input 511 and output 512. For one embodiment, during 
normal operation, instructions from controller 210 to 
memory device 220 are transmitted along input 511 through 
sequencer 581 and onto output 512. During thermal regu 
lation, hoWever, sequencer 581 modi?es the instruction 
sequence transmitted to memory device 220. For example, 
for one embodiment, sequencer 581 can introduce delay 
during thermal regulation. 

[0071] As further illustrated in FIG. 8, register set 521 and 
FIFO 531 are coupled to the inputs of ALU 561. The output 
of ALU 561 is coupled to the ?rst input of comparator 551. 
The second input of comparator 551 is coupled to register set 
541. The output of comparator 551 is coupled to sequencer 
581. 

[0072] For one embodiment, circuit 590 uses FIFO 531, 
register set 521, register set 541, comparator 551, and ALU 
561 to determine Whether the thermal regulation of memory 
device 220 is necessary. In particular, register set 521 
includes poWer value data for memory device 220. As 
previously described, FIFO 531 includes counter informa 
tion for the operations performed by memory device 220. 
Using the counter information of FIFO 531 and the poWer 
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value data of register set 521, ALU 561 performs arithmetic 
calculations to estimate the operating temperature of 
memory device 220. After ALU 561 performs the tempera 
ture estimation, comparator 551 compares the estimated 
temperature versus the contents of register set 541. For one 
embodiment, register set 541 includes empirically derived 
threshold temperatures. 

[0073] As explained above, the poWer value data stored in 
register set 521 may initially be stored in the memory 
controller, in one or more registers associated With the 
memory device(s), or in a memory module element, such as 
an SPD device. 

[0074] If the comparison betWeen the estimated tempera 
ture and the threshold temperatures shoWs that thermal 
regulation is necessary, sequencer 581 initiates a regulation 
scheme. For example, in one embodiment, the regulation 
scheme consists of increasing the refresh rate of memory 
device 220. In an alternative embodiment, regulating the 
operation of the memory system consists of dynamically 
changing the timing parameters of memory system 200. For 
another embodiment, regulating the operation of the 
memory system consists of dynamically placing memory 
device 220 in a loW poWer mode. For yet another embodi 
ment, regulating the operation of the memory system con 
sists of dynamically enabling a cooling system. For another 
embodiment, regulating the operation of the memory system 
consist of introducing delays betWeen operations. 

[0075] FIG. 9 shoWs one embodiment of a ?oWchart used 
by a thermal regulation circuit to implement a thermal 
regulation scheme. In particular, ?oWchart 500 shoWs the 
steps folloWed by circuit 590 during the thermal regulation 
of memory device 220. Using steps 510 through 580, circuit 
590 ensures that memory device 220 does not exceed Tlmax. 
Step 510 is the initial step in ?oWchart 500. 

[0076] For one embodiment, step 510 occurs after the 
poWer up of system 200. In step 510, circuit 590 initialiZes 
the thermal regulation scheme. In particular, in step 510, 
circuit 590 resets the counters of FIFO 531. Further, in step 
510, circuit 590 reads the timing parameters and threshold 
values of memory device 220 into register set 521 and 
register set 521. After the initialiZation of the regulation 
scheme, step 520 is begun. 

[0077] In step 520, circuit 590 Waits a “t2” time period to 
read the counter values in FIFO 531. For one embodiment, 
“t2” equals the predetermined time period necessary to 
acquire data for one stage of FIFO buffer 260 included in 
circuit 216. For an alternative embodiment, “t2” is read by 
memory controller 510 during the initialiZation stage 
described in step 510. After circuit 590 Waits “t2” seconds 
step 530 is begun. 

[0078] In step 530, circuit 590 reads the counter informa 
tion in FIFO 531. Subsequently, in step 540, the operating 
temperature of memory device 220 is calculated via ALU 
561. As previously described, for one embodiment, the FIFO 
counter information is used to compute an estimate of the 
operating temperature of memory device 220. For an alter 
native embodiment, a memory device With a temperature 
sensing circuit is used in system 200 for example, memory 
device 420 and circuit 430 of system 400. In particular, if 
memory device 420 is operating above a threshold tempera 
ture, then the output of circuit 430 activates a temperature 
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?ag in sequencer 581. In step 540, the temperature ?ag is 
evaluated to determine the operating temperature of the 
memory device 220. After calculating/evaluating the oper 
ating temperature of the memory device 220, step 550 is 
begun. 
[0079] In step 550, the ALU 561 estimated temperature of 
memory device 220 is compared against a threshold value. 
For one embodiment, provided the calculated temperature of 
memory device 220 exceeds the threshold value, ?oWchart 
500 transitions to step 580. In step 580, a thermal regulation 
scheme is initiated. As previously described, the thermal 
regulation scheme reduces the operating temperature of 
memory device 220, or increases the refresh rate so that the 
memory device can operate at a temperature above Tj max. 
For an alternative embodiment, the calculated temperature 
of memory device 220 is compared against multiple thresh 
olds. The multiple thresholds alloW system 200 to initiate a 
different regulation scheme for each threshold. In particular, 
provided a ?rst threshold is exceed, ?oWchart 500 transi 
tions to step 580 to initiate a regulation scheme correspond 
ing to the ?rst threshold. If a second threshold is exceed, 
then ?oWchart 500 transitions to step 580 to initiate a second 
regulation scheme corresponding to the second threshold. 
Accordingly, the use of different regulation schemes alloW 
system 200 to perform graduated steps to reduce the oper 
ating temperature of memory device 220. The graduated 
steps alloW system 200 to balance temperature control 
versus system performance. After starting a thermal regula 
tion scheme, ?oWchart 500 returns to step 520. 

[0080] If the calculated temperature of memory device 
220 does not exceed a threshold value, step 560 is begun. In 
step 560, circuit 590 determines Whether a thermal regula 
tion scheme is active. If all thermal regulation schemes are 
inactive, ?oWchart 500 transitions to step 520. If a thermal 
regulation scheme is active, then ?oWchart 500 transitions to 
step 570. 

[0081] In step 570, for one embodiment, circuit 590 stops 
an active thermal regulation scheme. Circuit 590 stops the 
active thermal regulation scheme because the calculated 
temperature of memory device 220 does not exceed a 
threshold value. Accordingly, the operating temperature of 
memory device 220 is not approaching Tj)rnaX and the active 
regulation scheme is unnecessary. For an alternative 
embodiment, in step 570, if the regulation scheme involves 
multiple threshold values, one or more regulation mecha 
nisms is deactivated depending on Which threshold values 
are exceeded. After step 570, ?oWchart 500 returns to step 
520. 

[0082] FIG. 10 shoWs one embodiment of a memory 
system. In particular, system 600 includes controller 640 
coupled to memory devices 610, 620, and 630 via bus 650. 
For one embodiment, bus 650 transmits address and data 
betWeen controller 640 and memory device 610, 620, and 
630. Accordingly, using bus 650 controller 640 reads/Writes 
data directly from the memory devices. 

[0083] Memory devices 610, 620, and 630 and controller 
640 are also coupled to each other via signal lines 655-657. 
The signal lines form a chain betWeen controller 640 and the 
memory devices. In particular, memory device 630 is 
coupled to memory device 620 via signal line 657. Similarly, 
memory device 620 is coupled to memory device 610 via 
signal line 656. Finally, memory device 610 is coupled to 
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controller 640 via signal line 655. For one embodiment, 
during the initialiZation of system 600 signal lines 655-657 
transfer the timing parameters and refresh rates of the 
memory devices to controller 640. 

[0084] For one embodiment, controller 640 estimates the 
memory device operating temperature. As previously 
described, based on the estimated operating temperature 
controller 640 initiates a regulation scheme. The regulation 
scheme reduces the operating temperature of the memory 
device(s) operating above a threshold temperature. For an 
alternative embodiment, memory devices 610, 620, and 630 
include temperature sensing circuits. Thus, controller 640 
determines the actual operating temperature of each memory 
device. In particular, each temperature sensing circuit out 
puts a digital signal indicating Whether the memory device 
corresponding to the sensing circuit is operating above a 
threshold temperature. For one embodiment, signal lines 
655-657 transfer the digital signals to controller 640. Based 
on the digital signals, controller 640 initiates a regulation 
scheme to reduce the temperature of those memory devices 
operating above a threshold temperature. For an alternative 
embodiment, the digital signals are transferred to controller 
640 via bus 650. 

[0085] Controller 640 is also coupled to a cooling system 
(660 and 670) via line 680. For one embodiment, a regula 
tion scheme implemented by controller 640 includes initi 
ating a cooling system. Accordingly, controller 640 activates 
fan 660 and fan 670 When the controller determines that one 
of the memory devices 610, 620, or 630 is approaching 
T1 
[0086] As described above, the present invention contem 
plates thermal management on a memory module basis as 
Well as memory device basis. To further illustrate this point, 
reference is made to FIG. 11 Which illustrates a memory 
module and its relation to the present invention. 

[0087] In general block diagram form, FIG. 11 illustrates 
a memory module 700 in card form having a series of 
plug-in connectors 707, a plurality of memory devices 
701-704, and a serial presence detect (SPD device) 705. The 
plurality of memory devices are commonly connected to the 
bus, but SPD device 705 generally communicates With 
memory controller via a separate signal line. While the 
illustrated example contains an SPD device connected via a 
dedicated signal line, one of ordinary skill Will appreciate 
that any type of data storage element associated With the 
memory module and communicating With the memory con 
troller via any reasonable means may be used to store poWer 
value data associated With the memory devices. The SPD 
device is presently preferred because it is already routinely 
incorporated in memory modules, and interrogated by the 
memory controller during memory system initialiZation. 
Thus, the present invention make ef?cient use of existing 
memory system resources to effect novel features and derive 
their additional bene?t. 

[0088] In the foregoing speci?cation, the invention has 
been described With reference to speci?c exemplary embodi 
ments. It Will, hoWever, be evident that various modi?ca 
tions and changes may be made thereof Without departing 
from the broader spirit and scope of the invention as set forth 
in the appended claims. The speci?cation and draWings are, 
accordingly, to be regarded in an illustrative rather than a 
restrictive sense. 
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What is claimed is: 
1. A memory system comprising: 

a memory controller coupled to a bus; 

a memory module comprising N memory devices coupled 
to the bus, each one of the N memory devices operable 
to receive data from the bus during a Write operation 
and to transmit data onto the bus during a read opera 
tion; 

Wherein the memory controller comprises: 

a tracking circuit operable to track a number of memory 
device operations in M of the N memory devices 
during a period of time, Where M is less than or equal 
to N; and 

a control circuit operable to manipulate operation of the 
memory system in response to a comparison of the 
number of memory operations and a reference. 

2. The memory system of claim 1, Wherein the tracking 
circuit comprises at least one counter. 

33. The memory system of claim 2, Wherein the at least one 
counter comprises: 

a ?rst counter incremented by each read operation during 
the period of time; and 

a second counter incremented by each Write operation 
during the period of time. 

4. The memory system of claim 3, Wherein the at least one 
counter comprises a First-In-First-Out (FIFO) buffer. 

5. The memory system of claim 1, Wherein the reference 
comprises poWer value data relating a number of memory 
device operations With an estimated operating temperature 
for the M memory devices. 

6. The memory system of claim 5, Wherein the poWer 
value data is stored in the memory controller. 

7. The memory system of claim 5, Wherein the poWer 
value data is stored in one or more register on the N memory 
devices. 

8. The memory system of claim 5, Wherein the memory 
module further comprises a data storage element storing the 
poWer value data for the M memory devices. 

9. The memory system of claim 5, Wherein the memory 
controller further comprises: 

a delay circuit operable to select a ?rst delay betWeen 
successive read operations to the M memory devices 
and to select a second delay betWeen successive Write 
operations to the M memory devices on the basis of a 
control circuit comparison indicating that the number 
of memory operations eXceeds the reference. 

10. The memory system of claim 5, Wherein each of the 
N memory devices is operable in ?rst and second modes of 
operation, Wherein each of the N memory devices consumes 
less poWer in the second mode of operation as compared 
With the ?rst mode of operation; and 

Wherein the memory controller is operable to select 
betWeen the ?rst and second modes of operation for 
each one of the M memory devices on the basis of the 
control circuit comparison. 

11. A method of regulating the operating temperature of 
memory devices in a memory system comprising; a memory 
controller and a memory module comprising a plurality of 
memory devices, the method comprising: 
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determining a number of operations involving one or 
more memory devices on the memory module during a 
time period; 

comparing the number of operations to reference data 
corresponding to an estimated operating temperature 
the one or more memory devices; 

determining Whether to manipulate the operation of the 
memory system on the basis of the comparison betWeen 
the number of operations and the reference data. 

12. The method of claim 11, Wherein the number of 
operations comprises at least one of a number of read 
operations involving the one or more memory devices, a 
number of Write operations involving the one or more 
memory devices, and a number of refresh operations involv 
ing the one or more memory device. 

13. The method of claim 11, further comprising: 

upon determining to manipulate the operation of the 
memory system, introducing delays betWeen succes 
sive read operations and successive Write operations to 
the one or memory devices. 

14. The method of claim 11, further comprising: 

upon determining to manipulate the operation of the 
memory system, placing the one or more memory 
devices in a mode of operation requiring less poWer. 

15. The method of claim 11, further comprising: 

upon determining to manipulate the operation of the 
memory system, increasing the refresh rate for the one 
or more memory device. 

16. A memory system comprising: 

a memory controller coupled to a bus; 

a memory module comprising N memory devices coupled 
to the bus, each one of the N memory devices having 
a maXimum operating temperature; 

at least one temperature sensor measuring an actual 
operating temperature for M of the N memory devices, 
Where M is less than or equal to N; and 

a circuit periodically refreshing data in the M memory 
devices at a ?rst rate When the actual operating tem 
perature is beloW the maXimum operating temperature, 
and at a second rate, higher than the ?rst rate, When the 
actual operating temperature is above the maXimum 
operating temperature. 

17. The memory system of claim 16, Wherein the at least 
one temperature sensor generates temperature data commu 
nicated to the memory controller via the bus. 

18. The memory system of claim 16, Wherein the at least 
one temperature sensor generates temperature data, and 
Wherein the memory system further comprises a signal line 
outside the bus connecting the at least one temperature 
sensor and the memory controller, such that the temperature 
data is communicated to the memory controller via the 
signal line. 

19. The memory system of claim 18, Wherein the tem 
perature data comprises a digital ?ag and Wherein the 
memory controller further comprises a data register con 
nected to the signal line and storing a value associated With 
the digital ?ag. 

20. The memory system of claim 16 Wherein the memory 
module further comprises a heat spreader, and Wherein at 
least one temperature sensor is associated With either each 




