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(57) Abstract: Example embodiments relate to write
flow control for memory modules that include or inter-
face with non-compliant memory technologies. A
memory module may include an interface to a memory
bus and a memory controller that comply with a data
transfer standard. The memory module may include a
write buffer to receive write commands from the inter-
face to the memory bus. The write buffer may cause the
write commands to be transmitted to the non-compliant
memory technology using a communication protocol
that does not comply with the data transter standard.
The memory module may include a flow control credit
counter to monitor the capacity of the write buffer, and
to provide a credit count to the memory controller that
indicates the number of write commands that the write
buffer can accept.
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WRITE FLOW CONTROL FOR MEMORY MODULES THAY INCLUDE OR
INTERFACE WITH NON-COMPLIANT MEMORY TECHNOLOGIES

BACKGROUND
0001 Dynamic random-access memory (DRAM) is a type of volalile
memory that stores bits of data in capacitors that require power in order to
hold the values of the bits. Because power is required to hold the values,
DRAM is referred t0 as a volatile or dynamic memory, as opposed
o static memory. Various modern computing systems uiilize DRAM DiMViMs
o implement system memory. A DIMM {dual in-ine memory module) is a
computer memory companent or module that includes a number of DRAM
memory creuiis. A DIVMM may be g printed circuit board and may include
DRAM memory circuits mounted thereon. A DIMM may plug into or connect
with a motherboard of a computing system to interface with a memory bus,

which may in turn interface with a memory controlier.

Brier DESCRIPTION OF THE DRAWINGS
{0002] The following detailed description references the drawings, wherein:

{0003] FIG. 1A is a block diagram of an example computing system that
implements write flow cantrol for memory modules that include or inlerface

with non-compliant memory technologies;

[0004] FIG. 1B is a block diagram of an example computing system that
implements write flow control for memory modules that include or interface
with non-compliant memory {echnologies;

{0005] FIG. 2A is a flowchart of an example method for write flow conirol
for memory modules that include or interface with non-compliant memory
technologies;

{0008] FIG. 2B is a flowchart of an example method for write flow control
for memory modules thal include or interface with non-compliant memeory
technologies;
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{0007] FIG. 3 is a block diagram of an example computing system for write
flow contral for memory modules that include or interface with non-compliant
memory technologies; and

{0008] FIG. 4 is a flowchart of an example method for write flow control for
memory modules that include or interface with non-compliant memory
technologies.

DETAILED DESCRIPTION

{0009]  Various DIMMs may comply with the double data rate (DDR) data
fransfer standard. In such a scenario, in order for the memory controller and
the memory bus {o communicate with a DDR-compliant DIMM, the memory
controller and memory bus may be required to be DDR-compliant as well.
Thus in varicus computing systems, the memory contralfer and the memory
bus are designed to operate according 1o the DOR data rale transfer standard
{i.e., they are DDR compliant). In compuling systems that include a DDR
compliant memory controller, various other components of the computing
system {e.g., central processor, mothertboard, ete.) may be designed o inferface
with the DDR compliant memory controlier.  Furthermore, DDR compliant
memory confrofiers, because they are designed o interface with a DDR
compliant memory bus and DDOR compliant DIMMs, may be designed to expect
certain memory communication characteristics. For example, when the memory
controller issues a write command {simply referred 1© as a "write”) fo a DIMM,
the memory controlier may sxpect the write 1o be completed within a defined
{e.g., short) period of ime.  Specifically, the DDR specification may require
fhat & memory controlier be able fo feed wiite commands fo the DIMM at a
predictable, defined and relatively fast rate. In other words, the DDR standard
is referred to as a deterministic protocol, meaning that when commands are
sent from the memory controller to the memory bus, #t is expected that the
commands will complets in a certain number of cycles. DDR DRAM memory
circuits are able to complete writes issued to them within such a predictable,
defined  and relatively fast rate, but cther itypes of memory

circuitsftechnologies may not.
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{0010] In some scenarios, it may be desirable o implement non-volatile
memory technologies (e.g., FLASH, spinning disk hard drive, efc) that
inferface with a DDR compliant memory bus and memory cantroller (8.q., via
a DIMM or similar memory module).  Various non-volatile memory
technologies may be unable to ensure thal writes issued to them will be
completed within a predictable, defined andfor relatively fast rate.  For
sxample, non-volatile memory technologies, instead of completing writes gt a
defined rate, may indicale {e.g., via 8 wire, line or signal) when a wiite has
been completed. Becausse these various non-volatile memory technologies
may not behave as may be expected by a DDR-compliant memory controfier,
such a memory controfler may be unable to communicate with such memory
technologies.

{0011] Some approaches to handing non-volatile memory technologies
may include adding an exira wire or line such that a DIMM may signal when
the DIMM {e.g. non-volatiie memory technology) is not ready to accept
another write. Such an approach may require maodification to several
components of the computing system, howsver, For example, the
motherboard, memsy bus, and memory cantrolter may need o be modified {o
run an extra line/wire for such a signal. Furthermore, the memaory controller
may need o be modified o understand how to handle/support the exbra
inefwire and signal.  In other words, a non-compliant {e.g., non-DDR
compliant) motherboard, memory bus and memory controller, at least, may be
required for such an approach. This may require a system administrator to
expend significant costs to replace varicus components of a computing
system.

{6012]  Other approaches to handling non-volatile memory technologies
may include connecling these technologies elsewhere in the computing
system {(e.g., not on or via a memory module such as a DIMM). In such a
scenario, in order for the memory controfler (and perhaps g processor) o read
data from these non-volatile memory technologies, the dala may first be
required to be explicitly moved to the DIMM (e.g.. DRAM memory circuits on
the DIMM) before the memory controller andfor processer ¢an access the
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data. Such a preliminary explict transfer of data may be time consuming,
amang other potential problems.

[0013] The present disclosure describes write flow control for memory
modudes that include or interface with non-compliant memory technologies.
The present disciosure describes a flow control module that allows non-
compliant {e.g., non-volatile) memory technologies to interface with a
compliant {e.g., DDR compliant) memory bus and a compliant {e.g., DDOR
compliant) memory controller.  This may aliow the non-volatile memaory
technologies o take advantage of bensfils {e.g., performance benefilsy of
communicating with the memory controlier. The present disclosure describes
sending credits or a credit count to the memory controller that may cause the
memory controller to refrain from sending write commands to avoid
overwhelming various memory circuitsftechnologies beyond their ability to
compiete writes. The present disclosure describes a flow control module
between the memory confroller {2.g., a modified but still compliant memory
controller) and at least one non-compliant memary circuittechnology. The
flow control module may buffer, track and manage write commands, and may
sighal {e.g., via flow control credits) fo the memary controlier when the
memory controlier may issue write commands. When the memory controller
does issue write commands, it may send them in a2 manner that complies with
a particular data transfer standard {e.g., DDR), however, the memory
controller may refrain from sending writes if  various memory
circuitsftechnologies are unable 1o keep up. For example, by nol
overwheiming slower non-volatile memory technologies, these iechnologies
may have sufficient {ime to complete the write commands.

{80141 The present disclosure may also offer benefils over some
approaches that include adding an extra wire or line such that a DIMM may
signal when the DIMM is not ready to accept another write. The present
disciosure describes a solution where flow control credits or credit counts may
be requested, read or sent via compliant {e.g., DDR compliant) interfaces and
wiring paths. For example, a register may hold an updated flown control
credit count and the memory condroller may read i by issuing & read
command {0 an address associated with the register. in this respect, the
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present disclosure may allow high capacity, lower-cost, non-volatile memories
to interface with the memory controller, which may allow such memories o
operate alongside conventional memories {e.g., DDR DRAM memories) in a
computing system. Additionally, a compliant {e.g., DDR compliant) memory
controller may communicate with memory circuits/technologies that have

unknown or uncerain write latencies.

{0015]  Throughout this disclosure, the term “compliant” {e.g., as in compliant
memory technology or compliant memory controler) may refer 1o a computer
component that is designed to comply with a particudar data transfer standard
{e.g., DDR or other data transfer standard). Likewise, the term “non-compliant”
may refer to a computer component that is not designed to comply with {or is
incompatible with) the particular data fransfer standard. The term “data fransfer
standard” may refer 1o a protocol by which dala is transferred over a number of
communication wires or lines (a.g., meatal wires over which information is sent
andfor received). The data transfer standard may specify a number of data
transfer cycles, timing of various commands {e.¢., reads, wriltes, elc), and
various other details that may be required for one computer component 1o send
andfor receive data fromy another computer component, As one specific
example, if the data transfer standard is DDR, then a computer component may
be a compliant {e.g.. DDR compliant) computer component or a non-compliant
computer component {e.g., non-DDR compliant) with respect fo the DDR data
transfer standard. in the case of DDR, some non-volatile memory circuits or
technologies are examples of non-compliani computer components, for
example, because they do not operate like volatile DDR memory circuits. Thus,
n various descriptions below, when reference is made to a non-volatile memory
circuit or technology, it may be inferred # is @ non-compliant computer
component. Examples of non-volatile memory technologies (e.g., that are non-
DDR compliant} may include PCRAM, SATA, STT-RAM, reRAM, memristor,
FLASH and spinning disk on PCle. The present disclosure may apply to various
other types of non-volatile memory technologies as well.  Throughout this
disclosure, the term "command” (e.g., as in a wrile command or read command)
may refer o a muolti-bit digital value, where each bit may be sent over a
gdedicated communication wire or line. A command may have mulliple “fields®
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where each field is a multi-bit digital value. Example fields may be “address”
{addr}, “command” (cmd} and "data” The command field (i.e., cmd) should not
be confused with the broader command (e.g., wite or read command). The
emd field may indicate what type of command is intended by the broader
command, and the broader command may include additional information

required fo execute the commiand (e.g., addr and data).

[0018]  FIG. 1A is a block diagram of an example computing systern 100 that
implements write flow control for memory modules that include or interface
with non-compliant memory technologies. Computing system 100 may be
any computing system or computing device that includes a memory controlier
{e.g., 102} that accesses a memory module {e.g.. 108}, e.g., via @ memory
bus {e.q., 104} Inthe example of FIG. 1A, the data transfer standard referved
o is DDR; however, it should be understood that the techniques and solutions
described hersin may be used with any other data transfer standard.
Computing system 100 may include a memory controlier 102, a memory bus
104, a memory module 108, a processar 108 and a motherboard andior BIOS
110,

{60171 Memory controlier 102 may send memory commands (e.g., wrile
commands, read commands, efe.} to memory bus 104, which may in tum
cause the memory commands o amrive at memory module 108, In some
scenarios, return data may be sent from memory module 108 to memory bus
104, and in turmn may amive back at memory controller 102,  in order to
inferface with memory bus 104, memory controller 102 may connect o
memory bus 104 using, for example, a number of address (ie., addn
wiresdflines, a number of command {i.e., cmd) wiresdines and a number of
data wiresflines, as shown in FIG. 1A, Memory controfler 182 may send
memaory commands to memory module 108 and receive data from memory
module 106 on behalf of some other component of computing system 100, for
example, processor 108, It should be understood that although FIG. 1A
shows processor 108 interfacing with memory controlier 102, it may be the
case that at least one component is located between processor 108 and
memory contrailer 102, It may also be the case that some other component
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{e.g., other than a processor) interfaces with memory controfler 102 to
communicate with memory module 106,

[0018] Memory controller 102 may be a compliant {e.g.. DDR compiiant)
memory controfler, which means that memory controlier 102 may be capable
of operating according to a particular data transfer standard (e.g., DDR).
Thus, memory controller 102 may send data to and receive data from memory
bus 104 as specified by the data transfer standard, which may specify details
such as the rate (g.g., a predictable, defined and relatively fast rate} at which
write commands may be sent {0 memory module 108, Memory bus 104 may
also be compliant {e.g., DDR compliant), which means memory bus 104 may
receive and fransmit commands as specified by the data transfer standard. In
the specific case of the a DDR data transfer standard, memory controller 102
may quickly send write commands to memory bus 104 at a predictable rate
and memory bus 104 may consistently send the wrile commands 1o memory
module 106 at a predictable rate. Memory controlier 102 may also, at fimes,
refrain from sending writes {0 memory bus 104, e.g., based on a flow control
credit count, as described in more detail below. Thus, memory controller 102
may be thought of as having twe write modes — g first mode where memory
controfler sends writes in a DDR-compliant manner, and a second mode
where memory controfier refrains from sending writes.,

[0019] Memory module 108 may be any type of memory module {e.g.,
DiMM) that includes or interfaces with memory circuits andlor memory
technologies {e.g.. DRAM circuits). Memory module 108 may be, for
example, a printed circuit board that plugs into or connect 1o a motherboard of
the computing system 100, Memory module 108 may recelve commands
{e.g., write commands) from memory bus 104, In order to interface with
memaory bus 104, memory module 108 may connect fo memory bus 104
using, for example, a number of address (i.e, addr) wires/lines, a number of
command (i.e., cmd) wires/lines and a number of data wiresflines, as shown
in FIG. 1A. Memory module 108 may be capable of receiving commands
from memory bus 104 in a comphant manner {e.g., at a rale specified by the
dafa ransfer standard). In some examples, where flow control module 1201
a separate computer componsnt {e.g., as described in more detad below)
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from memory modute 108, flow control module 120 may have addr, emd and
data wires/ines that interface with memory bus 104, and memory module 106
may have connections to inferface with the flow control maodule 120.

{0020] Memory module 106 may include or may interface with at least one
compliant memory circuit or technology (e.g., DDR memaory circuitftechnology
112). Memory module 1086 may include or may interface with at least one
non-compliant memory circuit or technology (e.qg., non-DDR memory
circuittechnoiogy 114). In some examples, memory maodule 106 may include
or interface with both at least one compliant memory circuittechnology {e.g.,
112) and at least one non-compliant memory circuitfechnology (e.g., 114} In
some examples, memory module 108 may only include or inferface with at
feast ong non-compliant memory grcuitftechnology {eg.. 114).  In such
examples, memory module 106 may not includs or interface with 8 compliant
memary circuittechnology (8.4g., 112), and related components andior
modules (e.q., module 130) may be excluded.

{00211 Memory module 106 may include a flow conirol module 120, As
can be seen in FIG. 1A, flow control module 120 is located between a
compliant memory controller 102 and a non-compliant  memory
circudtitechnology {eqg., 114} Flow condrol module 120 may allow non-
compliant (e.q., non-volatile} memory technologies {e.g., 114} (o interface with
a compliant {e.g., DDR compliant} memory bus {e.g., 104) and a compliant
memory controller {e.g., 102}). Flow control module 120 may be implemented
as electronic circuitry (1.e., 3 circuit). in some examples, module 120 may be
implemented as hardware only (e.q., static circuitry). In other examples,
module 120 may be implemented as a circuitry that is capable of being
programmed or configured {e.q., firmware} or as circuitry that is capable of
reading and executing instructions {e.g., circulry with a microprocessor to
execute instructions and/or software on a machine-readable storage medium).
In one specific example, flow control module 120 may be an application-
specific integrated circuit (ASIC) and may be attached to or mounied on
memory module 106. In other examples, module 120 may be a separate
computer component from memory module 1068, For instance, module 120
may plug inlo or connect o a motherboard of computing device 100 to
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interface with memory bus 104, and then memory modiude 106 may plug into
{or connect o} module 120,

[0022] Flow control module 120 may include a number of modules, for
example, modules 122, 124, 128, 128, 130 and 132. Each of these modules
may be, as mentioned above, elechronic cdircuitry (e.g., hardware andfor
firmware) andfor each of these modules may be instructions on a machine-
readable storage medium that are execulable by a microprocessor of the flow
control module 120, With respect 1o the modules described and shown herein, it
should be understood that part or all of the execulable instructions andfor
alectronic circuitry included within one module may, in allemate smbodiments,
be included in a different module shown in the figures or in a different module
not shown, Each of the modules shown may of may not be presant in various

examples, and in some examples, additional modules may be present.

{0023] Compliant bus interface module 122 may communicate with memory
bus 104 (e.g., via memaoary module 108} gccording o a particular data transfer
standard {e.g., DDR). For example, compliant bus interface module 122 may be
capable of receiving write commands from memory bus 104 at a predictable,
defined and relatively fast rate. Compliant bus interface modude 122 may also
receive read commands and other types of commands, according fo the
pariicular data transfer standard. Compfliant bus interface module 122 may also
return data {e.g., referred to as ‘retum data”) fo the memory bus 104, for
example, in response {0 a read command. Read commands may read data
from at least one compliant memory circuif/technology (e.g., 112), from at least
one non-compliant memory circuititechnology (e.g., 114} and/or from flow
control credit module 128. Compliant bus interface module 122 may have a
number of connections o interface with memory bus 104, for example, a
number of addr, cmd and data wiresflines, as shown in FIG. 1A. Compliant
bus interface module 122 may feed commands (e.g., read and wrile commands)
o decoder module 124. Compliant bus interface module 122 may also receive
return data from decoder module 124

{0024] Decoder module 124 may receive commands from compliant bus
interface module 122, Decoder module 124 may roule commands andfor
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various fields from commands to various modules of flow contral module 120,
For example, decoder module 124 may determine where to round particular
commands {or fields) based on an address {{.e., addr) fisld of the command. in
this respect, various modules of flow control module 120 may each be
associated with a particular "address space.” As one specific example, flow
control credit modude 128 may be associated with a particular address. {n this
example, various ofher addresses may be  associated with memory
circuitsftechnologies {8.g., 112 and/or 114) that are on {or interface 1o} memory
module 106. Thus, when decoder module 124 receives a command from
compliant bus interface module 122, module 124 may analyze the command
{e.g., the addr field) and may route the command appropriately.

{0025  Decoder module 124 may, in some instances, route less than the full
command {e.g., less than sl the fields of the command). For example, i
decoder module receives g read command {o read flow control credit module
128, module 124 may only route the addr and cmd fields to the flow control
credit module. Decoder module 124 may, in some instances, pass through
certain wires, lines or fields of a command without modification. For example,
data lines coming into decoder module 124 (e.g., from module 122} may pass
through o write buffer, for example, because the data wiresflines may not be
required © decode an incoming command. Decoder module 124 may receive
return data from various modules of flow control module 120, for example, from
module 128. Decoder module 124 may also receive retum data from at least
ane memory cirouittechmology (e.4., 112 andior 114), even though FIG. 1A may
not show a data return path from these memory circuitsftechnologies back
decoder module 124, FIG. 1A may focus mainly on the functional aspects of
issuing writes to the memory circuits/technologies, and thus FIG. 1A depicts only
data ines routing 1o these memory drcuitsftechnologies.

[0028] Write buffer module 128 may include at least one write buffer.
Various descriptions herein may refer o g single write buffer of modude 126, but
it should be understoad that these descripiions may be expanded 1o work with
mare than one wiite buffer. Write buffer module 128 may receive and store
{e.g., in a first in first oul manner} write commands from decoder moadule 124,
The write buffer in module 126 may have a size or a capacity, which may
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determine how many write commands the write buffer can hold at once. The
wiite buffer may be "Rull” when it is storing the same number of write commands
as its sizefcapacity. The term “used capacity” may refer to the number of write
commands that are currently being stored in the write buffer. The term
“available capacity” may refer to the number of write commands that the write

buffer can currently accept before itis full.

{00271  Write buffer module 126 may send stored write commands to memory
gircuiisftechnologies {e.g., 112 andfor 114}, for example, via at least one
interface module {e.g., 130 and/or 132). For example, interface modules 130
andior 132 may indicate to write buffer module 126 when it is available o
receive ancther wnite command. As ancther example, if a particular interface
module (2.g., 130) is DDR compliant, write buffer module 128 may send sfored
wrife commands to the interface module as specified by a DDR data transfer
standard {e.g., al a predictable, defined and relatively fast rate). in some
examples, for compliant memary circuitsftechnologies, commands may
bypass write buffer modude 128, as shown in FIG. 1A In such an example,
decoder module 124 may know which commands are associated with system
memaory, and send such commands directly o a compliant memory interface
module {e.g., 130). Inh other examples, memory module 106 may not include
any compliant memory circuitsfechnologies, in which case flow confrol
modute 120 may not include any compliant memory interface modules.

{0028] interface modules 130 and 132 may receive write commands and
may fransmit them o their respective memary circuitsftechnologies {e.g., 112,
114}). Each of these memory circuitsftechnologies {(e.q., 112, 114} may sither
be mounted on memoaory maodule 108 or may be extemal 10 memory module
166, i a memary circuittechnology is external to memory module 108, the
respective memory interface module {e.g., 130, 132} may connect o the
external memory circuit/technology via a port, conneclor, set of wires or the
like.

{0028] Wiite buffer module 1286 may, at various times (e.g., every cycle),
compnunicate its available capacity to flow control credit module 128, as shown
in FIG. 1A, Thus, at various times {e.g., every cycle), flow control credit module
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128 may maintain a snapshot of the number of write commands that write buffer
module 126 can accept. f the write buffer is full, the write buffer module may
return a zero value o flow control credit modude. As mentioned above, the
present disclosure allows non-compliant memory technologies (e.g., 114) to
interface with a comphiant (e.g., DDR compliant) memory bus and a compliant
memary  controffer, iIn  some scenartos, non-compliant memory
circuitsfechnologies {e.g., 114} may signal (e.g., via interface module 134} to
write buffer module whan i can accept additional write commands andfor
when it cannot accept any more wrile commands., White buffer module 126
may then use such a signal {o stop sending siored write commands o such
non-compliant memory circuitsfechnologies. In the meantime, write buffer
module 126 may still receive incoming write commands (e.g., at a DDR rate).
Thus, in certain scenarios, the write huffer in module 126 may begin © fill up

{£.4., the available capacity may reduce)}.

{0030] Flow control credit module 128 may receive, at various times {eg,
avery cycle), the available capadity of wate buffer module, Flow control credif
module 118 may franslale or interpret this capacily tofas a flow control credit
count, which may indicate a number of writes that may be sent. As such, flow
control credit module 128 may, in some situations, be referred {o as a flow
control credit counter, The termn "oredit” {84, as in flow control credity may
refer o a single expendable token or point that may expire once a wiile
command s issued (e.g., by the memory controller). At times, for ease of
communication, various components and modules may send “credit counts,”
which may indicate a number of credits, and thus a8 number of writes that may
be sent. For example, if the credit count is 3, then 3 writes may be issued or
sent before the credit is used up.

{0031] Flow control credit module 128 may, at various times, send flow
control credits {(e.g., a credit count} o memory controller 102, Flow control
credits may be sent to memary controller 102 in various ways, as described in
more delall below. Once memory controfler 102 receives flow confrol credifs
{&.g., credit counts), it may locally keep track of a number of unused credits. In
some examples, memory controfler 102 may maintain a credit cound.  The
stored credit count may indicate a number of writes that may be sent by the
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memory controfler 102 before memory controller should stop sending writes. in
some situations, § memory controller 102 has a current stored credit count
value, and then receives a new credit count value {e.g.. from maodule 128},
memory controller 102 may then add the new credit count value to the current
stored credit count value 1o update the current stored credit count value. In such
a situation, the new credit count may indicate the number of credits freed since
the last time the credit count was read by or sent to the memory controlier. In
other situations, # may be the responsibility of the memory controlier to
reduce the new received credit count according a number of additional writes
that issued since the credit count register was read, for example, to determine
the actual remaining credits at the time the memory controller receives the
credits update. In such a situation, the new credit count may indicate the
crrent number of credits in the credit count register al the time the credit
register was read.

{0032] Bsfore issuing or sending any writes fo memory module 1068, memory
controlier 102 may check the siatus of the flow controd credit {e.g., the flow
control credit count) 1o determine how many writes the memory cantroller may
issue. Alternatively, or i addition, memory controller 102 may check the status
of the flow control credit at various other times. Each fime memory controller
102 issues a wrile, # may "consume” a flow control credit, and the stored credit
count may reduce by one. If at some time, the flow control credit count is zero,
and if no other flow control credits are available to consume, memory controller
102 may refrain from issuing or sending any write commands o memaory
module 106. Then, at a laler time, memory confrolier may receive a new credy
count, which may indicate that capacity in the write buffer of module 126 has
freed up, and then memory controlier 102 may resume issuing or sending write
commands.

[0033] Memory controller 102 may need 1o be designed and/or configured to
request, receive, interpret and/or act upon these flow control credits.  However,
it should be understood that an inferface of the memory controller 102 may still
comply with a particular data fransfer standard {e.g., DDR). Additionally, as
indicated above, when memory controfier 102 does send write commands {&8.q.,
when it has flow confrol credils to consume), it may send the commands
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according to a particular data transfer standard {e.g., DDR). Thus, even though
memory controfler 102 may need to be allered when compared to a memory
controfler that does not implement flow control credits, an altered memory
controlier may still be able to interface with all other computer components of
computing system 100 that comply with the data transfer standard. For
sxample, a motherboard, including a socket for a DIMM memory module may
not need {o be allered {e.g., they may remamn compliant). As one specific
scenario, in some systems, the memory controlier is part of a cenbral processor
{a.g., 108), and thus, an existing processor may simply be swapped oui with a
pracessor that includes an altered memory controlier 102, and then the
computing system may be ready to implement flow controller credits {eg.,
assuming that a flow control module 120 is used).

{0034]  As one example of how flow control credits may be sent fo memory
confroller 102, flow control credit module 128 may include a credits register that
may be read by memaory controller 102, The credits register may have an
address, and memory condroller 102 may issue a read o that address, and in
response, may receive return data, in a similar manner as if memory controfler
102 had issued a read command to a memary circuit.  YWhen memory module
106 receives a read command directed to the credils register, decoder module
124 may route the read © flow control credit module 128, Decoder module may
then receive the credits (e.g., a credit count) from the credils register as refurn
data, and may return this data to memory conirolier 102. Because flow control
credits may be requested and received by the memory controlier via the same
communication wiresfiines {e.g., addr, emd, daia) that the memory bus uses
to read and write from and to memory circuits, the memory controller may
pecome aware of when it may issue write commands {e.g., without
gverrunning wiite buffer 128} or when # may nol issue write commands,
without the need for an extra signaling wirefline. This may provide benefits
over some approaches that include an extra wire or line that allows a DIMM to

signal when the DIMM is not ready {0 accept another write.

{0035] Memory controller 102 may read the credits register at various times
{o receive an update on the available capacity of the write bufler in module 126,
For example, before issuing any writes, if memory controlier doas not have any
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stored and unused credits, memory controlier 102 may read the credits register.
Memory controller 102 may also read the credits register when there are
available cycies on the interface before i is out of credits. Memory controfler
102 may read the credils register at various other times as well.

{0036] As another example of how flow control credits may be sent to
memory controfler 102, memory module 106 may include an SPD circuit 134
that may store an initial credit count. In some examples, SPD circuit 134 may
be an SPD ROM or other type of SPD component. In general, a SPD {serial
presence detect) component of a memory module may be used when a
computer (e.g., computing system 100) is turned on or restarted. When the
computer is turned on or restarted, i may perform a power-on seiftest to detedt,
for example, what memory is present in the system, and what timings o use fo
access the memory. Such information may be used to configure the memory
controller. A SPD component may include a ROM {read only memory) or
ather type of memory that stores various pieces of information that may be
access by the computer during a power-on self-test. In some examples, such
an SPD component may store an initial credit count. SPD circuit 134 may slore
and provide this initial credit count.

{00371 An iniltial oredit cowrd provided by SPD circuit 134 may make its way
{o memory confroller 102 in vanious ways. For example, the motherboard andior
BIOS 110 of computing system 100 may read SPD circuit 134 (e.g., an SPD
ROM) of memory module 106. SPD circuit 134 may be accessed using an
70 interface, SMBus interface or some other type of interface for accessing
SPD components. An IPC interface may connect an SPD component o a
motherboard, and may include just two pins, e.g., for a dock signal and a data
signal. Other interfaces may be used 1o access SPD aircuit 134 as well.
Once motherboard andfor BIOS 110 receive this initial credit count inforrmation,
they may communicate it {o memory controller 102 to configure the memory
controlier.  Motherboard and/or BIOS 110 may communicate this initial credit
count directly fo memory controfler 102 or via a central processor {e.g., 108).

{0038] In some examples, SPD circuit 134 of memory module 106 may only

be used o communicate an initial credit count to memory controller 102, Thus,
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for example, when computing system 100 is powered on, memory controier
may receive this initial credit count. Then, the memaory controller may request
andior receive subsequent credit couni updates via at least one of the other
manners described herein {e.g., by reading a register in flow control credit
module 128, as described above, and/or by receiving an extra read cycle, as
described helow.

[0039] FIG. 1B is a block diagram of example computing system 100 that
implements write flow control for memory modules that include or interface
with non-comptliant memory technologies. Computing system 100 may be the
same computing system 100 depicted in FIG. 1A, Whereas FIG. 1A depicted
various features that were associated with issuing write commands, FIG. 1B
depicts various features thal are associated with issuing read commands,
particularly, receiving How conirol credits {e.g., credit counts) via an extra read
cycle, as described in more detail below. it will be seen, by comparing FIGS.
1A and 1B, that various modules andfor components are shared between the
two figures. However, for ease of description, some modules andfor
components are shown in FIG. 1A and not in 1B, and vice versa. For
example, computing system 100 may include a read credit insertion module
140. it should be undersiood that some example computing systems may
fnclude any combination of the modules andfor compeonents shown in either
FIG. 1A and/or 1B. Some example computing systems may include all the
components shown in either FIG. 1A and/or 1B.

[0040] As another example of how flow confrol credits may be sent o
memory controfier 102, read credit insertion module 140 may extend the return
data phase of read transactions by at least one exira cycle. In that extra gycle,
madule 140 may cause a cuwrrent cradit count {0 be returmned o the memory

controlier as though the credit count was retum data.

{0041] Read credit insertion module 140 may receive, at various times (e.q.,
every cycle), a current credit count from flow control credit module 128, as
shown in FIG. 1B. Read credit insertion module 140 may receive read
comgmands issued by memory controller 102, In some examples, module 140

may pass through (e.g., unallered) read commands to at least one compliant
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memory circuittechnotogy (e.g., 112) andfor at least one non-compliant memory
circuittechnology (eg., 114). Read credit insertion module 140 may then
receive retum data from the memaory circuitsftechnologies. In various situations,
a response {o a read command may be returned to memory controller in mutiple
cycles, for example, because the amount of retum data is too large fo fit within
the bits of the data wiresflines. Read credit insedion modude 140 may cause
responses o read commands to include at least one additional cycle, e.g., after
the last cycle of return data from a memory circult. Read cradit insertion module
140 may insert the last received flow conirol credit count info this additionsal
cycle, and may format it {0 be sent as relurn data back to memory controller
102.

{00421 Memory controller 102 and module 140 may both be aware of and
follow a routine, algorithm or the like that determines when flow control credits
are returned in an extra data return cycle such that the credits are expected at
the memory confroller, and such that the memory bus may be scheduled to be
freg to carry the credids across the compliant bus interface. Memory controfier
102 may need 1o be designed and/or configured fo know how o handle an exira
read cycle that may include a credit count. However, as indicated above, an
interface of the memaory controfler 102 may still comply with a particular data
fransfer standard (e.g., DOR}L

[0043]  in some examples, read credi insertion module 140 may conditionally
{e.g., only sometimes} cause responses o read commands {o include an
additional cycle. For example, read credit insertion module 140 {andfor some
other module of flow control module 120 or memory module 1068) may track how
many write commands have been received by memory module 106 since that
fast time the credit count was requested/read/sent. In this example, if a defined
number of writes have been received, credit insertion module 140 may cause an
extra read cycle to be inserted, and a current credit count may be sent. Thus, it
may be seen that flow control module 120 may implement (e.g., concurrently)
various ways of sending credit counts to memory confrolier 102, For example,
during idle cycles, memory controller 102 may explicitly read flow control credit
module 128, and then during busier fimes, if several writes have issued since
memory conirolfler 102 has besn able o read flow conirol credit module 128,
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read credit insertion maodule 140 may insert the current credit count as an exdra
read cycle. As another example, if the memory controller issues several writes
before it issues a read, the memory controller may need {o explictly read flown
control credit module 128 because a read cycle may not be available to receive
the flow control credit count. Various other circumstances may be contemplated

where these ways of retumning the flow contral credit may work together,

[0044] FIGS. 2A and 2B depict a flowchart of an example method 200 for
write flow contral for memory modules thal include or interface with non-
compliant memaory technologies. It will be seen, by comparing FIGS. 2A and
28, that various steps are shared between the two figures. However, for ease
of description, some steps are shown in FIG. 2A and not in 2B, and vice
versa. For example, FIG. 2B may not show steps 204, 208, 210 and 212, but
FIG. 2B may show steps 250, 252 and 254. H should be undersiood that in
some examples, method 200 may include any combination of the sleps
shown in either FIG. 2A andior 2B, In some examples, method 200 may
include all the sieps shown in either FIG. 2A andior 2B. In altermate
embodiments of the present disclosure, one or more steps of method 200
may be executed substantially concurrently or in a different order than shown
in FIGS. 2A and 2B. In allemale embodiments of the present disclosure,
method 200 may include more or less steps than are shown in FIGS 2A and
2B. In some embodiments, one or more of the steps of method 200 may, at
certain times, be ongoing and/or may repeat. Method 200 may be executed
by a flow control credit module {(e.g., 120 of FIG. 1A) or any other suitable
glectronic circuitry, for example, circuitry on memory module 320 of FIG. 3.
Method 200 may be implemented in form of electronic circuitry and/or in the
form of executable instructions stored on a machine-readable storage
medium, e.g., a machine-readable storage medium disposed in flow conirol
credit module 120.

{0045] Referring to FiG. 2A, method 200 may start at step 202 and
continue o step 204, where a SPD circuit (8.g., 134) may be read, e.g., via an
20 irterface, {o receive initial flow control credits. At step 208, a memory
controller {e.g., 102} may be configured with the indlial flow control credits
{e.g., credit count) from the SPD circuil. As discussed in more detlail above,
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steps 204 and 206 may be an wnitialization phase that may execute, for
example, when a computing system starls up or restarts. At step 208, a flow
control credit madule {e.g., 128) may maonitor a write buffer {e.g., inside wrile
buffer module 128} to determine the available capacity of the write buffer.
Also at step 208, the flow control credit module may maintain and/or update
fiow control credits (e.g., credit count). Al step 210, flow control module 120
may receive, via a compliant bus interface {(e.g., module 122), a read
command 1o read a flow control register {e.g., inside flow control credit
module 128}, Alsc at step 210, flow condrol module 120 {e.g., via decoder
module 124} may roufe the command fo the flow contral credit module. Al
step 212, the flow control module may send flow control credits {e.g., credit
count) from the flow conirol credit module to the memory controller via the
compliiant bus interface.

[0048] At step 214, flow confrol module 120 may receive, via a compliant
bus interface (g.g., module 122), a write command 1o write to a non-compliant
memory circuittechnology {e.g., 114}, Also at step 214, flow control medule
120 {e.g.. via decoder module 124} may route the command {o the wrile
buffer. At step 216, the write buffer may store the incoming write command,
and the capacity of the write buffer may update {decrease). At this point, as
just one example of how method 200 may have steps that are ongoing andior
repeat, method 200 may return to step 208, and the updated write buffer may
be monitored by the flow control credit module. Also at this point, once the
write buffer stores an incoming wrile, if the write buffer has available capacity,
it may accept another write command, as indicated by the arrow retuming o
step 214. At step 218, the write buffer may route a write command (e.g., in a
first in first out manner) to an interface {e.g., 132) to the non-compliant
memory circuitftechnology,  As one example, the nor-compliant memory
circuit/technology may use a signal, line or wire to indicate to the write buffer
when it can or cannot accept another write command. Also at step 218, the
write buffer may update (increase) its capacity to account for removing a write
command. Al this poird, as just one example of how method 200 may have
steps that are ongoing and/or repeat, method 200 may retumn to step 208, and
the updated write buffer may be monitored by the flow control credit module.
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Also at this point, the write buffer may accept ancther write command, as
indicated by the arrow refuming to step 214. Method 200 may eventually
continue to step 220, where method 200 may stop.

{00477 Referring to FIG. 2B, steps 202, 208, 214, 216, 218 and 220 may
be the same steps as shown in FIG. 2A.  Additionally, method 200 may
mclude steps 250, 202 and 254. Al step 250, flow control module 120 may
receive, via the compliant bus interface (e .g., module 122), a read command
0 read a compliant or non-compliant memory circuit’technology {e.g., 112 or
114). At step 252, flow control module 120 may send read return data from
the memory circuittechnology back o the memory controller via the compliant
bus interface. The response to the read command may pass through a read
credit insertion module {e.q.. 140}, for example. Al step 254, flow contral
modide 120 (e.g., via module 148} may insert an extra cycle when returning
data for the read. Module 140 may format the extra cycle to include the flow
control cradits {e.g., credit count) such that the current flow control credits are
refurmned o the memory controller. Memory controller 102 and module 140
may both be aware of and follow the routine, aigorithm or the like that
determines when flow control credits are returmed in an extra daia retum cycle
such that the credils are expected at the memory controlier, and such that the
memory bus may be scheduled to be free 1o cary the credits across ihe
compliant bus interface. Method 200 may evenlually continue to step 220,
where method 200 may stop.

[0048] FIG. 3 is a block diagram of an example computing system 300 for
write flow control for memory modules that include or interface with non-
compliant memory technologies. Compuling system 300 may be any
computing system or computing device that includes a memory controfler
{e.g., 312} that accesses a memory module {e.g., 320}, e.g., via a8 memory
bus. More details regarding an example computing system may be described
above, for example, with respect to computing system 100 of FIG. 1A, in the
embodiment of FIG. 3, computing system 300 includes a3 memaory controlier
312 and a memory module 320, Memory controller 312 may be similar to
memory controlier 102 of FIG. 1A and memory module 320 may be similar {o
memory module 106, for example,
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{0049] Memory module 320 may include a number of components 322, 324,
326 and 328. Each component may be implemented in form of electronic
circuitry and/or in the form of execuiable instructions stored on a8 machine-
readable storage medium, e.g.. &8 machinereadable slorage medium
disposed in memory module 320. Such a machine-readable storage medium
may be any eleckonic, magnetic, optical, or other physical storage device that
stores execulable instructions.  Thus, such g machine-readable storage
medium may be, for example, Random Access Memory (RAM), an
Electrically-Erasable Programmable Read-Qnly Memory (EEPROM), and the
like. In the case of components 322, 324, 328 and 328 being implemented as
executable instructions, memory module 320 may include any kind of
microprocessor suitable for retrieval and execution of instructions stored in the
machine-readable storage medium. Such a processor may fetch, decode,
and execute instructions {e.yg., components 322, 324, 328, 328} &, among
other things, implement flow control for memory modules that include or
interface with non-comphant memory technologies.  With respect to the
component boxes {e.g., 322, 324, 326, 328) shown in FIG. 3, it should be
undersicod that part or all of the executable instructions andfor circuitry
included within one box may, in alternate embodiments, be included in a
different box shown in the figures or in a different box not shown.

{0050}  Compliant memory bus interface 322 may communicate with memory
controffer 312 via a memory bus. Interface 322, memory controlier 312 and the
memory bus may each be compliant with a particular data transfer standard
{e.g., DDR}. Write buffer 324 may receive write commands from the interface
to the memory bus. The write buffer may cause the received write commands
to be written {o a non-compliant memory circuit or technology that does not
comply with the data transfer standard. Flow control credit counter 328 may
monitor the capacity of the write buffer. The flow control credit counter may
maintain a credit count that indicates the number of write commands that the
write buffer can accepl. The flow control credit counter may provide the credit
count to the memory controlier via the interface fo the memory bus and the
memory bus. Non-compliant memory interface 328 may communicate with the
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non-compliant memory circust or technology in a manner that does not comply
with the data transfer standard.

{0051}  FIG. 4 is a flowchart of an example method 400 for write flow control
for memory modules that include or interface with non-compliant memory
fechnologies. Method 400 may be executed by a memory maodule (e.g., 320
of FIG. 3) or any other suitable electronic circuitry, for example, flow control
module 120 of FIG. 1A, Method 400 may be implemented in form of
electonic circuitry andior in the form of executable instructions stored on a
machine-readable storage medium, e.g., 8 machine-readable storage medium
disposed in memory module 320, In alternate embodiments of the present
disclosure, ong or more steps of method 400 may be executed substantially
concurrently or in a different order than shown in FIG. 4. In allemale
embodiments of the present disciosure, method 400 may include more or less
steps than are shown in FIG. 4. In some embodiments, one or more of the
steps of method 400 may, at certain #mes, be ongoing and/or may repeat.

{0052] Method 400 may start at step 402 and continue to siep 404, where
memory module 320 may receive a write command via an interface (e.q., 322)
{o a memory bus that complies with a first data ransfer standard, wherein the
memory bus communicates with a memory controlier {e.g., 312). Al step 406,
memory module 320 may store the write command in a wrile buffer {e.g., 324)
and may update a capacily of the write buffer. At step 408, memory module
320 may monitor {e.g., via flow contral credit counter 328} the capacity of the
write buffer to maintain a flow control credit count that indicates the number of
write commands that the write buffer can accept. Flow control credit counter
326 may provide the flow control credit count to the memory controller via the
irderface o the memory bus and the memory bus. Al step 410, memory
module may cause the write command o be written from the write buffer to
{e.g., via interface 328) a non-compliant memory circuit or technaology that
does not comply with the first data fransfer standard. Method 400 may
avenitaly continue o step 412, where method 400 may stop.
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1. A memory module for write flow control, the memory module
cesnpising:

an interface to g memory bus that complies with a dalg fransfer
standard that specifies cycle or timing information fo send dala, wherein the
memory bus communicates with a memaory controlier;

an interface to a non-compliant memory technology that does not
comply with the data transier standard;

a write buffer to receive write commands from the interface to the
memory bus, wherein the write buffer causes the received write commands o
be f{ransmilted to the non-compliant memory technology using a
communication protocol that does not comply with the data transfer standard;
and

a flow control credit counter to monitor the capacity of the write buffer,
wherein the flow control credit counter provides a credit count to the memory
controller that indicates the number of write commands that the write buffer
can accept.

2. The memory module of claim 1, wherein the data transfer standard is a
double data rate {(DDR} standard.

3, The memory module of claim 2, wherein the non-compliant memory
technology is & non-volatile memory technology and the communication
protocol is used to communicate with non-volatile memories.

4. The memory module of claim 1, wherein the flow control credit counter
includes a register that can be read from by the memory bus by providing an

address {o the interface to the memory bus.



WO 2015/005903 PCT/US2013/049654

24

5. The memory modude of claim 1, further comprising a sernal presence
detect (SPD) circuilt, wherein the SPD circult provides an inifial credit count to
initialize the memory controller.

8. The memory module of claim 1, wherein the credif count is provided o
the memory bus via the same communication wires that the memory bus uses
to read and write from and 10 memory circuits and/or technologies of the
memory module.

7. The memory module of claim 1, wherein the credit count is provided o
the memory bus without using additional communication wires beyond what
the memory bus uses (o read and write from and to memory circuits andfor
technologies of the memory modude.

a. The memory module of claim 1, wherein the credit count is provided to
the memory bus by an exira return data cycle in response {o a read command
sent by the memory bus to the memaory module.

8. A method for write flow control executed in a memory module, the
method comprising:

receiving a wrile command via an interface o a memory bus that
complies with a dala transfer standard, whersin the memory bus
communicates with a memory controlier;

storing the write command in a write buffer and updating a capacity of
the write buffer;

monitoring the capacity of the write buffer to maintain a flow control
credit count that indicates the number of write commands that the write buffer
can accept, and providing the flow control credd count to the memory
controller via the intedface to the memaory bus and the memory bus; and

causing the write command to be written from the write buffer {0 3 non-
compliant memaory technology that does not comply with the data transfer
standard using a communication protocol that does not comply with the data
transfer standard.
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10.  The method of claim 8, wherein flow control credit count is used by the
memory controlier o determine whether the memory controlier can issue write
commands to the memory module.

11, The method of claim 8, further comprising receiving a read commnand
vig {he interface 10 @ memory bus to read a register that stores a current value
of the flow control credit count, wherein providing the flow control credit count
to the mempry controller includes returning the Bow control cradit count as

retum data in response ic the read command.

12.  The method of claim 8, further comprising:

receiving & read command via the inferface o a memory bus to read a
memory fechnology included on of in communication with the memory
module; and

when retumning data o the memory bus in response to the ead
command, inserting an extra return data cyale that indudes the flow control

credit count.

13. A computing system, comprising:

& memory controfler that complies with g double dala rale {DDR) data
fransfer standard, and a memory bus coupled to the memory confroller that
complies with the DDR data transfer standard;

a memory module that includes or interfaces with a non-compliant
memory technology that does not comply with the DDR data transfer
standard; and

a flow control circuit, the flow control civcuit including:

an interface to the memory bus, wherein the inferface complies
with the DDR data transfer standard, and an inlerface to the non-
compliant memory technology;

a write buffer {0 receive write commands from the interface fo
the memory bus, wherein the write buffer causes the received write
commands 1o be written to the nen-compliant memary technology; and
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a flow control credit counter to monitar the capacity of the write
buffer, wherein the flow contral credit counter provides, {o the memory
controlter, a credit count that indicates the number of write commands
that the write buffer can accept.

14, The computing system of claim 13, wherein the non-compliant memory

technology is & non-volatile memory technology.

15, The computing system of claim 13, wherein the credit count is provided
to the memory hus via the same communication wires that the memory bus
uses o read and write from and {0 memory circuils and/or technologies of the

memory module.
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