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Abstract

fresh must happen often enough that no data is lost
between two refreshes. Traditionally, the refresh inTo head-off the trend of increasing power con- terval is set conservatively to prevent data loss in the
sumption and throughput overheads due to refresh in worst case scenario: where fast decaying cells operate
DRAM, researchers are exploring ways to fine-tune at high temperatures.
refresh rate. Refresh management proposals range
DRAM typically operates in a setting that is far
from temperature-aware refresh to partitioning data
from
worst-case. In such a setting, the frequent recells based on volatility, with each partition having
freshes
dictated by worst-case conditions enforce units own refresh rate. One hurdle in this area is the
necessarily
high power overhead. To reclaim this
lack of precise description of the evaluation setups
wasted
power,
researchers have proposed several sysused in current proposals. The incomplete descriptems
for
managing
the refresh rate of DRAM. Aption makes it difficult to reproduce reproduce results
proaches
tend
to
focus
on three parameters voltand compare approaches. Thus, it is common for
age
[11,
3,
4],
temperature
[11, 9], and cell volatility
researchers to evaluate their approach using mathedifferences
[12,
10,
21,
20].
While the knob used to
matical models derived on the experimental results
control
DRAM
power
differs,
most of the approaches
from a disparate set of platforms.
rely
on
a
similar
set
of
prior
experiments for their
To aide in the evaluation of existing and future apevaluation.
Proposals
that
require
new measureproaches for tuning DRAM refresh to save power, this
ments
are
unable
to
give
a
fair
comparison
against
paper provides a reproducible DRAM research platprior
works
that
often
omit
critical
information,
such
form. On this platform, we re-run commonly cited
as
temperature
and
DRAM
chip
identification.
Highexperiments from previous papers in the area. Our
experimental results highlight the necessity of a re- lighting the need for a common platform, we show
producible platform by showing how both assump- that the viability of various refresh schemes depends
tions and experimental outcomes are sensitive to of- on the specific properties of the target chip, as we
ten omitted parameters like temperature and refresh show in Section 3.3.
This paper covers the design of a reproducible exduration.
perimental platform to aide researchers in evaluating
existing and future approaches to reducing DRAM
1 Introduction
power by managing refresh. We use this experimenDynamic Random Access Memory (DRAM) is a tal platform to repeat prior experiments that previvolatile memory: as soon as you write data it be- ous papers in the area commonly cite. Finally, we
gins to disappear. To counteract this gradual decay re-analyze several previous proposal in light of our
of values, DRAM must constantly refresh its data experimental results.
by reading and rewriting data in each cell. The re-

This analysis highlights the need for a reproducible
1

platform as it shows the range of interpretations possible given the level of descriptions of the experimental systems used in many papers on reducing DRAM
power.
We make three contributions in this paper:

greatly with temperature, so the thermal chamber is essential for reproducibility.

Power Supply

• We describe and implement a reproducible platform for future research on DRAM refresh.
• Using our experimental platform, we reproduce
experiments central to DRAM refresh research.
• We analyze previous proposals in light of our experimental results.
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Experimental Platform

We perform experiments using a 32KB KM41464A
DRAM chip [17]. This DRAM chip stores data as
64K 4-bit words, arranged in 256 columns and 256
rows. The chip supports full-auto refresh as well as
row-level refresh for experiments involving partial array refresh [12]. The chip also supports the ability to
completely disable automatic refresh, a feature that
we rely on in our experiments (Section 3).
Figure 1 shows a high-level block diagram of the
setup used to perform experiments on the DRAM
chip. The relevant blocks and their roles are,

DRAM

Thermal Chamber

Figure 1: DRAM research experimental platform.
The MSP430 microcontroller controls the DRAM
power using a relay. A Data Acquisition Unit reads
the voltage across a sense resistor for power measurements. The target DRAM is placed inside a thermal
chamber to ensure environment consistency across
experiments.

• The MSP430-F2618 [19] microcontroller orchestrates the experiments. Its duties include writing
and reading data to and from the DRAM, controlling the timing of refreshes, and analyzing
the data from the DRAM for decay.
• The AQV103 solid-state relay [16] gates power
to the DRAM according to control signals form
the MSP430.
• The Data acquisition unit (DAQ) measures
DRAM power consumption by monitoring the
voltage across a 200Ω sense resistor placed in series with the DRAM power input. We configure
the DAQ to take a measurement 1000 times a
second. The DAQ also monitors two digital outputs from the MSP430 that encode the current
mode of the test software.
• The Sun Electronics EC-12 thermal chamber [18]
allows us to control temperature for the DRAM
experiments. Our experimental results vary
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Evaluation

Using the experiment setup described above, we
evaluated a range of parameters that affect the
DRAM retention time. Specifically, we examine,
•
•
•
•
•

3.1

The effect of power gating on data retention.
The effect of temperature on data retention.
The spatial locality of decay in the DRAM.
The probability distribution of cell volatility.
DRAM power consumption in different modes.

Effect of Power Gating

Power gating the memory refers to lowering or cutting power supply from DRAM chip between data
refreshes. Previous work, such as Deng [4], considers dynamic change of memory voltage as a power
2

saving method in DRAM. To examine the effect of
power gating on memory decay, we load the memory with high values, use the relay to gate power,
and let the values decay for various time durations.
After the prescribed delay, we close the relay, and
read the data from the DRAM. For each delay and
each DRAM cell, we record the number of bit flips
between what we wrote and what we read after the
delay. To provide an idea of scale, we repeated the
experiment, but we maintained the specified voltage.
We performed ten trials at each DRAM cell for each
delay and each power configuration.
Figure 2 presents the results of these experiments
at 30 ◦ C. The results show that memory decays an order of magnitude faster when the power is completely
removed than when power is maintained between refreshes.
Discussion: Although cutting power from memory between refreshes might appear as a great energy
saving method, the order of magnitude increase in
data volatility caused by power gating would require
an order of magnitude decrease in power consumption to begin to compete with non-power-gated approaches. Experiments in Section 3.5 show that, in
our system, the power saving of power gating is no
where near enough. Current state of the art technology supports Partial Array Refresh (PAR) which
enables coarse grained selective refresh of the parts of
memory that contain data [2, 14]. More fine grained
control over power gating in active parts of DRAM
might provide additional power savings at the costs
of increased circuitry.

3.2
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Figure 2: The effect of power gating on DRAM decay:
The DRAM chip decays an order of magnitude faster
when the power is cut off between refreshes.

in our experiments matches previous experiments by
Hamamoto et al. [6]. The figures show the temperature has a pronounced effect on DRAM data
volatility: increases in temperature in both scenarios logarithmic increase the volatility of data. The
results also show that the order-of-magnitude difference in volatility between power gated and idle modes
is maintained across temperature.
Discussion: Memory manufacturers consider
maximum operational temperature when calculating
calculate the refresh rate of DRAM which explains
much of the large error margin observed in the previous section. Some DRAM chips designed for mobile devices, now support Temperature Compensated
Refresh (TCR) which enables them to offset some
of this large error margin by modifying the refresh
rate based on the temperature of DRAM chip [2, 14].
Other DRAM power energy saving schemes such as
Flikker [12] and RAPID [20] which seek to reduce
DRAM refresh rate to achieve energy saving similarly
need to assume the operational upper bound for their
systems: they do not compensate for temperature.
Our results show that power and temperature have a
dramatic impact on data volatility, thus DRAM refresh proposals need to include a knob for both to
minimize power.

Effect of Temperature

Temperature plays a large role in memory decay
by affecting power leakage at the transistor level.
To explore the chip-level impact of temperature, we
ran the experiments described in the previous section, but varied the thermal chamber temperature
between 30 ◦ C and 60 ◦ C, by 10 ◦ C increments. As
before, we repeated experiment 10 times (this time
adding the temperature variable). Figures 3 and 4
show the results of this experiment for both normal and power gated mode, respectively. The effect of temperature on DRAM operation observed
3
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of spatial relationship between cell volatility holds
for all other experiments that we performed: cells
tend to fail in the same order, regardless of power,
refresh rate, or temperature. This results means that
DRAM cell volatility relative to other cells is heavily tied to intrinsic properties of the cell (e.g., manufacturing variances), and these intrinsic properties
are not readily predictable. Our results are similar
to observations made by Halderman et al. [5]: their
is no spatial locality to DRAM cell volatility at any
sub-chip granularity.
Discussion: Refresh management proposals by
Venkatesan et al. [20] and Kim et al. [7] propose dividing DRAM into different partitions based on cell
volatility. Our experimental results suggest that implementing such schemes effectively requires per cell
basis control for refresh time which requires large
amounts of additional circuitry and software-level
control.
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Figure 3: The effect of temperature on data volatility
in DRAM at different refresh rates. Power is maintained between refreshes.
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Figure 4: The effect of temperature on data volatility
in DRAM at different refresh rates. Power is gated
between refreshes.
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Figure 6: A histograms of cell failures when the
DRAM idles between refreshes. As temperature in3.3 Decay Pattern
creases, data cells tend to behave the same (at a conTo observe the decay pattern of memory, we repur- stant granularity).
pose the results from the previous section. Figure 5
shows the spatial relationship of DRAM data cell loFigures 6 and 7 show another view of data from
cality at both the chip level and at the cell level. The previously described experiments for both normal
results shown in Figure 5 are from the power-gated and power gated mode, respectively. The results
experimental trials performed at 60 ◦ C. While we show that cell volatility follows a standard probaonly show one example, our data shows that the lack- bility distribution regardless of temperature, refresh
4
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Figure 5: Spatial locality of DRAM data volatility: there is no obvious relation between decay time of
adjacent cells, at any sub-chip granularity. Darker colors indicate faster decay times.
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to identify and isolate these tyrannical cells, thus allowing for a lower refresh rate, it is crucial that the
histograms in Figures 6 and 7 have long tails in the
direction of low refresh periods. Given our result of
similarity to a standard probability distribution, the
tail of the curve is directly related to the variance—
95% of cells will be within 2 standard deviations of
the mean. The implication of our results is that for
approaches that seek to isolate highly volatile cells,
thermal management is essential.
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Power Usage

To measure power consumption of DRAM, we used
a Data Acquisition Unit (DAQ) to record the voltage across a sense resistor. To determine the current
consumption of the DRAM at a given moment, we
measure the voltage across the sense resistor, which
is in series with the voltage supply of the DRAM.
We then divide the measured voltage by the measured Ohm value of the sense resistor to determine
the current supplied to the DRAM. Table 1 shows
the average current draw of our DRAM chip at 30 ◦ C
in both idle and refresh modes.
Given supply voltage VSS and sense resistor voltage
reading VR for resistor R, the voltage and current
of our memory in these conditions is VSS − VR and
VR
R , respectively. Using this data, the average power
usage of memory under different modes of operation

Figure 7: A histograms of cell failures when power is
gated between refreshes. As temperature increases,
data cells tend to behave the same (at a constant
granularity).

rate, and power. The figures also show that as temperature increases, DRAM cells tend to behave more
similar, i.e., temperature increases lead to volatility
variance decreases.
Discussion: The results of this experiment are
relevant to approaches for managing DRAM refresh
that are based on the idea that a very few, highly
volatile data cells dictate the refresh rate. For approaches like RAIDR [10] and Kim et al. [7] that seek
5

Avg. Power Usage refresh rate can result in substantial DRAM power
savings. Researchers have attempted to seize this op11.65mW
portunity by tuning voltage, adjusting refresh based
9.20mW
on temperature, and partitioning DRAM data cells
Table 1: Power usage of DRAM chip in different based on volatility.
We support such research by building an experimodes. In idle mode, the DRAM chip uses 23% less
mental
platform and re-running the most cited expower than refresh mode.
periments from previous papers on reducing DRAM
power. Our work coalesces a disparate set of expercan be calculated using equation 1.
iments onto a single platform. We show that this
enables a deeper analysis of existing proposals and
ZT
makes it possible to compare approaches.
1
Pavg =
V(t) I(t) dt
(1)
t
Mode
Refresh
Idle

Avg. Current Draw
2.6mA
2.0mA

0
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Discussion: The high current draw of memory in
idle mode compared to refresh mode challenges the
premises of high energy saving possibility by reducing the refresh time of memory in active systems.
Add to this the fact that refresh occurs infrequently
and quickly. In our experiments, less than 1% of
DRAM time is used for refreshing. As such, reducing
the refresh rate of our chip leads to at most 0.2%
of power saving. What about larger, more modern, DRAM? In the current state of the art DDR4
DRAM, refresh only occupies between 4.5% − 8% of
memory idle time [15] and idle uses 12% less power.
Given these observations, completely eliminating refresh from DRAM can only save between 0.5% − 1%
energy in state of the art technologies. This is DRAM
energy, not system energy. Previous research shows
that DRAM can consume up to 6% of power in a commodity system [13], up to 10% of power in a smart
phone [1], and up to 33% of power in a server [8].
Previous approaches that must model DRAM, such
as Flikker [12] which decrease refresh rate to reduce
power consumption, assume that refresh occurs 100%
of the time and that system memory uses much of the
energy of a system. For our platform and for modern DRAM, these are not valid assumptions. When
ported to our platform, Flikker saves approximately
.1% of DRAM energy.
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