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Abstract
To increase the bandwidth of synchronous
memories that are widely adopted for high
performance memory systems, a predictive mode
control scheme is proposed to reduce memory
latency by effectively managing the states of
banks. The local access history of each bank is
considered to predict the memory mode.
Experimental results show that the proposed
scheme, at the cost of negligible area overhead,
reduces the memory latency by 19.0% over the
conventional scheme that always keeps the
memory in idle state.

1. Introduction
In many applications such as portable wireless
devices and multimedia systems, several factors
such
as
increased
system
complexity,
time-to-market pressure, and various functionality
requirements have made the trend of
system-on-a-chip (SoC) design indispensable. In
general, SoC devices are connected to off-chip
memories that feed instructions and data to the
programmable processors and temporarily store
data to be transferred between functional blocks,
as shown in Fig. 1. As the SoC integrates more
functional blocks and needs higher performance
to carry out ever increasing tasks, high data
bandwidth is required to meet a given system
specification.
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Fig. 1. An illustrative SoC architecture.
Synchronous memories such as Synchronous

DRAM (SDRAM) and Rambus DRAM are
widely used to enhance the performance of
memory systems in various applications [1].
Several architectural features developed to
alleviate memory latency enable the synchronous
memories to meet the bandwidth requirement [2].
The features are based on the fact that all the cells
along a word line are latched to sense amplifiers
and reused without row-activations and
precharges as long as the row addresses of
successive accesses are identical. The row-active
state can be used to reduce the latency and the
power consumption of memory operations if the
successive memory access refers to the same row
in the same bank (a page hit). However, if the row
address differs from the previous one (a page
miss), additional cycles that cannot be hided are
needed for a precharge and a row-activation,
resulting in performance degradation. Therefore,
to increase memory performance, the memory
controller has to control the operation mode by
efficiently predicting whether the next memory
reference causes a page hit or not.
Several optimizations have been proposed to
reduce page misses by statically scheduling the
address sequence in memory and controlling the
memory operation mode [3][4][5]. Those
techniques are successfully applied to image and
video processing applications, in which memory
access patterns are relatively regular enough to be
known in advance.
A dynamic memory mode control scheme [6]
has been proposed to manage the memory
operation mode according to runtime behavior of
memory access patterns. The state of SDRAM is
changed from idle to row-active state if a memory
access leads to a page hit and sustains the
row-active state until the number of the
successive page misses exceeds a threshold value.
The dynamic scheme is effective if in-row
accesses are dominant. For example, in a system
with a cache memory, several consecutive words
in a cache block have to be transferred for a cache
miss. However, if in-row accesses are not
dominant and the pattern of memory accesses is
irregular, frequent mode transitions lead to many
overhead
cycles
for
precharges
and
row-activations.

In this paper, we propose a new dynamic
memory mode control scheme to reduce memory
latency by predicting the next operation mode.
The prediction is based on the history of memory
references.
The rest of the paper is organized as follows.
Section 2 gives a brief background on the
architecture, the bank states, and the operations of
SDRAM. We describe the proposed dynamic
memory mode control scheme in Section 3. In
Section 4, experimental methodology and results
are presented. Finally, conclusions are made in
Section 5.

The operation mode of the SDRAM is
controlled by a memory controller that translates
a read/write request into a sequence of memory
commands. Three major operations of the
SDRAM are as follows:




2. Background on the SDRAM
Fig. 2 shows a simplified block diagram of
SDRAM, which consists of four independent
banks. The four banks share address buffers and
I/O buffers, while each bank has its own row
decoders, column decoders, sense amplifiers, and
a memory array. The state of resources of a bank
is maintained independently.
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Fig. 2. Block diagram of the SDRAM.
Each bank has two stable states that are idle
and row-active states as shown in Fig. 3. The idle
state is entered by the precharge operation. The
state transition from idle to row-active is made by
the row-activation operation. Column access
operations do not change the state of the bank.
Thus the bank is in row-active state as long as the
precharge operation is not performed.
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Fig. 3. State diagram for each bank.

Row-activation: The bank and the row
where the data are accessed are selected
and activated. Then, all the cells along a
word (row) line of the bank are latched to
the corresponding sense amplifiers. The
bank is in row-active state after
completing the operation.
Column access: The column access
operation selects and accesses a column of
the corresponding activated row. A
number of words equal to the burst length
are read out from the sense amplifiers to
the I/O buffers, one word per clock.
Precharge: By the precharge operation, the
sense amplifiers are precharged and the
bank of the SDRAM is made to stay in
idle state. A row-activation command can
be issued when the state of the
corresponding bank is idle.
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The operation mode is controlled by commands
generated by the memory controller. The
read/write commands with the auto-precharge
option change the memory to idle state after
completing the corresponding operations as
depicted in Fig. 4. As the precharge time (tRP) can
be overlapped with burst accesses or data transfer
between the memory controller and the processor,
the effective latency is the sum of the
row-activation time (tRCD) and the column select
latency (tCL). The read/write commands without
the auto-precharge option maintain the memory in
row-active state. If the successive access brings a
page hit, the precharge and row-activation
operations are not necessary. In this case, the
effective latency can be reduced to tCL. If the
successive access leads to a page miss, a
precharge, a row-activation, and a column select
operation have to be performed, increasing the
effective latency to tRP+tRCD+tCL. Therefore, the
memory mode must be controlled to stay in
row-active state as long as possible and to
minimize the number of page misses.

miss (WM) state, a command with the
auto-precharge option is issued. The state
transition utilizing the past reference history is
depicted in Fig. 6.
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Fig. 6. State transition diagram based on the
past reference history.

Although the address requested by the
processor is random and unknown in advance, the
principle of locality of memory reference [7]
makes it possible to predict whether the
successive access refers to the same row or not.
Using the past history of memory references, we
predict if the next access causes a page hit and
control the memory mode according to the
prediction. If the history predicts the successive
access to refer to the same row, the memory
controller makes the bank remain in row-active
state. Otherwise, the bank is made to stay in idle
state.
To store the past history of memory accesses, a
state machine that can be built with a two-bit
saturated up/down counter is used for each row of
banks (per-row counter), as shown in Fig. 5. The
corresponding state machine is incremented on a
page hit and decremented on a page miss after
comparing the row and the bank addresses with
those of the previous access.


row-active

4. Experimental Results
To evaluate the effectiveness of the proposed
history-based mode prediction scheme, we
measure memory latency by performing
trace-driven simulation. Data memory traces of
five SPEC92 benchmark programs are obtained
on a MIPS R3000 simulator, and used as input
vectors in the simulation. As given in the
following equation, the total memory latency is
calculated by counting all the individual latencies.
Latency = Nidle × (tRCD + tCL) + Nhit × tCL +
Nmiss × (tRP + tRCD + tCL)
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Although the per-row predictor can accurately
reflect the behavior of memory references to the
corresponding row, area overhead is considerable.
For example, if a memory has a N-bit row address
and M banks, M•2N two-bit counters are required.
To reduce the area overhead while keeping
prediction accuracy moderate, one two-bit
counter is used for each bank (per-bank counter)
instead of each row. As only M state machines
are required in this case, significant area
reduction is achieved at the loss of small
prediction accuracy. Out of M state machines,
one is selected by the bank address.

/

Fig. 5. State machine for storing page hit
history information.
For a pending memory access, the memory
controller issues a command without the
auto-precharge option if the state machine
selected by the row and the bank addresses is in
strongly hit (SH) or weakly hit (WH) state. If the
state machine is in strongly miss (SM) or weakly

where Nidle is the number of idle states, Nhit is the
number of page hits in row-active state, and Nmiss
is the number of page misses in row-active state.
In the simulation, a SDRAM that has a 13-bit row
address, a 9-bit column address, and 4 banks is
assumed as shown in Fig. 7. The precharge time
(tRP), row-activation time (tRCD), and column
select time (tCL) are assumed to be three, three,
and two (zero for write operations) cycles,
respectively, which are quoted from a commercial
SDRAM.
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Fig. 7. Memory address allocation.

or not and changes the memory mode according
to the prediction. Two-bit state machines are
employed to predict the next memory mode based
on the history of memory references.
Experimental results show that the proposed
scheme is effective in reducing the number of
row-activations
and
precharges,
thereby
improving memory performance.
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