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Abstract—Last level cache (LLC) is crucial for the
performance of chip multiprocessors (CMPs), while power is a
significant design concern for 3D CMPs. In this paper, we focus
on the SRAM-based Non-Uniform Cache Architecture (NUCA)
for 3D Multi-core Network-on-Chip (McNoC) systems. A tightly

mixed SRAM NUCA for 3D mesh NoC is presented and analyzed.

We evaluate the performance and network power with
benchmarks based on a full system simulation framework.
Experiment results on 16-core 3D NoC systems show that the
tightly mixed NUCA could provide up to 31.71% and on average
5.95% performance improvement compared to a base 3D NUCA
scheme. The tightly mixed 3D NUCA NoC can reduce network
power consumption in 1.07%-15.74% and 9.64% on average
compared to a baseline 3D NoCs. Our analysis and experimental
results provide a guideline to design efficient 3D NoCs with
stacking NUCA.
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1. INTRODUCTION

Recently, the performance of microprocessor is getting
enhanced by increasing the number of cores on a chip. 3D die-
stacking technology is envisioned as a solution for future chip-
multiprocessor (CMP) design. 3D CMPs support stacking
memory layers atop processor layers connected by massive
vertical TSVs, which are believed to mitigate the “Memory
Wall” problem [1]. 3D CMP research has drawn great
intentions from academic community and semiconductor
industry. Several 3D CMP prototypes are emerging. Kim et al.
[2] demonstrate a 3D multi-core system with one 64-core layer
and one 256KB SRAM layer in 130nm technology. The
processing foundries are Global Foundries device technology
and Tezzaron TSV/bonding technology. Fick et al. [3] [4]
propose a low power 64-core system that is called Centip3De.
Centip3De has two stacked dies with a layer of 64 ARM M3
near-threshold cores and a cache layer. In a more recent work
[5], Centip3De is extended to be a reconfigurable 7-layer 3D
multi-core system, with 128 cores and 256 MB of DRAMs.
Wordeman et al. [6] present a prototype of a 3D system with a
memory layer and a logic layer connected by TSVs.

As the number of cores in CMP systems increases,
Network on Chips (NoCs) [7] can offer high communication
bandwidth, high flexibility and simple modular network
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structure with great ability of fault tolerance. Hence NoC is a
promising interconnect backbone for future 3D CMPs. Several
works study the interconnect topics on 3D NoC [8] [9] [10]. In
this paper, we focus on the last level cache (LLC) architecture
in 3D NoC context.

The on chip cache hierarchy takes an important role to feed
multiple hungry cores, which not only affects the overall
performance but also impacts the network communication and
hence the network power consumption. For a CMP, the L1
caches are usually private and associated with each core. The
L2 caches are shared by all cores to efficiently utilize the total
capacity of the L2 caches, which act as the LLCs. The on chip
shared LLCs are usually organized as Non-Uniform Cache
Architecture (NUCA) [11] [12]. NUCA allows nearer cache
banks to have lower access latencies than further banks. The
shared NUCA may heavily affect the performance of a multi-
core system [13]. 3D NoC provides a design exploration space
of locating the banks of NUCA in different layers.

In this paper, we study the NUCA organization for 3D
NoCs. A tightly coupled SRAM NUCA is presented for 3D
NoCs. We evaluated the performance and network power
aspects of the tightly mixed 3D NUCA NoC based on a full
system simulation system. The experiments show that the
presented tightly mixed 3D NUCA organization has a
performance improvement up to 31.71% and on average 5.95%
compared to the base 3D NUCA NoC. The network power is
reduced up to 15.74% and 9.64% on average for all the test
cases.

The rest of this paper is organized as follows. Section 2
discusses related works. In section 3, we present and analyze
the tightly mixed NUCA for the 3D NoC. Section 4 provides
simulation methodology and experiment results. Finally, we
conclude this paper in section 5.

II. RELATED WORK

There are several works on directly stacking caches on top
of processor layer for 3D CMPs. An illustration of the cache-
stacking 3D CMP is shown in Fig. 1.

Black et al. [14] study small scale 3D CMPs with stacked
SRAM and DRAM L2 caches on top of processors. The
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authors present three 3D stacking structures: 1) § MB SRAM
cache on top of the base line processor layer; 2) 32 MB DRAM
cache on the bare processor layer with no SRAMs; and 3) 64
MB DRAM atop the processor layer which contains 4 MB
SRAM. In architecture 3), the 4 MB SRAM is used to store the
tags for DRAM caches. However, the LLC architecture is not
discussed in deep, and the scale of the CMP is small.
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Fig. 1. An illustration of 3D cache-stacking CMP.

Xu et al. [15] evaluates stacking DRAM as LLC for 3D
NoCs which consist of 2-layer, 16-core. The experiment results
show that the average cache hit latency in DRAM LLC is
27.97% worse with a 25.78% power reduction compared to
SRAM design. However, DRAM is usually in different process
from processors. DRAM caches are in a separate layer. There
is little design space for locating 3D DRAM caches. Li et al.
[16] study the L2 cache design and management in 3D chip
multiprocessors. The proposed 3D CMP architecture places
CPUs on several layers with the remaining space filled with L2
cache banks. However, the authors use a time division multiple
access (dITDMA) bus and assume that the density of TSVs may
be low and allocate multiple processors with one group of
TSVs. In this paper, we discuss the LLC architecture in a full
mesh 3D NoC and each processor is associated with a group of
TSVs. We also evaluate network power consumption which is
not discussed in [16].

III. NUCA For 3D McNoC

Caches have been playing an important role in bridging the
performance gap between high-speed processors and slow off-
chip main memories [17]. In 3D NoC, there are several design
options for the location of processors and SRAM LLCs. We
analyze the memory access latency of the 3D NoCs and present
our tightly mixed LLC architecture.

The average data access latency can be presented in
equation (1).
T, :hLIXTLI+mL1X(hL2XTL2+mL2XTMEM) (M
In (1), the L1 cache performance, including L1 hit latency
(Ty.y) and L1 hit rate (hy ;) and miss rate (my,), is determined by
the L1 cache parameters, e.g. L1 cache size, L1 cache line size,
L1 cache associativity, etc. Similarly, L2 cache hit rate (hy,) is
determined by L2 cache parameter. However, L2 hit latency
(Tr,) for 3D NoC varies with the distance between the
processors and the L2 caches. In 3D NoC, SRAM L2 caches
can be in the same layers with cores or in separate layers.
Hence, we present a tightly mixed NUCA for 3D mesh NoC
which is shown in Fig. 2.
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Fig. 2. Tightly mixed NUCA for 3D NoC.

In Fig. 2, the processor nodes and the L2 cache nodes are
mixed. The processors consume the majority of the overall
power consumption of the 3D CMP. Hence, compared to
stacking processors on top of each other, the mixed NUCA 3D
CMP can mitigate the potential rise of thermal issues. The base
3D NoC is shown in Fig. 3, in which the processor nodes and
L2 cache nodes are in separate layers.
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Fig. 3. Base stacking NUCA for 3D NoC.

We assume the link latency between two routers is 2 cycles
and the latency between the router and the processing node
(core node or L2 cache node) is 1.5 cycles. The probability that
the cores access to all the 16 L2 caches is equal. The
numbering of the nodes is shown in Fig. 4.
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Fig. 4. Numbering of 3D NoC.

The routing algorithm we use is static XYZ. The packet is
routed one dimension at a time until it reaches the same
coordinate as the destination in that dimension [18]. The
packets route by the X direction first, then by the Y direction
and by the Z direction at last. For example, if a core at node 0
(the coordinate is 0, 0, 0) sends a read request to a L2 cache at
node 31 (the coordinate is 3, 3, 2), the request goes along the
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following route 0-1-2-3-7-11-15-31, and the total zero-load
latency is 1.5X2+2X7=17 cycles. The zero-load latency of a
network is the latency where packets traverse the network
without any contention. In table 1, we calculate the total zero-
load latency of all the core nodes to any other cache node.

private and associated with each core. The L2 caches are the
shared LLCs and organized as tightly mixed NUCA. We use
Orion [22] to obtain the network power consumption.

TABLE II. MULTI-CORE NOC SYSTEM CONFIGURATION PARAMETERS
Processors 16 ALPHA cores, 2GHz, Timing Simple CPU
OS tsunami
L1 cache 16 KB per core, split I/D, 2 way associative

3 cycles latency, 64 byte lines
L2 cache 16 MB, 16 banks, 16 way associative

15 cycles latency, 64 byte lines, inclusive
Memory 512 MB, 4 banks, 300 cycles latency
Directory L1 tag replication, MESI protocol

16 banks interleaved
Network 4x4x2 3D mesh topology

5-stage pipeline routers, 1-cycle link latency

TABLE L. COMPARISON OF ZERO-LOAD LATENCY ON TIGHTLY MIXED
NUCA (TM NUCA) AND BASE NUCA FOR 3D NOC IN CYCLES
™ Base ™ Base
NUCA NUCA NUCA NUCA
CPUO 160 176 CPUS 144 160
CPU1 144 160 CPU9 160 144
CPU2 128 160 CPU10 144 144
CPU3 144 176 CPU11 128 160
CPU4 144 160 CPU12 128 176
CPU5 128 144 CPUI13 144 160
CPU6 144 144 CPU14 160 160
CPU7 160 160 CPUI15 144 176
Total 2304 2560 Average 144 160

From table 1, we can find that the tightly mixed NUCA
(TM NUCA) has (2560—2304%304 —11.1% less communication

latency. According to Amdahl’s law [19], the speedup can be
calculated in (2):
_ Execution _time,,

Speedup,,,,... =
ol Execution _time,,, 2)

1

. Fraction
(1-Fraction,,; . ..) + enhanced Speed
PECAUD o panced

If the latency caused by accessing L2 cache in networks

takes up to 10% of total processing time, then the speedup is
1

R Y
1-0.1)+0.1/1.111

If the L2 cache accessing latency takes a larger proportion,
the speedup will further increase. Hence, the tightly mixed
LLC should outperform the base stacking case. However, for
real life applications, the data accessing pattern may not follow
the uniform distribution pattern. In Section 4, we evaluate the
performance, as well as the network power of the presented
tightly mixed SRAM NUCA for 3D NoCs.

IV. EXPERIMENTAL EVALUATION

In this section, we first briefly describe our simulation
based experimental methodology and then present and analyze
the evaluation results in terms of performance and network
power.

A. Methodology

To evaluate the performance benefit of the tightly mixed
SRAM LLC for 3D NoC, we run the simulation using the
GEMS [20] full system simulator with the standard PARSEC
[21] benchmark. The system parameters are listed in table 2.

There are two levels of on-chip caches in the 3D NoC
memory hierarchy. The L1 instruction and data caches are

B. Experiment results and analysis

The performance improvement of tightly mixed NUCA 3D
NoC compared to that of the base 3D NUCA is shown in Fig. 5.
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Fig. 5. The performance enhancement of tightly mixed NUCA 3D NoC.

From Fig. 5, we can observe that the performance for the
tightly mixed NUCA outperforms the base case for 8 out of 10
benchmarks. And for the left 2 benchmarks, the performance
has slight decline (2.6% for dedup and 1.48% for freqmine).
The fluidanimate demonstrates the most significant
performance improvement which is 31.71%. The performance
is increased by 5.95% on average.

Fig. 6 shows the network power reduction of the tightly
mixed NUCA 3D NoC over the base case.
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Fig. 6. The reduction of network power consumption.

The accesses to L2 caches need to go through the routers
and links of the network. The network latency and power
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consumption are determined by the hop counts between the
cores and the shared LLCs. We can find from Fig. 6 that the
network power consumptions for all the benchmarks have a
saving in the range from 1.07% to 15.74%. The average power
reduction is 9.64%.

V. CONCLUSIONS

In this paper, we present a tightly mixed SRAM NUCA for
3D multi-core NoC. We quantitatively analyze the performance
benefits for the presented NUCA scheme. Meanwhile, we
evaluate the performance and network power of both the
tightly mixed SRAM NUCA and the base 3D NoC case based
on an integrated simulation framework. The experiments
results indicate that when the distance between processors and
caches decreases, 3D NoC shows compatible performance and
network power gain. The tightly mixed SRAM NUCA has up
to 31.71% performance improvement and saves the network
power as much as 15.74%. The results of this paper emphasize
the importance of considering 3D technology in placement of
LLCs for future NoCs.
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