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Abstract—In systems ranging from mobile devices to servers,
Dynamic Random Access Memories (DRAM) have a large impact
on performance and contribute a significant part to the total
consumed power. Therefore, it is crucial to have an accurate
DRAM power model for exhaustive design space explorations,
which can handle different types of DRAM devices. In this paper,
we present an improved version of the well known DRAMPower
model. Our enhanced model is derived and calibrated from
real measurements and outperforms pessimistic state-of-the-art
DRAM power estimators like the widely used spread sheet
provided by Micron.

I. INTRODUCTION

Dynamic Random Access Memories (DRAM) contribute
significantly to the power consumption of today’s systems, as
shown in Figure 1. Thus, there is a need for accurate DRAM
power modeling. The most commonly used tool in research
and industry is Micron’s power calculator [1], which estimates
the power from datasheet and workload specifications. How-
ever, this model is not accurate enough, as it assumes averaged
workload characteristics. To overcome this limitation, we
focus on an improved version, called DRAMPower [2], [3],
which uses the actual timings instead of the minimal timings
from datasheets.

In the Design Space Exploration (DSE) process of today’s
systems an important optimization goal is to decrease the total
power consumption. Therefore, we modified DRAMPower
that it can be used as a library [4], which can be easily
integrated in a C++ based simulator like gem5 [5] or the DSE
framework DRAMSys [4].

DRAMPower and its underlying equations depend on the
average currents (Ipp) from DRAM vendor datasheets. These
values are very pessimistic due to high process margins added
by the vendors to ensure correct functionality under worst-case
conditions and a high-enough yield [6].

To emphasize this fact, we conducted several Ipp-
measurements with our measurement platform (cf. Section I'V)
on DDR3 devices from Samsung to show these high margins.
Each test was repeated several times to ensure stability and
reproducibility with a temperature range from 25°C to 90°C.
The results plotted in Figure 2 show the expected worst-case
behavior. The values measured at the highest temperatures for
Ippg and Ippsr are around 18% to 20% lower than the
datasheet current consumption definitions of the selected SO-
DIMM. For the power-down current (I pps2pg), which is leak-
age dominated, the difference is even larger and even at 90°C
it still deviates 60% from the value defined in the datasheet.
Consequently, the key attribute of a realistic and accurate
DRAM power analysis is an enhanced power modeling tool,
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Fig. 1: DRAM Power Break Downs

based on DRAMPower, that receives nominal current measures
instead of worst-case values from the vendor’s datasheets.

In this paper, we present an integral modification to DRAM-
Power’s underlying equations with respect to the active back-
ground energy, in order to realize a bank sensitive model.
These enhancements are proven with conducted measurements
on several DRAM devices from different vendors.

The paper is structured as follows: Section II explains the
basics of DRAM power modeling and the underlying equa-
tions of DRAMPower are introduced. Our improvements to
DRAMPower and new equations are presented in Section III.
The used measurement setup is presented in Section IV. Sec-
tion V shows experimental results obtained by measurements
and simulations. Finally, the paper is concluded in Section VI.

II. DRAMPOWER MODEL

In this chapter we will elaborate the basic equations of
the DRAMPower model, according to [2], [3] and [I1].
As mentioned before, we find current values in vendor’s
datasheets denoted as specific Ipp values, as shown in Table I.
For instance, Ippg, is measured by an ACT-PRE (activate-
precharge) sequence, that is issued to the device in the
minimum timing interval (tpc = tras + trp).

As mentioned before, a well-known and often used model
is provided by Micron in form of a spread sheet [1]. However,
there are some limitations in that model. Micron uses the
minimal timing constrains from the datasheet specifications
instead of the actual timings. But in practice there are de-
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Fig. 2: Current Consumption Averaged over Ten 2 GByte
DDR3 SO-DIMMs (Samsung)

pendencies between consecutive memory accesses so that the
controller may accelerate or postpone commands. Further-
more, Micron assumes that the controller uses a close-page
policy (precharge after each memory access) and that there
is only one bank open at the same time. Due to this, a large
lack of flexibility and accuracy exists in this model. A better
model is DRAMPower, which uses the actual timings from
the transactions. DRAMPower is widely used for instance in
the gem5 simulator [5], the DRAM simulator Ramulator [12]
and the SystemC/TLM based DRAM design space exploration
framework DRAMSys [4], [13]. In this paper we further
enhance this power model by conducting measurements on real
DRAM devices and by developing a new underlying equation
for the active background energy.

The interesting instances of time for the power model are
the events in simulators like gem5 and DRAMSys. Therefore,
we wrapped DRAMPower into a library that can be used in
event based simulators [4]. These events contain all timing
information that we need for the calculation of the power
consumption, as of the DRAM with the following equations.
In the following we will explain all the single contributions to
DRAM power. For each contribution we calculate the energy
and accumulate the parts to the total energy. By dividing the
total energy with the runtime 7T'r,:4;, We can obtain the average
power consumption, shown in the end of this section.

In general, the electrical energy is:

fop /v(t) Li(t) dt ()

In case of an average value for i(t) = Ippx and a
constant value for v(t) = Vpp this equation is reduced to
E =Vpp - Ippx - Aty, which is the base for all following
energy calculations.

The power consumption consists of a background or static
part and an active part which is needed for each command
(ACT, PRE, RD, WR ... ), called command power. In the
following sections we present the underlying equations of
DRAMPower for each case.

TABLE I: Key Parameters for DRAMs [14]

[ Name ][ Explanation |
trcD Row to Column Delay: The time interval between ACT and RD
on the same bank.
trp Row Precharge: The time interval that it takes for a DRAM array
to be precharged (PRE) for another row access.
trAs Row Active: The minimum active time for a row
trc Row Cycle: The fastest time to ACT and PRE the same row.
tcor CAS Latency: The delay from a RD/WR command until data can
be read/written at the interface.
trRFC Refresh Cycle: The time interval that it takes for a refresh
Ippo One Bank Active Precharge Current: Measured across ACT and
PRE commands to one bank (other banks remain precharged).

IppanN Precharge Standby Current: Measured when all banks are
precharged (PRE).

IppsnN Active Standby Current: Measured when one bank is active
(ACT).

Ippar Burst Read Current: Measured during read operation, assuming
seamless write data burst with all data bits toggling between
bursts and all banks open, with the RD commands cycling through
all the banks

Ippaw Burst Write Current: Similar to Ipp4R, instead with WR com-
mands

IppQar Burst Read Interface Current: Similar to I p p4 g, but measuring
Ol’lly IDDQ
Ipp2proO Precharge Powerdown Current: Measured during power-down
mode
Ipps Refresh Current: Measured during refresh operation, with REF
commands issued every trrc.
Vbbb Supply Voltage

A. DRAM Background Energy

While at least one bank is in the active state, the memory
consumes Ippsn as background current. When all banks are
precharged, it draws only Ippon. However, to calculate the
complete power consumption we need 755 (the time where
the memory is in the active state) and T5Sy, (time in precharge
state) which we can easily derive by analyzing simulation
events.

Figure 3 shows a sample command trace of a DRAM with
four banks and their active and precharge states. The time the
memory is in the active background mode is calculated by
TES. = NBS,. -tk and for precharge background mode by
TES, = NBS, - tok, respectively. NBS, and NES), are
the number of cycles in active and precharged state, while
tox is the clock cycle period. This information can easily
be obtained in simulators like gem5 and DRAMSys by using
simple counter variables. The active and precharge background
energy can be calculated with following equations:

ESS: =Vpp - Ippan - TS 2)

EBS. =Vpp - Ippan - TESE 3)

However, Equation (2) is very pessimistic: The DRAM is
in the active (open) state when at least one bank is activated,
however, the used Ippsny in the equation is the measured
current when all banks are active. Therefore, we present an
accurate equation that considers the exact number of active
banks in Section III.

B. DRAM Command Energy

For each issued DRAM command a certain amount of
energy is consumed. In the following parts we will explain
the energy contributions for each command.
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Fig. 3: Estimation of the Background Timings

1) Activate and Precharge: From Ippg, which is specified
as the average current consumed by the memory when it
executes alternately both commands with minimum timing
constraints, the energy of a single ACT or PRE command
can be calculated. Since Ippg also contains the background
currents Ippoy and Ippsy with their respective minimum
timing constrains, we have to subtract them from Ippg. The
energy of an ACT command is computed with the trags
(minimum time between ACT and PRE to the same bank)
which is corresponding to the selected Ippg speed-sort bin
(datasheet). This is done similarly for the precharge command
with the tgp value.

Eact =Vop - (Ippo — Ippsn) - tras 4
Epre =Vop - (Ippo —IpD2n) - trRP (5)

2) Read and Write: Similar to the active and precharge
commands there is an average current Ippysr for the RD
and Ippaw for the WR command. Since both of the currents
also include Ippsny, we have to subtract it from Ippsgr
and Ippqw. To get the energy consumption for one read or
write command we also have to multiply the time of the data
transfer, which is calculated by the ratio of burst length (BL)

and data rate (DR). For SDR memories this evaluates to %

and for DDR memories to BT.
BL
Erp = Vop - (Ippar — I Rl 6
RD pp - (Ippar — IDD3N) DR oK (6)
BL
Ewr =Vpp - (Ippaw — IpD3N) - DR “tex (D

3) Refresh: The refresh operation is used to retain the data
in the DRAM. Before issuing a refresh command all banks
must be in precharged state. Therefore, usually a precharge all
command (PREZ) is issued. This is accounted by the second
part of the Erpr equation, while the first part is the actual
contribution of a refresh. Nrgpr stands for the number of
refresh commands and Npg,,.s for the number of banks that
have to be precharged by PREA.

Erpr = |Ipps - (trrc —trp) + (IDps — IDD3N + IDD2N) - trRP

Contribution from the refresh

+ NBanks - (UIDpo — IDD2N) “trRP + IDD2N " tRP| - VDD

Contribution from the precharge all command
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Fig. 4: Measured Samsung 2009 SO-DIMM with
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4) Power Down and Self Refresh: There are additional
energy contributors like power down and self refresh. For the
sake of space we do not include these explanations into this
paper and therefore refer to [2] and [3].

5) Complete Trace Power: The computation of the average
power consumption for the entire simulation is done by
combining all the energy contributions from above into the
following equation:

ETotal = EEgT + EggE
+ Nrer - Ergr + Nacr - Eacr

+ Npre - Epre + Nrp - ErD
+ Nwr - Ewr

©))

Nacr stands for the number of activate commands and
Npre, Nrp, Nwg for the number of precharge, read, write
commands, respectively.

As mentioned before, we can obtain the average power con-
sumption by dividing the total energy with the total runtime:

ETotal

Pavag = (10)

TTotal

III. ENHANCEMENTS TO DRAMPOWER

DRAMPower has been included in system level virtual
platforms like gem5 [5], Ramulator [12] and DRAMSys [4],
[13] in order to perform design space explorations. In this
chapter, we present an integral modification that will lead to
less pessimistic DRAM power simulation results, which there-
fore will also enhance the overall accuracy of the previously
mentioned simulators.

To improve the calculation of the active background energy
we derive in this section a new formula that will replace
Equation (2). As explained in Section II-A the DRAM is in the
precharged state if no bank is opened (/pp2) and it is in the
active state if at least one bank is activated. However, for the
active state the complete current Ippsn is accounted, which
represents the current when all banks are activated. However,
as shown in Figure 4 this is not true in reality. This plot shows
the current consumption over time where we activated each



bank in the DRAM step by step (D - ® ) and we clearly see
that the active background current depends on the number of
active banks.
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Fig. 5: Improved Background Energy Calculation

For the new equation that considers the exact number of
activated banks, we introduce a new current I,,. This represents
the current, which is consumed by shared resources, such as
I/O interface, supply voltage generators and common control
logic of the banks. Figure 5 shows the currents of a DRAM
with 8 banks on a number line. Each activated bank ( (D -
) adds a specific current portion to I,. When all banks are
activated we measure Ippspy.

First, the active time for each bank must be accounted
separately. Therefore we introduce, additionally to ngT, a
new ng:,f(b) which denotes the active time of a specific bank
b€ {0,..., B—1} where B denotes the total number of banks.
The energy part contributed by each bank b can we written as:

* 1 *
EZEr(b) = Vbp - 5~ Uppsn —1p) - Tiér()  aD
Second, if at least one bank is open a shared energy which
is caused by resources such as I/O interface, supply voltage
generators and common control logic must be accounted:

EBG Shared VDD I TACT (12)
The new total active background energy results in:
EACT — BG Shared Z Efg% (13)

As depicted in 5, the relationship between I,, Ippan and
Ippsn can be expressed by a relative factor p, which is a
vendor specific parameter:

I,—1
p= __'p— “DD2N (14)
Ippsy — Ippan

Thus the new total energy can be expressed as:

(p-Ippsn + (1 —p) - Ippan) - TAGT
z 75650

In Section V we present measured values for p for different
vendors and we show the influence of it to DRAM power
simulation. If the value of p is not known it can be set
to p = 1. This will transform Equation (15) to the old
pessimistic Equation (2). In the following section we present
our developed measurement setup.

ER&r =Vop -
(15)

1
5 (1—-p)-(Ippsn —IDpD2N)

IV. MEASUREMENT SETUP

We developed a custom platform' to measure the current

consumption and to heat up the DRAM devices of DDR3 SO-
DIMM modules.

The heating section consists of a mechanical setup which
is placed on the surface of the DRAM devices. A peltier
element (thermoelectric) is placed in the center, creating a hot
and a cold side. The cold side is faced outwards, equipped
with aluminum cooling ribs. The hot side is faced towards the
DRAM module and equipped with a temperature sensor for
automatic heat control. To ensure fast and even distribution
of the temperature among all covered DRAM devices, the hot
side is made of a solid copper plane. Heat conducting foil is
used to build a thermal bridge between the copper surface and
the exterior surfaces of the DRAM packages on a DIMM.

For analyzing the current consumption of DRAMs, we
designed an adapter PCB for DDR3 SODIMMs (6 Layers)
that conforms to JEDEC standard requirements (cf. Figure 6).
The data, address and control lines are passed through, the
power lines are routed across a precision 10m{2 shunt resistor.
A shunt monitor is used to amplify the low voltage range of
the shunt resistor.

The amplified voltage is forwarded to a computer-interfaced
microcontroller board which also contains the power electron-
ics for the heat control.

As user interface a custom PC software was designed for
heat control and current analysis. The temperature control
provides a range of 25 to 90°C. In advance, various thermal
simulations have been conducted to construct the mechanical
setup in a way to provide an accuracy of £2°C among all
covered devices. To guarantee reliable results the system has
been analyzed with calibrated precision measurement instru-
ments by Keithley. The inspection record certifies a current
measurement accuracy of +0/-1mA.

The DDR3 SO-DIMM adapter board is plugged into a
Xilinx FPGA based evaluation platform. The standard Memory
Interface Generator (MIG) memory controller from Xilinx
is customized to generate the required command and data
sequences for the measurements. A Virtual Input/Output (VIO)
core connected to the Custom MIG enables the real-time
monitoring and control of the internal FPGA signals.

V. EXPERIMENTAL RESULTS

In this section, we present measurement results for the
vendor specific p parameter. Furthermore, we demonstrate how
the new equation will result in a less pessimistic and more
accurate power estimation by simulations with DRAMSys.

A. Measurements

With the setup presented in Section IV we measured several
DRAM devices from different vendors. Figure 8 shows the
results for Micron, Hynix, Samsung and Qimonda devices.
We clearly observe that for Micron devices (Figure 8a) the
parameter p is the highest, and therefore the resulting error
by using Equation 2 has less influence. However, for e.g.

'Further details of the measurement platform will be published in a
following publication and in a detailed technical report at http://www.uni-
kl.de/3d-dram



Fig. 6: Mechanical Construction and Adapter PCB Placed in a Typical Standard FPGA Board

Samsung devices (Figures 8c,8d) we see an intermediate value
for p that has a large influence on the accuracy of the final
power estimation. Furthermore, we can observe that the value
of p decreases by scaling down of the DRAM devices. The
DRAM in Figures 8c uses a 50 nm node, where the DRAM in
Figure 8d uses a 30 nm node. An interesting fact for Qimonda
devices is that the current drawn by the shared resources is
extremely small. Figure 7 shows the variaton of the currents
Ippan, I, and Ippsn for ten different DRAM SO-DIMMs
(40 devices in total). The resulting p has a variation of 12%.

Although DRAMs are standardized by JEDEC, these re-
sults clearly show that the vendors have a large freedom of
designing their internal device organization, which results in
different values for the parameter p. In order to obtain a
reliable and accurate power estimation for the used DRAM
in the system running a specific application, this parameter
should be considered. In the next section we prove this by
means of example simulations.

B. Simulation

To show the impact of our new active background power
model, we conducted simulations with DRAMSys and the
modified DRAMPower. Therefore, we considered the Sam-
sung K4B1G1646E-HCF8 device with p = 0.5. Figure 9
shows the power over time for a small simulation. In this
simulation we issue read requests to specific addresses in the
memory such that all the banks are opened step by step (
D - ® ). The figure shows an overlay of the old and new

Ippsn

8.5 16.0

Fig. 7: Variation Among 10 Samsung 2GB SO-DIMMs
(K4B4G1646Q)
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TABLE II: Simulation Results for a SO-DIMM

Benchmark

H Mapping ‘ Old [mW] ‘ New [mW] ‘ Deviation

P,
Perc

t of Time where n Banks are Simultaneously Active

5

NoBanks | 1Bank | 2Banks | 3Banks | 4Banks | 5Banks | 6Banks | 7 Banks | 8 Banks

diabench-inesdecode BRC 285.76 279.50 2% 83.6% 13.5% 2.5% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0%
JETS RBC 280.67 275.37 2% 83.6% 1% 81% 1.9% 1.5% 0.4% 0.2% 0.1% 0.1%

N o BRC 354.34 321.08 9% 15.0% 82.0% 2.5% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0%
JPESETEOTE RBC 350.36 318.88 9% 14.4% 57.9% 21.5% 3.0% 1.6% 1.0% 0.3% 0.2% 0.1%
mediabench-epic BRC 347.774 318.88 8% 26.4% 71.9% 1.3% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0%
RBC 341.27 316.75 7% 242% 15.4% | 36.5% 183% 2.9% 3% 0.6% 0.4% 0.3%

N . BRC 435.57 405.61 7% 23.2% 73.0% 2.7% 1.2% 0.0% 0.0% 0.0% 0.0% 0.0%

. b RBC 415.60 388.32 7% 15.7% 29.1% | 31.0% 9.9% 9.0% 1.7% 2.0% 0.6% 1.0%
image-rotation BRC 1088.71 1083.43 0.5% 1.6% 0.8% 1.7% 2.1% 2.77% 3.7% 7.6% 30.1% | 49.6%
RBC T081.38 1075.88 0.5% 1.6% 1% 1.9% 2.1% 2.8% 4% 82% 288% | 49.5%

simulation model. The pessimism of the old model can be
clearly observed.

Furthermore, we conducted experiments with real workload
benchmarks shown in Table II. Since the address mapping
has a large influence on the power and the performance we
simulated the usual bank-row-column (BRC) and row-bank-
column (RBC) mappings [14]. The jpegdecode benchmark
has a lot of idle periods where no banks are active and the
DRAM is most of the time in the precharged state. Therefore,
most of the time Equation (3) instead of Equations (15,2) is
used to calculate the background energy. The image-rotation
application uses often all banks in the DRAM in parallel such
that most of the time nearly the complete Ippsv is accounted.

However, many application use only 1-4 banks concurrently,
which shows a significant improvement in power estimation,
for example 9% for the jpegencode benchmark.

VI. CONCLUSION

In this paper, we presented a new bank sensitive version of
DRAMPower, which considers the exact amount of activated
banks for the calculation of the active background energy.
Therefore, we introduced a new equation, which depends
on a vendor specific parameter. We reveal the behaviour of
this parameter by conducting experiments with a sophisti-
cated simulation platform. These insights will help to provide
an accurate DRAM power model, which can be used for
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Fig. 9: Simulation Example for Samsung 2009

thoroughly design space exploration of modern systems with
DRAMs. Moreover, we will contribute our results to the
official DRAMPower code repository.
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