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(57) Abstract: A memory arbitrator comprises plural ports, each for receiving commands from a respective master, and connectable
to plural banks of memory via a memory interface, wherein the memory arbitrator is operable to arbitrate memory access requests
received at the plural ports based at least in part on a comparison of an operation currently being perfomed and an operation requested
in a received access request. Arbitration is performed also on the basis of a comparison of a row of memory in which an operation is
currently being perfomed and a row of memory associated with a received access request. When moving to a different row, priority
is given to access requests relating to different banks of memory.
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Memory Arbitration

Description
This invention trelates to memory arbitrators and to methods of arbitrating memory
access requests. The invention relates particularly, but not exclusively to SDRAM

memory arbitration.

It is relatively common for computing devices, including mains-powered home or
business machines such as personal computers (PCs), portable devices such as
laptop or notebook computers, and handheld devices such as mobile phones,
smartphones and personal digital assistants (PDAs) to utilise synchronous dynamic
RAM (SDRAM) as execution or working memory. Software applications which
utilise functions for the processing of still or moving images tend to require the
movement of significant amounts of data to and from SDRAM memory. There are
numerous other software applications which move significant amounts of data to
and from SDRAM memory. Especially in view of continuing advances in the
petformance of microprocessorts, it is increasingly the speed at which data can be
moved to and from SDRAM which limits software applications. Many efforts have
been made to increase the maximum clock speed of SDRAM memoties, and the
operating speed of SDRAM continues to increase. Although it is technically
feasible to improve SDRAM performance by including additional SDRAM
interfaces, by providing ASIC internal memories or by increasing memory data

width, such measures are costly so are avoided wherever possible.

Some efforts have been made also to increase the efficiency of utilisation of the
interface to the SDRAM. For instance, US-B-5,987,574 discloses a memory
controller connected between plural devices and 2 memory comptrising two banks of
SDRAM. As is conventional when a SDRAM memory having plural banks of
SDRAM i1s connected to a memory controller via an interface, only one command at
a time may be passed to the SDRAM over the interface. In this document, it is
described that a first bank can be precharged whilst a second bank is being read
from in burst mode. Performance improvements are obtained by arbitrating

sequential memory accesses to alternating memoty banks.
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The invention was made in this context.

According to a first aspect of the present invention, there is provided a memory
arbitrator comprising plural ports, each for receiving commands from a respective
master, and connectable to plural banks of memory via a memory interface, wherein
the memory arbitrator is operable to arbitrate memory access requests received at
the plural ports based at least in part on a compatison of an operation currently

being perfomed and an operation requested in a received access request.

This aspect of the invention can provide more efficient utilisation of the interface
between SDRAM memory and the masters, leading to an increase in the amount of
data that can be passed over the interface in a given time period. The invention

thus can give rise to improved overall system performance.

The memory arbitrator may be operable to arbitrate memory access requests so as
to maintain a consecutive sequence of a predetermined length of operations of the
same operation type, and, in response to a determination that the sequence of the
predetermined length has been reached, to prioritise access requests relating to
operations of a different operation type. This helps to avoid starving masters.
Optionally, the memory arbitrator 1s operable to arbitrate memory access requests
0 as to maintain a consecutive sequence of a predetermined length of operations of

the different operation type.

The memory arbitrator may be operable to arbitrate memory access requests based
also at least in part on priorities associated with the masters from which the access
requests are received.

The memory may be an SDRAM memory.

The operation types may be read and write.
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The invention also provides a system comprising a memory arbitrator as recited
above and a memoty controller. The system may be operable to cause refreshing of
a bank of memoty whilst a read or write operation involving a different bank of
memory is taking place. The memory arbitrator and the memory controller may be

integrated as a single device.

A second aspect of the invention provides a method of arbitrating memory access
requests, the method comprising:

receiving memoty access requests from plural masters;

petforming a comparison of an operation currently being perfomed with an
operation requested in a received access request;

arbitrating the received memory access requests based at least in part on the
result of the comparison; and

ordering the memory access requests for execution on the basis of the

arbitration.

According to a third aspect of the present invention there is provided a memory
atbitrator comprising plural ports, each for receiving commands from a respective
master, and connectable to plural banks of memoty via 2 memory interface, wherein
the memory arbitrator is operable to arbitrate memory access requests received at
the plural ports based at least in part on a comparison of a row of memory in which
an operation is currently being perfomed and a row of memory associated with a

received access request.

This aspect of the invention can provide more efficient utilisation of the interface
between SDRAM memory and the masters, leading to an increase in the amount of
data that can be passed over the interface in a given time period. The invention

thus can give rise to improved overall system performance.

The memory arbitrator may be responsive to a determination that no pending access
request relates to the row of memory in which an operation is currently being
performed to select as a next access request to be performed an access request

which relates to a different bank of memory as the operation currently being
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performed. This can improve efficiency by avoiding idle cycles which would be

incurred when moving between rows in one bank.

The memory arbitrator may be operable to arbitrate memory access requests so as
to maintain a consecutive sequence of a predetermined length of operations of the
same operation type to the same row and to the same bank, and, in response to a
determination that the sequence of the predetermined length has been reached, to
ptioritise access requests relating to different banks. This can help to avoid starving

mastets.

The memotry arbitrator may be operable to arbitrate access requests so as to

implement a round robin sequence between banks of memory.

The memoty arbitrator may be operable to arbitrate memory access requests
received at the plural ports based at least in part on a comparison of the type of
operation currently being perfomed and the type of operation requested in a
recetved access request. This can improve efficiency by avoiding idle cycles
incurred when changing operation type. In this case, the memotry arbitrator may be
operable to arbitrate memory access requests so as to maintain a consecutive
sequence of a predetermined length of operations of the same operation type, and,
in response to a determination that the sequence of the predetermined length has
been reached, to prioritise access tequests relating to operations of a different
operation type. Here, the memory arbitrator may be operable to arbitrate memory
access requests so as to maintain a consecutive sequence of a predetermined length
of operations of the different operation type. These latter two features help to

avoid starving masters.
The memory arbitrator may be operable to arbitrate memory access requests based
also at least in part on priorities associated with the masters from which the access

tequests are received.

The memory may be an SDRAM memory.
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The operation types may be read and write.

The invention also provides a system comptrising a memory arbitrator according to

the third aspect of the invention and a memoty controller.

This system may be operable to cause refreshing of a bank of memory whilst a read
or write operation involving a different bank of memory is taking place. This can

improve memory efficiency.

The memory arbitrator and the memory controller may be integrated as a single

device.

According to a fourth aspect of the invention, there is provided a method of
arbitrating memory access requests, the method comprising:

receiving memory access requests from plural masters;

performing a comparison of a row of memory in which an operation is
currently being perfomed and a row of memory associated with a received access
request;

arbitrating the received memory access requests based at least in part on the
result of the comparison; and

ordering the memory access requests for execution on the basis of the arbitration.

Embodiments of the present invention will now be desctibed by way of example

only with reference to the accompanying drawings, of which:

Figure 1 is 2 schematic drawing of a first embodiment of a system-on-a-chip
embodying the present invention;

Figure 2 is a flow chart illustrating operation of an arbitrator of the Figure 1 system;
and

Figure 3 is a schematic drawing of a further embodiment of a system-on-a-chip

according to the present invention.
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Figure 1 is a schematic diagram of an embodiment of a system-on-a-chip. Referring
to Figure 1, a system-on-a-chip 10 is shown schematically. The system 10 includes
an arbitrator 11, a memory controller 13 and an SDRAM memory 14. The SDRAM
memory includes first to fourth memory banks 15 to 18. The memory controller 13
is connected to the SDRAM by a data bus 19, which is 32 bits wide. The memory
controller 13 also is connected to the SDRAM 14 by a 32 bit wide address bus 20, a
row address strobe (RAS) line 21 and a column address strobe (CAS) line 22. The
interface between the memory controller 13 and the SDRAM may conform to a
JEDEC standard. A second data bus 23 is connected to the SDRAM controller 13

and to each of plural masters (not shown).

Instead of a 32 bit wide address bus 20, a narrower address bus could be used. In
SDRAM, it is usual to use two phase addressing, in which tow address and column

addresses are provided separately, and in such systems a narrower bus is suitable.

The system includes numerous other components, which are omitted from the
drawing and from this explanation since they are not crucial to the invention. The
particular hardware implementation is not crucial to the invention, so is not
described in detail here. The hardware implementation may for example be like the

architecture shown in US 5,987,574.

The arbitrator 11 receives access requests from plural mastets and includes a single

output port connected to the memory controller 13.

The arbitrator 11 is connected to receive requests for SDRAM accesses from plural
masters (not shown) at respective plural ports, which are labelled Master 0 to Master
N-1 in Figure 1. The master devices may take any suitable form. In a mobile
device, the master devices may include multiple processors, one or motre
accelerators, one or more direct memory controllers, a display controller, one or

more graphics accelerators, etc.
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The connection between the memory controller 13 and the SDRAM 14 is such that
only one command can be passed in a clock cycle. Howevet, the memory banks 15

to 18 are able to function independently of one another.

Each bank 15 to 18 has several rows and each row has several columns. Each
column stores one word of data. The SDRAM 14 is controlled with commands that
are given with control signals. SDRAM is a synchronous memory and all the
commands are synchronous to the memory clock. Every clock cycle, only one
command can be sent to the SDRAM 14. The possible commands, in this
implementation, are idle, read, write, active (open a row), precharge (close a row)
and refresh (refresh content of a row). The data, address and control signals on the
data bus 19, the address bus 20 and RAS and CAS lines 21, 22 are shared between
the banks 15 to 18, but the commands can be given for each bank 15 to 18

separately. The banks 15 to 18 can process commands in parallel.

The SDRAM 14 is operable in to carry out burst read and write operations. In a
burst operation, a read or write command is given on one clock cycle and a read or
write operation is performed over 2 number of successive clock cycles and from
successive memory locations. No further read or write command is given after the
initial command. During the successive clock cycles, commands can be given to any

of the banks 15 to 18 which are not participating in the read or write operation.

Only read and write commands actually result in the transfer of data over the data

bus 19; the other commands are a requirement of the physical implementation of

the SDRAM memory 14.

Operation is as follows. Briefly, the arbitrator 11 receives access requests from the
masters, and the arbitrator 11 determines the manner in which the requests are to be
fulfilled by the memory controller 13 and the SDRAM 14. This is particular
includes determining the order in which requests are fulfilled, and providing signals
to the memory controller 13 accordingly. The memory controller 13 converts
received internal ASIC bus operations into SDRAM control signals, which are fed

to the SDRAM 14 so as to cause it to provide the required operations. The
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memory controller 13 does not effect any reordering of the operations - it issues
control signals in respect of access requests in the order in which the access
requests were received from the arbitrator 12. As is described below, the memory
controller 13 sends signals in respect of the opening of rows in advance of access

requests relating thereto

In more detail, the arbitrator 11 performs arbitration of the different masters and
divides the operations between the SDRAM banks 15 to 18 based on the operation
addresses, which are received from the masters with their access requests. The

number N of input ports can be configured.

The arbitrator 11 may perform pure round-robin arbitration, as is discussed in a

little detail below, or it may perform arbitration based on priorities.

When arbitration is based partly on priorities, the master arbitrator 11 may be
programmed with priorities that have been assigned to the masters. Alternatively, a
master may send a signal which the arbitrator 11 receives and uses to assign a
particular priority to that master. An assigned priority may be temporary. The

capability to use priorities can allow latency requirements of the mastets to be met.
P P y req

In either case, where two or more masters provide access requests in respect of a
given bank 15 to 18, the arbitrator 11 ensures that all of the relevant masters are
granted access to the memory. This is achieved by the arbitrator 11 allowing only a
predetermined, programmable, number of memory accesses before processing an
access request from other masters. This helps to avoid starving of any particular

master.

Access requests are held at the arbitrator 11 until they are passed onto the memory

controller 13.

The arbitrator 11 performs operation order optimisation, as is described below with
reference to Figure 2. Briefly, the arbitrator 11 operates in a round-robin fashion

but gives priority to access requests which relate to the same row and ate of the
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same type, i.e. read or write, as an operation currently being petformed, and also
gives priority to access requests which of the same type, i.e. read or write, as an

operation currently being performed, but relate to a different row.

Operation of the arbitrator 11 will now be described with reference to Figure 2.

Referring to Figure 2, the operation begins at step S1. In the Figure, the arbitrator
11 is already causing, through the memory controller 13, a read or write operation
to occur between the SDRAM 14 and one of the masters. At step S1, the arbitrator
11 initialises a same operation type count and a same row count. At step S2, the
arbitrator 11 determines the type, row and bank that the current operation relates
to. In particular, at step S2, the arbitrator 11 determines whether the current
operation is a read or a write operation, determines which of the four SDRAM
banks 15 to 18 the operation relates to and determines which row in that bank the

operation relates to.

At step S3, the arbitrator 11 determines whether the same row count exceeds a
threshold. For instance, the same row threshold might be sixteen. The threshold
may alternatively be a significantly higher number. If the threshold is exceeded, this
1s an indication that a large number of consecutive operations to the same row have
been performed. In the event of a negative result, the operation proceeds to step

S4.

At step S4, the arbitrator 11 determines whether any of the input ports has present
thereon an access request which relates to the same operation type, bank and row as
the current operation. Any such access request could come from the same master
that 1ssued the access request relating to the operation currently being performed.
Indeed, this is faitly likely. In particular, it is not uncommon for a master to require
a number of consecutive operations each relating to the same row in a bank of
memory. However, occasionally one master will issue an access request relating to
the same operation type, bank and row as an operation cutrently being performed in

respect of an access request issued by another master. In the event of a negative
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determination at step S4, or in the event of a positive determination at step S3, the

operation proceeds to step S5. At step S5, the same row count is re-set.

In the event of a positive determination from step S4, the operation proceeds to
step S6. At this step, the next access request relating to the same operation type,
bank and row is assigned as the next access request to perform. Here, atbitrator 11
gives preference to the input port relating to the master which issued the access
request relating to the operation currently being performed. Thus, the arbitrator 11
arbitrates in favour of the same master if that master issues an access request
relating to the same operation type, bank and row, but assigns an access request
from another master as the next access request to perform if there is no further
access request from the master which issued the access request relating to the
operation currently being petformed or if a next request from that master relates to

a different operation type, bank or row.

Following step S6, the same operation type count is inctemented at step S7. At step
S8, following step S7, the same row count is incremented. Following step S8, the
operation proceeds to step S9, at which the next access request is performed.

Following step S9, the operation proceeds again to step S2.

Following step S5, it is determined that step S10 whether the same operation
threshold is exceeded. The same operation threshold may, for example, be sixteen.
Alternatively, the threshold may be significantly higher. In the event of step S10
yielding positive determination, operation proceeds to step S11. Here, the arbitrator
11 determines whether any access request received at any of the input portts relates
to a different operation type. In particular, if the current operation is a read
operation, the arbitrator 11 determines whether any of the access requests relates to
a write operation. If the current operation is a write operation, the arbitrator 11
determines whether any of the access requests relates to a read operation. In the
event of a positive determination, the operation proceeds to step S12. Here, the
next input port with an access request relating to a different operation type is
selected as the next access request to perform. At this step, priority is given to

access requests which relate to a different bank. Following step S12, the same
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operation type count is re-set at step S13, and the operation then proceeds to

perform the next access request at step S9.

The effects of steps S10, S11, S12 and S13 is to cause the arbitrator 11 to change to
a different operation type if ten or more operations of the same type are petformed

consecutively, if there is an access request relating to a different operation type.

If step S11 yields a negative determination, at step S14 the arbitrator 11 determines
whether any access request relates to a different bank. In particular, this requires
determining whether any of the access requests received at the input ports relates to
one of the banks 15 to 18 which differs to the bank relating to the cutrent
operation. In the event of 2 negative determination, the next input port at which an
access request is received is selected as the next access request to perform at step
$16. In the event of a positive determination at step S14, the next input port with
an access request relating to a different bank is selected at step S15. As discussed
below, an access request relating to the next bank in a sequence of banks is given

priority.

The effect of steps S14 to S16 is to cause the arbitrator 11 to select as the next
access request to perform an access request which relates to a different one of the

banks 15 to 18 of memory.

In the event of step §10 yielding a negative determination, the operation proceeds
to step S17. Here, the arbitrator 11 determines whether any access request relates
to the same operation type and a different bank as the operation currently being
performed. In the event of a negative determination, the operation proceeds to step
S14, described above. In the event of step S17 yielding a positive determination,
the bank arbitrator proceeds to step S18. Here, the next access request relating to
the same operation type and a different bank as the current operation is assigned as
the next access request to perform. Following step S18, the same operation type

count is incremented at step S19.
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The effect of steps S17 and S18 is to cause the arbitrator 11 to give prefetence to
access requests relating to the same operation type as the operation currently being
performed, as long as the same operation threshold is not exceeded. In this way,
the number of transitions from a read operation to a write operation and from a
write operation to a read operation are reduced. This results in a performance
improvement compared to prior SDRAM memory arbitrators. The performance
improvement results from fewer idle cycles. Since a change in direction of data in
the data bus requires an idle cycle, reducing the number of transitions reduces the
number of idle cycles. Performance is improved also because read operations
typically involve a delay between the command being issued and the data being
provided by the SDRAM 14. The delay typically is three clock cycles. However, by
following a read operation with another read operation, the second read command
can be issued while the first read operation is in progtess, so the data for the second
read operation can be provided immediately after the data from the first read

operation.

Following step S15, S16 or S19, the next access request is performed at step S9
before the operation again returns to step S2. The step of performing comprises
the feeding by the arbitrator 11 of the access request to the memoty controller 13,
where it is pipelined. The number of access requests that the memory controller 13
can pipeline depends on its implementation. A pipeline of nine access tequests
might be typical. In due course after receiving the access request, the memory
controller 13, for a read operation, activates (opens) a row of the relevant one of the
banks 15 to 18 if that row is not already open. Where the next access request
telates to write command, the memory controller 13 activates (opens) a row of the
televant one of the banks 15 to 18 if that row is not already open. In both cases, if
another row in the relevant bank is already open, the memory controller 13 closes
the open row before opening the new row. The memory controller 13 carries out
these actions without further involvement of the arbitrator 11. The memory
controller 13 is operable to prepare banks for operations two or three banks ahead

of an operation currently being performed.



10

15

20

25

30

WO 2008/065477 PCT/IB2006/054491

13

The action of the Figure 2 flowchart is advantageous since it reduces, potentially to
zero, the number of idle cycles required between completing an operation and
commencing the read or write part (not the opening or closing) of the succeeding
operation. In particular, operations of the same type to the same row are performed
in sequence wherever possible (to a limit), and otherwise the arbitrator 11 switches
to another bank wherever possible. Thus, the number of idle cycles are reduces

compared to the corresponding ptrior art system.

In some implementations, it can be important that every master has access to the
SDRAM 14 in a given time period. In this case, the operation of steps S6, S12 and
S18 gives priority to masters which have not had access to the SDRAM 14 for the

greatest length of time.

Although not shown in the Figure, the arbitrator 11 is operable to provide a list of
access requests in the order in which they ate to be performed. Thus, the arbitrator
11 ‘looks ahead’ by more than one access request. The list of access requests is fed
to the memory controller 13 such that the memoty controller 13 typically has two or
more pending access requests in a pipeline. This provides greater opportunity to
prepare a row of memory for an operation before the immediately preceding
operation has completed, thus reducing the number of idle cycles. In this
connection, it will be appreciated that the term “current operation” refers to the
access request which was the last to be fed to the memory controller 13. The

current operation may remain pipelined at the time.

The operation of the arbitrator 11 to prioritise access requests relating to the same
operation type, row and bank provides certain advantages. In particular, this
increases the probability that the row of memory that a future operation relates to is
prepared (opened) by the memory controller 13 before the immediately preceding
operation is completed. In this connection, it will be appreciated that closing a row
typically takes 3 or 4 clock cycles, and opening a row typically takes 3 or 4 clock
cycles. In cases where the row of memory that the future operation relates to is not
opened by the memory controller before the immediately preceding operation is

completed, the operation of the arbitrator 11 can reduce the number of idle cycles
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needed before the row is opened. Additionally, because opening and closing rows
consumes powet, completing two operations in the same row of a bank of memory
typically consumes less power than completing the same operations in different

banks of memory.

In Figure 1, when the arbitrator 11 decides to perform an access request received in
respect of a different input port, the arbitrator 11 attempts to process access
tequests relating to different banks in a predetermined sequence. Thus, following
an operation relating to the first bank 15, the arbitrator 11 prioritises access
requests relating to the second bank 16 over access tequests meeting the same
criterta but relating to other ones of the banks 17, 18 of the SDRAM 14. Thus, the
arbitrator 11 addresses the banks 15 to 18 in a round-robin manner wherever
possible. This relates in particular to the steps S6, S12, S16 and S18 in Figure 1.
This is advantageous since it maximises the time between successive and non-
consecutive accesses to a given bank 15 to 18 of SDRAM 14. This improves
efficiency of utilisation of the SDRAM 14 since it maximises the possibility of the

bank having been prepared for access following the previous access.

The presence of the steps S3 and S8 ensure that the bank atbitrator 12 does not
become stuck performing operations into one patticular row, since the step ensutes
that the bank is changed periodically if access requests relating to the other banks

are present. This helps to avoid starving of masters.

It will be appreciated that various other schemes for prioritising access requests

relating to the same row as a current operation atre possible.

The presence of the steps S10 and S19 ensure that the bank arbitrator 12 does not
become stuck performing one particular type of operation, since the step ensures
that the operation type is changed periodically if access requests relating to the
other operation type are present. In this connection, it will be appreciated that
successful operation can be achieved if the count of consecutive operations of the
same type is reset prior to step S12 or following a negative result from step S12.

Indeed, such operation may in some circumstances provide better petformance.
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It will be appreciated that various other schemes for prioritising access requests

relating to an operation of the same type as a current operation are possible.

In the above, the arbitrator 11 causes a move to another bank if no access request
relates to the same bank, row and operation type. In other embodiments, the
arbitrator 11 is operable to arbitrate to remain in the same row if no access requests
relating to the same row, bank and operation type are received if an access request
relating to the same bank and row but different operation type is received. This
provides performance advantages in particular when the next row that would
otherwise be moved onto would not be opened in time to petform the next
operation immediately on completion of preceding operations. Although changing
between read and write operations necessarily results in some inefficiency, in so far
as data is not able to be communicated over the interface on every clock cycle, the
number of idle cycles may nevertheless be less than the number of idle cycles

needed to wait to a row in another bank to be opened.

The arbitrator 11 and the memory controller 13 are operable to coordinate to
perform SDRAM refreshes in a novel way. In particulat, the memory controller 13
is operable in response to signals from the arbitrator 11 to issue a refresh control
signal to a SDRAM bank 15 to 18 whilst another of the banks is petforming a burst
mode read or write operation. Thus, a bank is refreshed whilst a read or write

operation is being performed in another bank.

Alternatively, the same effect is achieved by the memoty controller 13 being
arranged to refresh a bank and to inform the arbitrator 11 which bank is being
refreshed. In response to receiving such information, the arbitrator 11 is arranged
to refrain from arbitrating access requests relating to that bank until the bank

refresh is complete.

In a conventional SDRAM system, all the banks are refreshed at the same time.
Whilst the banks are refreshing, no read or write operations can be performed.

Thus, this feature of the invention reduces SDRAM idle time compared to the prior
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art. With this feature of the invention, the number of refresh periods increases, but
at any given time some part of the memory can be used. Depending on the
SDRAM implementation, this refresh scheme can result in a performance of

improvement of about 1-2%.

Although Figure 2 has been described with reference to the single arbitrator system
of Figure 1, in another embodiment the same functionality is provided by a dual

arbitrator system, shown in Figure 3.

Referring to Figure 3, a further embodiment of a system-on-a-chip 10 is shown
schematically. Reference numerals are retained from Figure 1 for like elements.
The primary difference is that the Figure 3 system 29 includes a bank arbitrator 30

and a master arbitrator 31, rather than a single arbitrator as in Figure 1.

In this embodiment, the master arbitrator 31 performs arbitration of the access
requests received from the masters. The master arbitrator 31 passes to the bank
arbitrator 30 access requests on four different ports, each pott relating to a different
one of the banks 15 to 18 of SDRAM 14. The bank arbitrator 30 then arbitrates
these access requests and provides access requests on a single port to the memory

controller 13.

The master arbitrator 31 may perform pure round-robin arbitration, or it may

perform arbitration based on priorities.

By round-robin, it is meant that masters are granted access to the bank arbitrator 30
strictly in a predetermined sequence. If a master does not have an access request
pending, access to the bank arbitrator 30 is granted to the next master in the
sequence which does have a pending access request that relates to the same bank 15
to 18. In this way, accesses to the bank arbitrator 30 ate not granted to idle

masters.

Master arbitration may instead be based partly on priorities. For instance, the

master atbitrator 31 may be programmed with priorities that have been assigned to
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the masters. Alternatively, a master may send a signal which the master arbitrator
31 receives and uses to assign a particular priority to that master. An assigned
ptiority may be temporary. The capability to use priorities can allow latency

requirements of the masters to be met.

In either case, where two or more masters provide access requests in respect of a
given bank 15 to 18, the master arbitrator 31 ensures that all of the relevant masters
are granted access to the bank arbitrator 30. This is achieved by the master
arbitrator 31 allowing only a predetermined, programmable, number of memory
accesses before processing an access request from other masters. This helps to

avoid starving of masters.

Access requests are held at the bank arbitrator 30 until they are passed onto the
memory controller 13. A master does not receive any acceptance of an access
request until the memory controller 13 accepts the request, which necessarily is after

arbitration by the arbitrator 11.

The master arbitrator 31 and the bank atbitrator 30 together may perform exactly
the same function as the arbitrator 11 of Figure 1. This requires separate processes
to be performed in the master arbitrator 31 and the bank arbitrator 30, so the

flowchart of Figure 2 cannot be used in that form.

The use of two separate arbitrators 31 and 30 provides certain advantages. In
particular, the master arbitrator 31 can provide improved arbitration of the masters,
in particular by ensuring that no master monopolises the memory interface and by

ensuring that each master gets access to the SDRAM 14 in a given time period.

Various modifications to the above can be made whilst remaining within the scope

of the inventions.

For instance, the bank arbitrator 30 and the memory controller 13 can be combined

into a single device, and the master arbitrator 31 connected to the combined bank
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atbitrator and memory controller. Alternatively, the bank atbitrator 30, the memory

controller 13 and the master arbitrator 31 can be combined into a single device.

The memory controller 13 and the Figure 1 arbitrator 11 may be combined into a

single device.

Also, although the above has been described with reference to a single SDRAM, it
will be appreciated that the teachings can be applied also to a system including
plural SDRAMs, each with plural banks. Furthermore, the teachings can be applied

to memory systems other than SDRAM memory systems.

The scope of the invention is not limited by the described embodiments, but by the

scope and spirit of the appended claims and their equivalents.
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Claims

1. A memory atbitrator comprising plural ports, each for receiving commands
from a respective master, and connectable to plural banks of memory via a memory
interface, wherein the memory arbitrator is operable to arbitrate memory access
requests received at the plural ports based at least in part on a comparison of an
operation currently being perfomed and an operation requested in a received access

request.

2. A memory arbitrator as claimed in claim 1, wherein the memory arbitrator is
operable to arbitrate memoty access requests so as to maintain a consecutive
sequence of a predetermined length of operations of the same operation type, and,
in response to a determination that the sequence of the predetermined length has
been reached, to prioritise access requests relating to operations of a different

operation type

3. A memoty arbitrator as claimed in claim 2, wherein the memory arbitrator is
operable to arbitrate memory access requests so as to maintain a consecutive

sequence of a predetermined length of operations of the different operation type.

4. A memoty atbitrator as claimed in any preceding claim, wherein the memory
atbitrator is operable to arbitrate memory access requests based also at least in part
on priorities associated with the masters from which the access requests are

received.

5. A memoty arbitrator as claimed in any preceding claim, wherein the memory

1s an SDRAM memory.

6. A memory arbitrator as claimed in any preceding claim, wherein the

operation types are read and write.

7. A system comprising a memory atbitrator according to any preceding claim

and a memory controller.
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8. A system as claimed in claim 7, wherein the system is operable to cause
refreshing of a bank of memory whilst a read or write operation involving a

different bank of memory is taking place.

9. A system as claimed in claim 7 or claim 8, whetein the memory arbitrator

and the memory controller are integrated as a single device.

10. A method of arbitrating memory access requests, the method comptising:
receiving memory access requests from plural masters;
performing a comparison of an operation currently being perfomed
with an operation requested in a received access request;
arbitrating the received memory access requests based at least in part
on the result of the comparison; and
ordering the memory access tequests for execution on the basis of the

arbitration.

11. A method as claimed in claim 10, wherein the arbitrating step comprises
arbitrating memotry access requests so as to maintain a consecutive sequence of a
predetermined length of operations of the same operation type, and, in response to
a determination that the sequence of the predetermined length has been reached,

prioritising access requests relating to operations of a different operation type

12. A method as claimed in claim 11, wherein the arbitration step comprises
arbitrating memory access requests so as to maintain a consecutive sequence of a

predetermined length of operations of the different operation type.

13. A method as claimed in any of claims 10 to 12, wherein the arbitration step
comprises atbitrating memory access requests based also at least in part on priorities

associated with the masters from which the access requests are received.

14. A method as claimed in any of claims 10 to 13, wherein the memory is an

SDRAM memoty.
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15. A method as claimed in any of claims 10 to 14, wherein the operation types
are read and write.
16. A method as claimed in any of claims 10 to 15, comprising causing

refreshing of a bank of memory whilst a read or write operation involving a

different bank of memory is taking place.

17. A memory arbitrator comprising plural ports, each for receiving commands
from a respective master, and connectable to plural banks of memoty via a memory
interface, wherein the memory arbitrator is operable to arbitrate memory access
requests received at the plural ports based at least in part on a comparison of a row
of memoty in which an operation is currently being perfomed and a row of memory

associated with a received access request.

18. A memory arbitrator as claimed in claim 17, whetein the memory arbitrator
1s responsive to 2 determination that no pending access request relates to the row of
memory in which an operation is currently being performed to select as a next
access request to be performed an access request which relates to a different bank

of memory as the operation currently being performed.

19. A memory arbitrator as claimed in claim 17 or claim 18, wherein the memory
arbitrator is operable to arbitrate memory access requests so as to maintain a
consecutive sequence of a predetermined length of operations of the same operation
type to the same row and to the same bank, and, in response to a determination that
the sequence of the predetermined length has been reached, to prioritise access

requests relating to different banks.

20. A memory arbitrator as claimed in any of claims 17 to 19, wherein the
memory atbitrator is operable to arbitrate access requests so as to implement a

round robin sequence between banks of memory.
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21. A memory arbitrator as claimed in any of claims 17 to 20, wherein the
memory atbitrator is operable to arbitrate memory access tequests received at the
plural ports based at least in part on a compatrison of the type of operation currently

being perfomed and the type of operation requested in a received access request.

22. A memory arbitrator as claimed in claim 21, wherein the memory arbitrator
1s operable to arbitrate memory access requests so as to maintain a consecutive
sequence of a predetermined length of operations of the same operation type, and,
in response to a determination that the sequence of the predetermined length has
been reached, to prioritise access requests relating to operations of a different

opetration type

23. A memory arbitrator as claimed in claim 22, wherein the memoty atbitrator
is operable to arbitrate memory access requests so as to maintain a consecutive

sequence of a predetermined length of operations of the different operation type.

24. A memory arbitrator as claimed in any of claims 17 to 23, wherein the
memory arbitrator is operable to arbitrate memory access requests based also at
least in part on priorities associated with the masters from which the access requests

atre received.

25. A memotry arbitrator as claimed in any of claims 17 to 24, whetein the

memoty is an SDRAM memorty.

26. A memory arbitrator as claimed in any of claims 17 to 25, wherein the

operation types are read and write.

27. A system comprising a memory arbitrator according to any of claims 17 to

26 and a memory controller.

28. A system as claimed in claim 27, wherein the system is operable to cause
refreshing of a bank of memory whilst a read or write operation involving a

different bank of memory is taking place.
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29. A system as claimed in claim 27 or claim 28, wherein the memory arbitrator

and the memory controller are integrated as a single device.

30. A method of arbitrating memory access requests, the method comprising:
receiving memory access requests from plural masters;
performing a comparison of a row of memory in which an operation
1s currently being perfomed and a row of memory associated with a received
access request;
arbitrating the received memoty access requests based at least in part
on the result of the comparison; and

ordering the memory access requests for execution on the basis of the arbitration.

31. A method as claimed in claim 30, comptising, in response to a determination
that no pending access request relates to the row of memoty in which an operation
is currently being performed, selecting as a next access request to be performed an
access request which relates to a different bank of memory as the operation

currently being performed.

32. A method as claimed in claim 30 or claim 31, comprising arbitrating memory
access requests so as to maintain a consecutive sequence of a predetermined length
of operations of the same operation type to the same row and to the same bank, and
tesponding to a determination that the sequence of the predetermined length has

been reached by prioritising access requests relating to different banks.

33. A method as claimed in any of claims 30 to 32, wherein the memory
atbitrator is operable to arbitrate access requests so as to implement a round robin

sequence between banks of memory.

34. A method as claimed in any of claims 30 to 33, comprising arbitrating
memory access requests received at the plural ports based at least in part on a
comparison of the type of operation currently being perfomed and the type of

operation requested in a received access request.
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35. A method as claimed in claim 34, comprising arbitrating memoty access
requests so as to maintain a consecutive sequence of a predetermined length of
operations of the same operation type, and responding to a determination that the
sequence of the predetermined length has been reached by prioritising access

requests relating to operations of a different operation type

36. A method as claimed in claim 35, comprising arbitrating memory access
requests so as to maintain a consecutive sequence of a predetermined length of

operations of the different operation type.

37. A method as claimed in any of claims 30 to 36, comprising arbitrating
memoty access requests based also at least in part on priorities associated with the

masters from which the access requests ate received.

38. A method as claimed in any of claims 30 to 37, wherein the memoty is an
SDRAM memory.
39. A method as claimed in any of claims 30 to 38, wherein the operation types

are read and write.
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