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ABSTRACT
Heterogeneous 3D integrated systems with Wide-I/O DRAMs are a promising solution to squeeze
more functionality and storage bits into an ever-decreasing volume. Unfortunately, with 3D stacking the challenges of high power densities and thermal dissipation are exacerbated. In order to
provide a framework for exhaustive design space explorations, we developed an advanced Transaction Level (TLM) based virtual platform that models the performance, power and thermal behaviour of a 3D-integrated MPSoC with Wide-I/O DRAMs in detail.
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Introduction

Energy and thermal dissipation are limiting the efficiency of today’s green computing solutions. More than 40% of the system energy is consumed by DRAMs [LZZZ13] in existing platforms. 3D packaging of systems starts to break down the memory and bandwidth
walls. However, this comes at the price of increased power density and less horizontal heat
removal capability of the thinned dies. The thermal issues of 3D ICs cannot be solved by
tweaking the technology and circuits alone.
In fact, a 3D stacked SoC aggravates the thermal crisis and forces enhancements in the
architecture and memory organization. Early detection of architectural shortcomings and
thermal hazards is crucial to the design of sub-20-nm 3D chips. For instance, current microprocessor architectures are inefficient for running datacenter workloads mainly because
of the mismatch between the workload characteristics and the organization of the memory
subsystem [F+ 12]. Consequently, the detailed analysis of the memory subsystem is very important as it unveils possible bottlenecks and issues which impact the system energy and
efficiency.
Therefore, we perform an in-depth study on performance, timing, power and leakage
of Wide-I/O DRAMs and track its key parameters with temperature change. Through care1
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ful evaluation of temperature distributions in a 3D IC with Wide-I/O DRAMs, we propose
architectural enhancements for the DRAM subsystem as well as thermal management solutions which improve energy consumption. We consider the lateral and vertical variation in
temperature of the 3D DRAM dies and refresh each of the DRAM banks at a separate rate
according to its own temperature. In order to assess and quantify the advantages of our proposed ideas, we build a suitable virtual infrastructure which considers all key characteristics
of a 3D MPSoC with Wide-I/O DRAMs in detail.

2

Virtual Platform

The analysis of the memory subsystem requires a timing accurate behavior of the CPU cores.
Therefore, the gem5 [BBB+ 11] architecture level full-system simulator is selected for this purpose, since it models system operations in detail and generates realistic traces of memory
accesses, which can be replayed very fast inside the TLM environment [JSW13].
Figure 1 shows our developed simulation infrastructure [SJW+ 14] that consists of fast
and flexible TLM models of the Wide-I/O DRAM subsystem [JWWC13, JWB+ 13]2 as well
as gem5 trace players, which replay pre-recorded memory accesses (after L2 cache) from the
gem5 simulator, running different benchmarks on Android.
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Figure 1: Simulation Environment
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The DRAMSys models will be available on http://www.uni-kl.de/3d-dram

The performance statistics of CPU cores and DRAMs are used to estimate their power,
which is used as an input for the thermal co-simulation. We build this thermal co-simulation
using the 3D-ICE thermal simulator [SVR+ ], which supports definition of layers with nonhomogeneous materials in the chip stack. The results of the thermal simulation are used to
govern the refresh rate of the DRAM and the voltage and frequency of the cores. This sophisticated closed loop, enables us to explore new controller architectures and techniques to
optimise 3D-stacked memory systems in terms of performance, power, and thermal impacts.
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Temperature Variation Aware Bank-Wise Refresh

The mentioned lateral and vertical temperature variations cause significant differences in the
required refresh rate of each DRAM bank. Due to these observations, we implemented the
following key idea: instead of defining the refresh rate based on the maximum temperature
seen across the entire channel and refreshing all DRAM banks at the same rate, we select the
refresh rate of each bank separately based on its own maximum temperature (see Figure 2a).
We have extended our DRAM subsystem model to support handling of separate perbank
refresh commands. This increases the overall refresh period (makes refreshes happen less
frequently) and improves the energy consumption.
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Figure 2: Concept and Results of Bank-Wise Refresh
To show the advantage of this idea we executed two sets of simulations; In the first set the
bank-wise refresh is disabled. For each DRAM channel, the refresh governor finds the maximum temperature of the channel. Then suitable refresh period will be selected and used for
all DRAM banks of the channel. In the second set, the bank-wise refresh is active and different refresh rates are assigned to each bank group, as shown in Figure 2a. We run Android
2.3 Gingerbread on the virtual platform and use three real-world well-known benchmarks
to stress the CPUs and the memory. Our selected benchmarks are: AndEBench, 0xBench, and
SmartBench.
Figure 2b shows that the bank-wise refresh approach can save up to ∼ 20% of refresh
power. For all typical workloads we see an average improvement of ∼ 16%. In near future
DRAMs, half of the DRAM power will be related to refresh [LJVM]. Thus, the proposed idea
will significantly improve the total energy consumption.
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