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ABSTRACT

DRAM devices contribute significantly to the power con-
sumption of today’s computing systems. As the DRAM
banks are getting denser, bank-wise power contribution is
becoming more and more significant in modern DRAM de-
vices. Therefore, DDR3 and LPDDR3/4 devices support
Partial Array Self Refresh (PASR), while the latter and High
Bandwidth Memory (HBM) provide additionally Per-Bank
Refresh. To evaluate the benefits of these new sophisticated
features in design space explorations, it is essential to have
an accurate and fast Bank- Wise DRAM power model, which
can be easily integrated into system level simulators. To
the best of our knowledge, there exists no DRAM power
model, which supports the aforementioned features. In this
work, we present the fundamental equations for modeling
bank-wise DRAM power. This model supports PASR and
Per-Bank Refresh and is calibrated with measurements from
various DRAM devices to improve the accuracy instead of
using pessimistic datasheet values.
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eComputing methodologies —+ Modeling and simula-
tion; eHardware — Dynamic memory; Power estima-
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1. INTRODUCTION

The contribution of Dynamic Random Access Memory (DRAM)

to the total power consumption in today’s computing sys-
tems is getting more and more significant [3, 10, 18]. More-
over, the size of a single DRAM bank is increased largely
(>1Gbit) following the trend of memory density. This is
due to the fact that the number of memory banks stays un-
changed across DRAM generations (8Gbit DDR3 device: 8
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banks, 16Gb DDR4 device: 8/16 banks). This results ef-
fectively in larger and more power hungry banks. A DRAM
device cannot be considered anymore as a single entity. Each
bank has now to be handled independently with respect
to power, temperature and performance. Especially, con-
cerning hotspots in 3D integrated environments the DRAM
banks require to be analyzed and controlled separately, since
the temperature gradient across the chip varies in vertical
and lateral directions [26]. Thus, industry has introduced
new features into recent DRAM standards such as Partial
Array Self Refresh (PASR) and Per-Bank Refresh.

PASR is a power-down feature, which has been introduced
by JEDEC as part of LPDDR and DDR2 standards, and
still persists in state-of-the-art low power DRAMSs, such as
LPDDR4. This allows to select a group of banks to self-
refresh instead of refreshing the complete DRAM, when it
is idle. Data in the other banks will be lost. Since smart-
phones exhibit a burst-like access pattern with long idle pe-
riods between two consecutive interactive sessions [8], they
can make use of the PASR functionality to optimize the
stand-by power consumption. The authors of [24] provide an
overview of the current Linux memory management infras-
tructure and some of the challenges with respect to memory
power optimization from a software point of view. They also
propose an allocation framework aware of bank boundary
information that promotes the use of bank-selective PASR.
Memory power management is a concern among Linux de-
velopers. The patchset proposed in [7] targets PASR, while
[1] provides the Linux memory management subsystem with
an understanding of the granularity at which DRAM mod-
ules can be power-managed with the aim of using power-
management capabilities in modern memory hardware.

The Per-Bank Refresh command is a newly introduced



feature in HBM and LPDDR3/4 memories. This allows to
refresh a single bank while the other banks are serving re-
quests, instead of suspending all banks when a refresh is in
progress. In summary, we face the following challenges: (i)
Larger DRAM bank sizes, (ii) Thermal hotspots in 3D inte-
grated circuits, (iii) New sophisticated features (PASR and
Per-Bank Refresh). To tackle these, a more granular DRAM
power model for system level explorations is required. To
maintain the accuracy vs. speed trade-off the lowest level of
abstraction is the DRAM bank. Such a bank-wise DRAM
power model enables to obtain a detailed thermal map of the
used DRAM device. However, to the best of our knowledge,
there exists neither a bank-wise DRAM power model, nor a
model that supports the new sophisticated features.

Consequently, we present a new advanced version of DRAM-

Power [5], a well known tool, which estimates DRAM power
from realistic DRAM current and workload specifications to
calculate the bank-wise power for each DRAM operation. In
this paper, we also elaborate a set of new equations to sup-
port PASR and Per-Bank Refresh. We validate this model
by conducted measurements on various DRAM devices from
different vendors. Figure 1 shows, the integration of the
new advanced bank-wise DRAMPower into a typical holis-
tic simulation framework consisting of DRAMMeasure', 3D-
ICE [27] (thermal simulator) and DRAMSys [15].

The rest of this paper is organized as follows: Section 2 ex-
plains the basics of DRAM power modeling and introduces
the underlying equations of DRAMPower. Our improve-
ments to DRAMPower and new equations are presented in
Section 3. The used measurement setup is presented in Sec-
tion 4. Section 5 shows experimental results obtained by
measurements and simulations. The paper is concluded in
Section 6.

2. DRAM POWER MODELING

A well-known and often used DRAM power model is pro-
vided by Micron in form of a spread sheet [23]. 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-
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 recently published model is DRAMPower [5], which uses
the actual timings from the transactions. DRAMPower has
been wrapped by Jung et al. into a library that can be
used in event based simulators [15]. Therefore, DRAMPower
is widely used for instance in the gem5 simulator [2], the
DRAM simulator Ramulator [17] and the SystemC/TLM
based DRAM design space exploration framework DRAM-
Sys [15, 16]. The interesting instances of time for the power
model are the events in these simulators, which contain all
timing information that are needed for the calculation of the
power consumption using the equations described in this pa-
per.

The DRAM power consumption consists of a background
or static part and an active part, which is needed for each

'Details can be found at http://www.uni-kl.de/3d-dram/
tools/drammeasure/

Table 1: Key Parameters for DRAMs [11]

[ Name [[ Explanation |
trRCcD 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.

trRAS Row Active: The minimum active time for a row.

trc Row Cycle: The fastest time to ACT and PRE the same
row.

tor 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).

IppsN Actwe Standby Current: Measured when all banks
are active (ACT).

Ippar Burst Read Current: Measured during read opera-

tion, 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 Ippagr, but with WR
commands.
Ippapo Precharge Power Down Current: Measured during
precharge power down mode.
Ippsp Active Power Down Current: Measured during ac-
tive power down mode.
Ipps Refresh Current: Measured during refresh operation,
with REF commands issued every trpc.
Ippe Self Refresh Current: Measured when the DRAM is
in Self Refresh mode.
Vbbb Supply Voltage

command (ACT, PRE, RD, WR ... ), called command power.
Table 1 shows the required timing and current values in
vendor’s datasheets, denoted as specific Ipp values.

For instance, Ippo is measured by an ACT-PRE (activate-
precharge) sequence, that is issued to the device in the min-
imum time interval (trc = tras + trp).

In this section, we review briefly the basic equations of
the DRAMPower model for the background and the active
energy, according to [4, 5, 14] and [13]. In Section 3, we
present enhanced versions of these equations.

2.1 DRAM Background Energy

While all banks are in the active state, the memory con-
sumes Ippsn as background current. When all banks are
precharged, it draws only Ipp2n. However, to calculate
the complete power consumption we need TECGT (the time
where the memory is in the active state) and TEsp (time
in precharge state) which can be easily derived by analyz-
ing simulation events. The active and precharge background
energy can be calculated with the following equations:

EXEr = Voo - Ippsn - TREr (1

Effp = Vpp - Ippen - THRp 2)

However, Equation (1) is very pessimistic: The DRAM is

in the active (open) state when at least one bank is activated,

but, the used Ippsn in the equation is the measured current

when all banks are active. Therefore, Jung et al. [13] pre-

sented an accurate equation that considers the exact number
of active banks, which we will shortly review in Section 3.



2.2 DRAM Command Energy

For each issued DRAM command a certain amount of en-
ergy is consumed. In the following parts the energy contri-
butions for each command are explained.

2.2.1 Activate and Precharge

The energy of an ACT command is computed with the tras
(minimum time between ACT and PRE to the same bank)
and Ippo. This is done similarly for the precharge com-
mand with the tgp value. Since Ippo already contains the
background currents Ippaen and Ippsny with their respec-
tive minimum timing constrains, we have to subtract them
from Ippo:

Eact =Vpp - (Ippo — IDD3N) - tRAS (3)
Epre =Vpp - (IDpo — IDD2N) - tRP (4)

In Section 3 we will modify the above equations to improve
their accuracy.

2.2.2 Read and Write

Similar to the active and precharge commands there is
an average current Ipp4r for the RD and Ippaw for the WR
command. Since both of the currents also include Ippsn,
we have to subtract it from Ippsr and Ippaw. 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 2~ and for DDR

memories to % .

BL

Erp =Vpp - (IDD4ar — IDD3N) - == " tck (5)
DR
BL

Ewr =Vpp - (Ippaw — IDpD3N) - DR ok (6)

2.2.3  Refresh

The refresh energy is calculated with Ipps. Again, the
background current must be subtracted:

Erer =Vpp - (Ipps — IDD3N) - trRFC (7)

2.2.4 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 section. Refer to Subsection 3.3
and 3.5 for the revised formulas.

2.3 Complete Trace Energy and Average Power

DRAMPower computes the average power consumption
for the entire simulation by combining all the energy contri-
butions from above into the following equation:

Erotal = E5G7 + EBfip
+ Nrpr  Ergr + Nacr - Eacr
+ NprE - EprE + NrD - ERD
+Nwr-Ewnr
Nacr stands for the number of activate commands and
NprE, Nrp, Nwr for the number of precharge, read, write
commands, respectively. The average power consumption

can be obtained by dividing the total energy with the total
runtime:

(8)

E ota
Pava = TL” 9)
Total

3. NEW CONTRIBUTIONS

In this section, we present a new analytical model for cal-
culating the bank-wise power contribution. Furthermore, for
the first time we present a new set of equations in order to
simulate the DRAM features PASR and Per-Bank Refresh.

3.1 Revised Bank-Wise Background Energy

In order to improve DRAMPower’s calculation of the ac-
tive background energy and to introduce the bank sensitiv-
ity, Jung et al. [13] have presented a new formula that will
replace Equation (1). We first revisit this formula. Second,
we present a new formula that contain all necessary bank-
wise improvements.

As explained in Section 2.1, a DRAM is in precharged
state if no bank is opened (Ipp2n), and it is in active state
if at least one bank is activated. However, for this state the
complete current Ippsn is accounted, which represents the
current when all banks are activated.

0 Ippan I
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Figure 2: Improved Background Energy Calculation

Figure 2 shows the currents of a DRAM with eight banks
(B = 8) on a number line. For the new equation that con-
siders the exact number of activated banks, [13] introduced
a new current I,. This represents the current which is con-
sumed by shared resources such as I/O interface, supply
voltage generators and common control logic. Each acti-
vated bank ( @ - ® ) adds a specific current portion to I,.
When all banks are activated the current is equal to Ippsn.

First, the active time for each bank must be accounted
separately. Therefore, additionally to T5Sr, a new parame-
ter TES7(b) was introduced, 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 be written as

* 1 *
EXE7(6) = Voo - 5 (Ippax — 1) - TXEF (). (10)

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:

EESSM et — Vo - 1, - TES, (11)

The new bank-wise active background energy results in

1 are *
ERGr(b) = B ERGoM e 4+ BRGT(b). (12)

As depicted in Figure 2, the relationship between I,, Ippan
and Ippsn can be expressed by a relative factor p, which is
a vendor specific parameter:



I, — Ippan
=—r 13
Ippsn — Ipp2n (13)
Thus the new bank-wise active background energy can be

expressed as

1
ERE(b) =Vpp - B (p-Ippsn + (1= p)-Ippan) -TES,

+(1—=p) - (Ippsn — Ipp2n) - ng%(b)}.
(14)
The modified formula for precharge background energy is
as follows:

1
EREp(b) = 5 Voo Ipp2n - TERR (15)

3.2 Revised Bank-Wise Command Energy

In this section, we present two enhancements to the ex-
isting DRAMPower model. First, bank specific command
counters are introduced to calculate the bank-wise command
energy. Nacr(b) stands for the number of activate com-
mands for bank b and Npgrg(b), NRD(b), NWR(Z)) for the
number of precharge, read, write, refresh commands respec-
tively. Second, we improve the formulas for ACT and PRE
command energy calculations to make them more accurate.

3.2.1 Activate and Precharge

Ippo is measured when only a single bank is active whereas
Ippsn is measured when all banks are active. Therefore, to
obtain the command energy for a single ACT command we
have to subtract the active background current for a single
bank Ig from Ippo instead of subtracting the total active
background current Ippsn. Ip can be calculated from Fig-
ure 2 as follows:

1
Ip = = {IDDSN +(B—-1)-[p(Ippsn — Ipp2n) + IDD2N]]

(16)
Therefore Equation (3) is corrected as follows?:

Esct(b) = Vpp - [IDDO - 1@} “tras - Nact(b) a7

Similarly, for calculation of the PRE command energy we
need to subtract Ig from Ippo, instead of subtracting Ippan-
This is because a bank will precharge completely only af-
ter trp upon receiving the PRE command. Therefore Equa-
tion (4) is corrected as follows:

Eprp(b) = Vpp - [IDDO - I@] ~trp - NprE(D) (18)

3.2.2 Read and Write

We modified Equations (5) and (6) to make them bank-
wise:

L
-tckx - Nrp(b)

Erp(b) = Vbp - Uppar — IDD3N) - DR
(19)

2Note that when p = 1 in Equation (16), Ip = Ippsn and
Equation (17) transfoms to Equation (3).

~tck - Nwr(b)
(20)
Nrp(b) and Nw r(b) denote the number of read and write
commands to a specific bank b.

3.2.3  Refresh

The REF command energy can be calculated from Equa-
tion (7) as follows:

Ewr(b) = Vbp - Ippaw — IpD3N) - DR

1
Ergr(b) = 5 Vbop - (Ipps — Ipp3aN) - trrc - NREF (21)
Nrer denotes the total number of REF commands.

3.3 Active and Precharge Power Down Energy

The bank-wise energy for active and precharge power-
down states can be expressed as follows:

1

Eppna(b) = 5 Vop - Ippsp - TppNA (22)
1
Eppnp(b) = B Vbp - Ipp2po - TPDNP (23)

Trppna and Tppnp denotes the total time spent in active
and precharge power down states respectively.

3.4 Per-Bank Refresh Energy

We implement the new Per-Bank Refresh feature in DRAM-
Power to support state-of-the-art DRAM devices [20, 21]
and future investigations using bank-wise refresh [6, 26].

The refresh command is internally executed as a sequence
of ACT-PRE commands. Therefore, to calculate the bank-
wise refresh energy for this command, we add-up activate
and precharge energies:

Epp rer(b) = Vpp - (Ippo — Ig) - (tras +trp) - NpB rREF(D)
(24)
Npp rer(b) denotes the number of Per-Bank Refresh com-
mands issued to bank b.

3.5 Partial Array Self Refresh Energy

In addition to the presented bank-wise command energy
calculation we present a model for simulating Partial Array
Self Refresh (PASR) in DRAMPower. PASR is a feature to
choose a set of banks to self-refresh instead of refreshing the
complete DRAM, when it is idle. As shown in Figure 3, a
DDR3 DRAM can enter into PASR in one of the eight avail-
able modes. These modes can be dynamically configured by
programming the DRAM mode register with a Mode Reg-
ister Set (MRS) command. The DRAM will only refresh
a specific set of banks corresponding to the selected mode,
when it enters self-refresh. For example, bank 0 and bank 1
are self-refreshed in mode 010, while bank 6 and bank 7
are self-refreshed in mode 110. As shown in Figure 3, the
banks b which are selected in mode m can be represented in
a matrix form:

P(b,m) = (25)
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Figure 3: Visualisation of PASR Modes

P(b,m) = 1 indicates that the bank b is self-refreshed in
mode m and P (b, m) = 0 indicates that it is not. Analogous

0 o
(90 0 @ o

1\/ /| > [(mA]

Ippe
Figure 4: PASR Energy Calculation

to Equation (14) we derive a new formula for the power con-
sumption of each DRAM bank when it is in PASR mode.
Figure 4 shows the currents drawn by the different PASR
modes indicated in Figure 3. Similarly to the active back-
ground power description we introduce a new current I,
which represents shared resources. The relation between I,
and I DD6 is

o= L
Ippe’

(26)

The power per bank b in mode m can be expressed as

Ppasr(b,m) =Vpp - IpD6 - é[tf + (1 —o0)-P(b, m)]- (27)

Finally, the SREF energy per bank is calculated with the
following equation:

Epasr(b) = Z [PSREF(b, m) - Tpasr(b, m)] (28)

Tpasr(b,m) denotes the time spent by bank b in each
PASR mode m. This new formula enables future investiga-
tions and design space explorations on system level virtual
platforms, with respect to low power implementations for
applications with high idle time, e.g. smartphones.

It is obvious from Equation (25) that the Self Refresh
(SREF) is a special case of PASR, in which m = 0 (all
banks are refreshed). Therefore, we will get the equation for
SREF power by substituting m = 0 in Equation (27). The
vendor specific parameter o used in the above equations are
obtained from measurements presented in Section 5.

4. MEASUREMENT SETUP

In order to obtain the presented vendor specific parame-
ters (p and o) precise measurements have to be conducted.
Therefore, 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. For analyzing the current consumption of
DRAMs, we designed an adapter PCB for DDR3 SODIMMs

Analog {
Signal

Figure 5: Measurement Platform

(6 Layers) that conforms to JEDEC standard requirements.
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.

5. EXPERIMENTAL RESULTS

With the setup presented in Section 4 we measured sev-
eral DDR3 DRAM devices from different vendors. Figure 6
shows the results for Hynix, Qimonda and Samsung devices.
A lower value of ¢ indicates the chances of saving more en-
ergy when entering PASR modes. Among all measured de-
vices, Samsung devices show lower o values compared to
other vendors. Another observation is that, as the devices
are getting denser the value of o decreases, whereas Ippe
increases, both together increase the power saving poten-
tial of PASR. This highlights the benefits using PASR in
architectures with future DRAM devices.

To demonstrate the functionality of our new bank-wise
DRAMPower model, we conducted simulations, using the
parameters obtained from the Samsung K4B1G1646E-HCF8
device with a p = 0.53 and row-bank-column (RBC) and
bank-row-column (BRC) address mapping schemes. The
traces are generated from the CHStone [9] and the Media-
bench [22] benchmarks by means of the SimpleScalar simula-
tor with 16KB L1 D-cache, 16KB L1 I-cache, 128KB shared
L2 cache and 32 byte cache line configuration. We filtered
out the L2 cache misses for instructions and data, and ob-
tained a trace of the transactions meant for the DRAM. Fig-
ure 7 shows the bank-wise energy consumption for three dif-
ferent input traces. The red line indicates the average energy
values generated by the original version of DRAMPower. In
comparison to the old model, the new DRAMPower model
gives individual energy estimates for each bank. Especially,
for the unepic-brc we observe a large difference to the old
model, which averages the energy over all banks.

Per bank power consumption values permit bank-wise ther-
mal simulations and consequently the closed loop simulation
depicted in Figure 1. In Figure 8 we plot the thermal map of
the trace unepic-bre, using 3D-ICE [27]. Due to the higher
utilization of Bank O we clearly observe a temperature dif-
ference between the banks. Especially for research on ap-
proximate DRAMs [19, 12, 25] an accurate thermal map is
needed, since the number of retention errors in a DRAM
grows exponentially while increasing the temperature.
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Figure 6: PASR Measurements

6. CONCLUSION

We presented a new bank-wise DRAM power model, which
calculates the per bank energy for each DRAM operation.
Since future DRAMs will be denser and larger with the same
number of banks, it is key to obtain bank-wise power con-
sumption, especially for thermal simulations. We also en-
hanced the state-of-the-art equations for ACT and PRE com-
mand energy calculations using a vendor specific parameter.
Finally, a new set of equations is unveiled to support simu-
lations with PASR and Per-Bank Refresh. Another vendor
specific parameter is proposed, which enables an accurate
power calculation of the PASR mode. By conducting exper-
iments with our measurement platform, we showed the vari-
ation of this parameter among DRAM devices from different
vendors, and its scaling trend for denser devices. The new
DRAMPower model supports more accurate design space
explorations with existing commercial DRAM devices, and
for future investigations. We have contributed our results to
the official DRAMPower code repository.

Figure 9 shows the dependencies of the DRAM currents
with respect to temperature. In our future work, we will
integrate this typical exponential behaviour into the here
presented equations and DRAMPower.
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