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Abstract—This paper explores power
consumption for destructive-read embedded
DRAM. Destructive-read DRAM is based on
conventional DRAM design, but with sense
amplifiers optimized for lower latency. This speed
increase is achieved by not conserving the content
of the DRAM cell after a read operation. Random
access time to DRAM was reduced from 6 ns
to 3 ns in a prototype made by Hwang et. al.
A write-back buffer was used to conserve data.
We have proposed a new scheme for write-back
using the usually smaller cache instead of a
large additional write-back buffer. Write-back
is performed whenever a cache line is replaced.
This increases bus and DRAM bank activity
compared to a conventional architecture which
again increases power consumption. On the other
hand computational performance is improved
through faster DRAM accesses. Simulation of a
CPU, DRAM and a 2 kbytes cache show that the
power consumption increased by 3% while the
performance increased by 14% for the applications
in the SPEC2000 benchmark. With a 16 kbytes
cache the power consumption increased by 0.5%
while performance increased by 4.5%.

Keywords: Embedded DRAM, power estimation,
Simplescalar, destructive-read memory, processing in
memory

I. Introduction

Main memory and central processing units (CPUs)
have both become increasingly powerful during the last
30 years, but their progress have taken different direc-
tions. CPUs have got faster clock cycles and more com-
putations per clock cycle while main memory can store
more data. Today there is a magnitude of difference
in cycle time between main memory and CPUs, often
referred to as the processor memory performance gap.
Reducing the effect of this gap has been a main research
objective for decades. This has resulted in various
mechanisms such as caches, out-of-order scheduling,
prefetchers and simultaneous multithreading. These
mechanisms consume a substantial amount of power
and are thus a challenge when designing battery driven
equipment, but also for design of high performance
CPUs. For systems with multiple cores on a single chip
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Fig. 1. Multiple cores and memory in a single chip.

the overall power usage limits the performance and/or
the number of cores that can be integrated.

The target architecture is shown in Figure 1. Each
processor is relatively simple and has its own cache,
DRAM banks and a communication channel to the
other processors. Hwang et al. [10] made a prototype
which enables lower latencies in DRAM by modifying
the sense amplifiers to omit write-backs. Reading a
memory cell thus destroys its content and the only
copy now exists in a write-back buffer. To ensure that
later write-backs of data to DRAM do not inflict a
performance penalty, this buffer must at least be as
large as the DRAM bank size. We have proposed a
new scheme for write-back utilizing the usually smaller
cache instead of this large additional write-back buffer
[5]. In our scheme the size of the cache is not dependent
on DRAM bank size. Simulations of a system with 2
kbytes cache show that speed is improved by 14% with
our approach compared to conventional DRAM. Due to
the increased speed of the DRAM, the cache size can be
reduced by a factor four in a system with destructive-
read DRAM compared to conventional DRAM without
degrading performance. Our previous work has not
considered energy consumption, and this is the topic
for this work.

The concept of destructive-read DRAM is explained
in Section II. The models used for power estimation is
described in Section III. Section IV describes the simu-
lations that are run and Section V describes the results.
Section VI is discussion and Section VII conclusions
followed by references.
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Fig. 2. Inside a DRAM bank.

II. Embedded Destructive-Read DRAM

A. Embedded Memory
DRAM is cheap, dense and consumes little power

compared to other technologies; therefore it is the
main choice for main memory. DRAM is traditionally
found on separate chips and connected to the CPU
through off-chip buses. These off-chip buses introduce
capacitance which again increases power consumption
and latency. The number of pins available on the CPU
packages introduces a practical limit for the bus width.
By merging main memory and CPUs, this external bus
is eliminated. Main memory has a much higher internal
bandwidth than what is available through the off-
chip buses. By utilizing embedded DRAM the internal
bandwidth of main memory is available to the CPU.
However, the process of merging main memory and
central processing unit is not trivial as DRAM uses
capacitors to store data (see Figure 2). DRAM chips
are optimized for these analog circuits. Logic circuits
on the other hand are optimized for speed and power
distribution. As a consequence, embedded DRAM is
not as dense (bits per area) as conventional DRAM
chips. The actual density depends on the technology
used [13]. The most sophisticated technology combines
processes from DRAM manufacturing and CMOS logic
chip manufacturing while the simplest generates the
cells in pure CMOS. An additional advantage of embed-
ded DRAM, compared to the normally faster embed-
ded SRAM, is that the standby leakage power is much
smaller. This factor becomes increasingly important as
the technology continues to shrink below 180nm [12].

B. Related Work
Several projects have done research into merging

processors and memory ( [28], [4], [6], [7], [15], [17],
[20], [22], [23], [30]). Most of these projects assume
a conventional DRAM design. The C*RAM project
[6] is an exception where small processing elements
are integrated into the sense amplifiers, utilizing the
parallelism available at that level. A scaled down pro-
totype was made. It was a SIMD computer with single

Type Access Time
PC133 SDRAM 71.4nS
DDR266 DRAM 58.8nS
RL DRAM 25.0nS
130nm embedded DRAM 12.0nS
90 nm embedded DRAM Dense 8.0nS
90 nm embedded DRAM Fast 4.5nS
DDR SRAM 3.3nS
Embedded SRAM 2.0nS

TABLE I

Random cycle time for various memories [11].

bit processors. This architecture is only suitable for
problems with high data locality because of limited
communication between the single bit processing ele-
ments.

Many other projects use SIMD architectures to
utilize the extra bandwidth: e.g. the IRAM project
[26], Yukon [17], Terasys [7] and Execube [19]. The
Mitsubishi M32R/D chip [22] and Saulsbury et. al [28]
use the bandwidth to increase the number of bits in
the data bus between main memory and cache. FPGA
and independent processors have also been proposed to
utilize the bandwidth ( [4], [20]). During the last few
years, embedded DRAM has become more common,
and chips are in mass production with this type of
memory integrated with graphics or network processors
such as Sony’s Playstation 2, Xbox 360, EZchip’s NP-
1c [8] network processor and Nintendo’s GameCube.
Embedded DRAM is becoming commercially available
at different speeds. Table I contains random access
latency time for various memory technologies. By re-
ducing the size of each memory bank, a smaller unit
is activated during an access. As will be explained in
Section III, the bank size has a large influence on the
power consumption.

A comprehensive study of different aspects of mem-
ory and data intensive design can be found in [3] and
[24].

C. Destructive-Read DRAM

Destructive-read DRAM [10] is a modified version
of conventional DRAM. A memory bank with conven-
tional DRAM is shown in Figure 2. A charged capacitor
(normally) represents the logic high value, while an
uncharged capacitor represents the logic low value. The
row decoder is the first component activated in a read
access. It enables one word line and causes all tran-
sistors in that row to be activated. These transistors
connect the capacitors in the memory array to the
sense amplifiers through bit lines. The bus out of a
DRAM macro often has fewer lines than the number of
bit lines inside the macro. The column decoder controls
which subset of bit lines that are read or written.
The sense amplifiers work in three phases as shown
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Fig. 3. Conceptual waveform diagrams of conventional DRAM
architecture vs. destructive-read [10].
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Fig. 4. Conceptual view of DRAM.

in Figure 3a. In the first phase the charge (or lack of
charge) from the capacitor drives the sense amplifier
into a logic high (or low), in both cases leaving the
capacitor discharged. In the second phase the logic
state is locked. In Figure 4a the locking works as a
buffer. From this buffer the data is both sent to the
processor and written back to memory. In the final
phase the bit lines are precharged so they are ready
for the next access. Destructive-read DRAM memory
works differently. The read operation of conventional
DRAM (see Figure 3a) is split into two cycles (see
Figure 3b and c). The destructive-read DRAM does
not lock the data after reading (as shown in Figure
4b). Instead the data are sent directly out of the chip,
in this case to cache memory. Since data is not sent
back to memory, the capacitor is left discharged and
data is destroyed. Data is conserved by writing it back
to DRAM later as shown in 3c. However, write-back
is not performed immediately after the read, this in
contrast to conventional DRAM where read and write-
back are a single operation.

D. Write-backs
Hwang et al. made a prototype where random access

time to DRAM was reduced from 6 ns (conventional
read) to 3 ns (destructive-read). The prototype had
four independent memory banks and a large write
back buffer (WBB) that was the same size as one

memory bank. The WBB was made out of SRAM.
The purpose of the WBB was to hide write-backs, not
to reduce latency. The WBB could write-back to sev-
eral banks simultaneously and required significant chip
area. Later a new scheme was made where the WBB
was replaced with destructive-read DRAM [14]. The
designs guaranteed that write-backs never conflicted
with read operations. We have proposed new schemes
that remove the large write-back buffer and increase
performance by utilizing the cache [5]. The data is first
read from DRAM and into the cache. At this time data
are not stored in DRAM, only in the cache. Data are
written back to DRAM when the cache line is replaced.
In a conventional scheme data is only written back if
data is modified, while in this scheme data is always
written back. Therefore this scheme can be compared
to a cache that always has dirty cache lines. Write-
backs are partially hidden by using several memory
banks so data can be read from one bank while writing
to a different bank. However, in some cases the read
operation and the write back access the same memory
bank, causing a delay. Figure 5 shows the number of
instructions per clock cycle (IPC) for a system with
conventional DRAM and our destructive-read DRAM
scheme, both with a 2 and 16 kbytes cache for the
applications in SPEC2000 benchmark suite.

III. Model for Power Consumption

Power consumption in computers can be divided
into static and dynamic power consumption. Dynamic
power consumption for a CMOS chip is shown in
Equation 1.

Pdynamic = Cswitched ∗ V 2
dd ∗ fclk (1)

Vdd is supply voltage, fclk is frequency and Cswitched is
the total effective switched capacitance, i.e. is the aver-
age capacitance of the transistors and communication
lines that are switch in each clock cycle. In synchronous
designs such as a microprocessor the clock distribution
adds a significant value to Cswitched.

As chips get denser, leakage power increases, and
transistors consume more power without switching [12].
This is called static power consumption. Caches have
higher leakage currents per stored bit compared to
DRAM because of higher transistor count, and will
therefore consume more power in denser technologies
compared to DRAM.

A. Voltage and Frequency
The following relationship between frequency and

power has been described by Khellah and Elmasry [16]:

Td ≈
CL ∗ Vdd

κ ∗ (Vdd − Vth)ᾱ
(2)

Td is the delay of a CMOS gate, where CL is the load
capacitance, κ is a factor that depends on the process
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Fig. 5. IPC for the applications in the SPEC2000 benchmark suite for conventional (conv) and destructive-read (dest) DRAM with
2 and 16 kbytes cache configuration. The average IPC is 13.7% higher for dest 2 compared to conv 2, and 4.5% higher for dest 16
compared to conv 16.

and gate size, ᾱ takes a value between one and two, Vth

is the threshold voltage and Vdd is the supply voltage.
Even though the formula is not complicated, a lot of
complexity is hidden in the ᾱ, Vth, CL and κ factors.
However, what can be read from this formula is that for
a given technology and circuit, the maximum operating
frequency is a function of supply voltage. This fact
is used for power saving in commercial computer sys-
tems in a technique called dynamic voltage-frequency
scaling. The technique reduces both frequency and
voltage for the system when maximum computational
performance is not needed.

B. Power model of DRAM with bus

The data flow of accessing DRAM from cache is
shown in Figure 6. The address and control signals
are sent to the DRAM bank. Data are read out of
the bank and written back along the route shown as
a thick gray line. Equation 3 shows a model for the
energy consumption (EMEM ) for these components for
the execution of a complete application, e.g. one of the
benchmarks from Figure 5.

EMEM = NACC ∗ (EDRAM +ESWITCH +EBUS) (3)

NACC is the number of DRAM memory accesses, and
for a single access: EDRAM is energy consumed in the
DRAM banks, EBUS is energy consumed by the bus

Fig. 6. Data communication when accessing a memory bank.

and ESWITCH is energy consumed by the switch and
the write-back buffer.

Yong-Ha Park et. al. [25] have made a model for the
dynamic power consumption of embedded DRAM at
an abstraction level that matches the simulation model
that we are using for the processor. We have based
Equation 4 on this model.

EDRAM = NROW ∗ EROW + NCOL ∗ ECOL (4)

NROW is the number of row activations, NCOL is
the number of column activations, EROW is energy
consumed by activation of a row in the embedded
DRAM and ECOL is energy consumed by activation of
a column in the embedded DRAM. All these variables
are for a single memory access. Burst transfer is not
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used in this work because communication is on-chip
and the bus width is increased instead. In this way
the column decoder is not needed as one word line of
the memory array is read or written simultaneously.
Refresh of DRAM is not different for the two DRAM
models and is therefore omitted for simplicity. The
result is that NCOL is one and NROW is the number of
data bits which is 512 in our model. The consequence is
that EDRAM is equal for all memory accesses because
each access activates one row and 512 columns. In order
to quantify EDRAM we use a DRAM macro made by
Morishita et.al [21]. The power consumption is 0.260
W at 250 MHz (in 130 nm technology) for accessing a
16 Mb bank. This is approx. 1 nJ for one access with
128 bits, and we conservatively multiply this with 4
for 512 bits width resulting in EDRAM = 4nJ for our
DRAM bank. Power consumption depends on DRAM
macro size as this impacts wire lengths, the number of
cells activated in parallel, etc. Smaller macros consume
less power while larger macros consume more power
per access. Research on interconnection is a large topic
and several techniques exists (see for example [27]).
Ron Ho et.al. [9] have made efforts to quantify energy
consumption for buses, and found that a wire of length
10 mm in 180 nm with 1.8 volt require < 1 pJ per
bit for techniques with voltage swing reduction and
< 10 pJ for a simple bus wire. We conservatively use
the simple wire and 10 mm bus (10 pJ). This result
in EBUS = 5.4pJ for 544 bus lines (512 data + 32
address).

The power consumption for the write-back buffer
and switch was modeled as a 2 kB cache with four
banks and 64 bytes block size in CACTI [29] (in 180 nm
technology). It consumes 0.31 nJ per bank per access.
We conservatively use ESWITCH = 1nJ .

This results in EMEM = 10.5nJ ∗ NACC . The
same energy model is applied to both destructive-read
DRAM and conventional DRAM, and used for both
read and write operation. This is acceptable as our
main goal is to compare the two techniques, not neces-
sarily to have exact estimates. There are fewer opera-
tions performed in the destructive-read DRAM since
no write-back is performed during each read. Static
power consumption is not included in this power model
as it is not different for conventional and destructive-
read DRAM. Using destructive-read DRAM results in
shorter execution time and the static power consump-
tion will be slightly lower. If in error, the power con-
sumption penalty of using the destructive-read DRAM
will therefore be overestimated.

IV. Simulations

The purpose of our simulations is to study the en-
ergy consumption and performance of the destructive-
read DRAM and compare this to conventional DRAM.

Alpha
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Fig. 7. The simulated single chip computer.

For simplicity, only one node of the parallel archi-
tecture is simulated. The simulator is based on Sim-
pleScalar version 3 [1]. It is extended with Wattch [2]
and HotLeakage [31]. We have further extended it to
simulate a configurable number of DRAM banks with
congestion and a configurable stand alone write-back
buffer. A logical sketch of the simulated computer is
shown in Figure 7.

Wattch with HotLeakage contain parameters for
power consumption for different technologies and the
simulation model is fully configurable. However, they
do not contain values for DRAM and memory buses
to DRAM. For this, the estimate of 10.5 nJ per access
from the previous section is used. The configurations
for the baseline of the simulations are cycle-true sim-
ulation with a five stage Alpha processor at 180 nm
technology. Processor properties are single issue, static
branch prediction, no translation look-aside buffer,
in-order execution, single decode, single commit and
single ALU. There are two independent caches, one
instruction cache and one data cache each with 64 bytes
cache lines, two ways set associative, and cache size
of one kbytes each. Latency is one clock cycle. Eight
independent memory banks are used for simulation of
congestion. Memory bus width is the same as cache line
width (64 bytes). Latency of conventional DRAM is six
clock cycles for a read operation. For destructive-read,
this is three clock cycles for reading and three clock
cycles for writing. DRAM refresh is not simulated as
it is presumed to have little and similar effects on the
result for both configurations. Total access time for a
cache miss includes one clock cycle for cache plus access
time for DRAM. A write-back buffer is implemented for
each memory bank capable of storing one cache line.

SPEC2000 applications were used as benchmark
with lgred (large reduced input dataset) [18] as the data
set. One of the 26 applications found in the SPEC2000
did not work with the simulator (vortex application).

V. Results

The energy consumption for the various SPEC2000
benchmarks is shown in Figure 8. The total energy
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consumption level shows little difference between the
two models. However, for the destructive-read DRAM
model, a larger part of the energy is consumed in
the DRAM. On average the energy consumption is
increased with 0.46% for destructive-read DRAM com-
pared to conventional DRAM. As will be shown later,
this is compensated by a much larger increase in per-
formance.

Details of the energy consumption components for
gcc is shown in Figure 9. Since the destructive-read
DRAM model results in less computational time, less
energy is spent on clock distribution and other active
waiting components. On the other hand more energy
is spent on DRAM components.

The average number of DRAM accesses per clock
cycle is shown in Figure 10. The number of accesses
is more than doubled for some applications. This is
because more instructions are executed per clock cy-
cle due to lower memory latency. Other applications
show little increase, as more data is modified by the
processor and has to be written back in both schemes.

Three of the applications from the SPEC2000 bench-
mark were selected for further study: art, ammp and
twolf. art was chosen because of the small energy
consumption in DRAM, ammp was chosen due to high
amount of DRAM energy usage and twolf was chosen
as an average application.

Performance and energy consumption for twolf as
function of cache size is shown in Figure 11c). Optimiz-
ing for low execution time gives larger cache sizes and
optimizing for low energy consumption results in cache
size of 4 kbytes. The destructive-read architecture
consumes more energy than the conventional model
for this application. The difference is largest for small
caches. This is due to reduced DRAM traffic for larger
caches caused by lower miss-ratio in the cache. Perfor-
mance is better for destructive-read DRAM, especially
for small caches. The product of execution time and
energy consumption is shown in Figure 12c). A cache
of size 16 kbytes is the optimal for minimizing (linearly)
both energy consumption and execution time.

For the art application the energy consumption and
execution time are shown in Figure 11b). For small
caches there is a difference while for caches larger
than 4 kbytes there is little difference. The product
of execution time and energy consumption is shown
in Figure 12b). Caches of 4 kbytes is the optimal size
for minimizing (linearly) both energy consumption and
execution time.

A study of performance and energy consumption
for ammp application as a function of cache size is
shown in Figure 11a). For larger caches the destructive-
read model requires less energy than the conventional
model. This is due to shorter execution time. The
product of execution time and energy consumption is
shown in Figure 12a). Caches of 2 kbytes is the optimal

size for minimizing (linearly) both energy consumption
and execution time.

VI. Discussion

It is assumed that EMEM = 10.5nJ is consumed for
each access to the DRAM subsystem. This assumption
influences the power consumption and not the compu-
tational speed (IPC). The impact of this value depends
on factors such as cache miss ratio and the power
consumption of the processor. We have assumed that
energy consumption is proportional with the number
of DRAM accesses plus the energy consumption in
processor and cache. For the twolf application with
16 kbytes cache the power consumption is shown in
Equations 5 and 6. The values are taken from simu-
lations. By looking at the components in Equation 5
and comparing this to Equation 6 it can be seen that a
system with conventional DRAM uses more energy in
the processor and less in DRAM memory compared to
destructive-read DRAM, and vice versa. The number
of DRAM accesses is increased from 58 million to 97
million with the destructive-read DRAM configuration,
an increase of 70%. The processor itself consumes 2%
less energy since it executes the task in less time.
With higher leakage currents in denser technologies this
difference will be even more significant.

Econv = 13.2J + 58 ∗ 106 ∗ EMEM (5)
Edest = 12.9J + 97 ∗ 106 ∗ EMEM (6)

For the simulated architecture, technology, and ap-
plications, destructive-read DRAM has slightly higher
power consumption. Smaller DRAM memories will re-
sult in a smaller EMEM , and can result in less energy
consumption for DRAM due to shorter computation
time. The result is also dependent on processor ar-
chitecture: More complex processor will require more
static power. Also, denser technology will have more
leakage current and computation time will be more
important. These estimates should be conservative
since static power is still not significant at 180 nm
technology.

There are several benefits by using destructive-read
DRAM. (1) Cache size can be reduced by a factor
four, decreasing chip area correspondingly [5]. This
has a positive impact on power because each access
to the smaller cache consumes less energy. In dense
technologies with high leakage currents this will be
even more the case, since caches have many transis-
tors. (2) Power consumption in CPU is also reduced
since computation time is reduced. However, since the
number of accesses to the DRAM is increased the total
power consumption is also increased. In our simulation
models power is increased by 0.5% and 3% for 16 and 2
kbytes cache respectively. For the same execution time,
the frequency and voltage can be scaled down when
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Fig. 8. Energy consumption for various applications in the SPEC2000 suite for conventional DRAM (conv) and destructive-read DRAM
(dest). Total cache size is 16 kbytes to the left and 2 kbytes to the right. Average increase in power consumption from conventional to
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execution time.
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Fig. 10. Number of DRAM accesses per clock cycle for 16 kbytes cache. Due to increased IPC the number of DRAM accesses can be
more than doubled for each clock cycle.

utilizing destructive-read DRAM since the instructions
per clock cycle (IPC) is higher. This reduces power
consumption, but is not analyzed in this paper. (3) The
performance is increased, in our simulation this is 5%
with 16 kbytes caches and 14% with 2 kbytes caches.

In systems with multiple processors and shared
memory with cache coherence protocol, the cache line
has to be marked dirty when read so that data is con-
served. For multiple processors with message passing
the data has to be read through the corresponding

cache, i.e. the local processor should process the mes-
sages in order to conserve the data.

VII. Conclusions

Destructive-read DRAM looks promising both from
an energy and a speed perspective. More energy is
spent on the DRAM memory and bus, but the execu-
tion time is reduced and energy is saved in the proces-
sor. Denser technologies with higher leakage currents
will benefit even more as more energy is wasted when
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the processor is stalled waiting for memory access to
finish. For the simulated architecture the average power
consumption were increased with 0.5% and 3% while
the performance were increased with 4.9% and 14% for
the applications in SPEC2000 benchmark for 16 kbytes
and 2 kbytes caches respectively. Benefits from using
destructive-read DRAM are increased performance and
a reduction of chip area (by reducing cache size).
Lower energy consumption might be possible through
voltage-frequency scaling, but this also depends on
the configuration and technology used. With higher
leakage currents in denser technologies the destructive-
read DRAM will be even more beneficial as the leakage
currents (static power consumption) is higher.
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